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Abstract, A detailed study of the coupled electron and heavy-particle kinetics in a
low-pressure stationary No—0; discharge is carried out. The model is based on the
self-consistent solutions to the Boltzmann equation coupled to the rate balance
equations for the vibrationally excited molecules Na(X T2, v) and Qa(X 325 v,

NO(X 217, molecules and N(*S) and O(®P) atoms. It is shown that the vibrational
distribution of No(X, v) plays a central role in the whole preblem, affecting
considerably the predicted concentrations of NO molecules and N atoms, whereas
the concentration of O atoms is practically independent of both vibrational
distributions. In particular, it is shown that, in the case of a rate coefficient of about
10-1% ¢m? s~ for the reaction Nz(X, v} + O — NO + N, the Na(X, v) molecules are
strongly de-excited by vibrational-translational energy exchange processes
associated with N>—N collisions. In contrast, in the case of a higher value for this
rate coefficient, the Nx(X, v} molecules are efficiently destroyed by this mechanism.
The contributions of the different processes to the total production of NO, N and O

are evaluated and compared.

1. Introduction

Much interest has been devoted in the last few years
to the study of DC and microwave discharges in Np—
O mixtures, either experimentally [1-5] or theoretically
[1,2,6]. Discharges in N>~O, mixtures are studied with
the purpose of material treatments or in order to test
coating materials for space vehicles under conditions of
atmospheric re-entry. On the other hand, discharges in O,
with traces of N3 are also studied due to the broadening use
of oxygen plasma technology in many applications, such as
etching and surface treatments of polymers [7, 8] or silicon
oxidation [9]. Furthermore, N>-Q, plasmas are also studied
for the synthesis of nitric oxides [10-12] or within the
framework of studies in non-equilibrium plasmochemical
systems in general.

At the same time, much effort has been concentrated
for the purpose of gaining a deeper understanding of the
fundamental physics of the non-equilibrinm kinetics in
molecular systems. Great impetus to this research field has
come from the determination of accurate sets of electron
cross sections from swarm experiments for many molecular
gases, as well as from a good knowledge of the rate
coefficients for many molecular reactions. This fact has
allowed the development of theoretical models for DC and
microwave discharges in pure Np [13-16] and pure O [17-
201

However, when we deal with mixtures of molecular
gases the situation becomes more and more complex due to
the interplay of the different microscopic processes acting in
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the medium. The solution of the resuiting complex kinetic
problem requires a joint contribution from different data.
Unfortunately, in most cases accurate knowledge of the
electron cross sections and rate coefficients for the different
microscopic processes does not exist and some data need
to be estimated.

In spite of the lack of data, it has been possible to
develop theoretical models in order to interpret various
experiments conducted on DC discharges, either in pure
N3 [14] or in pure O3 [18], or in mixtures of the two
gases [2,6]. In the latter case, it was possible in [6] to
obtain excellent agreement between theoretical predictions
and experiment, using a critical choice of data from the
literature and deriving unknown data from a best fit of
calculated concentrations of different molecular and atomic
species present in the discharge to the measured ones.
In particular, good agreement for the concentrations of
NO(X 2I1;) molecules and O(*P) atoms has been obtained
by fitting the rate coefficient for the main reaction leading to
the formation of NO and the probabilities of re-association
on the wall of N and O atoms.

Here, we propose a different approach. The aim of
this paper is to give an insight inio the effects of the
predicted rate coefficients for some specific processes on
the discharge kinetics. In particular, we will show that the
uncertainties in the rate coefficients for the de-activation
of Na(X IE;‘ ,v > 0) vibrationally excited molecules
through vibratiopal-translational (V-T) energy exchanges
in collisions with N or O atoms may considerably affect the
calculated concentrations of N atoms and NO molecules,
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Table 1. Kinetics of Na(X, v} molecules, with 0 < v < 45,

eV e+Na (X, vl = e+ N (X, W) (R1)
V=V No-Ng  Na(X, v) + Na X, w) = Na (X, v — 1) + No(X, w+ 1) {R2)
V-TNa—Na N, v)+Na=Na(X, v =11+ N, {R3)
V-V Na=0z NG W+ Ca, V) = N (X, v = 1)+ Oa(X, v+ 1) (R4)
V-T N2—02 Ng(X, V) + Oz = Ng(x, v — 1) + Oy (H5)
V=T No-N Na v+ N=Na(X,w < )+ N {R6)
NzKX, v+ N=N+No(X, w < V) {R7)
V=T N0 N +0=2NaX, v=1)+0 (A8)
w Na(X, v) + wall = Na Ol v = 1) (R9)
e-D: e+ Nz(X, ¥V = e+N+N {R10)
V-D Na(X, V) + Na(X, ¥ = 45) —» Na(X, v — 1) + N+ N (R11)
Oa(K, v+ Na (X, v =48) = O, v = 1) + N+ N (R12)
M+Na(K v =45 > MsN+N M=Ns 0 or O (R13)
R N+N— Np(X,v=0) (R14}
NO Nz, )+ O = NO+N (Ri15)
NO+N— N(X, v)+ QO (R16)

respectively, We note that the V-T exchanges in No—N
collisions have been neglected in [6]. However, the effects
of these V-T processes become progressively smaller
with the increase of the rate coefficient for the reaction
Na(X,v) + O — NOU + N, which is the predominant
mechanism for the formation of NO and N in N;-0; glow
discharges. Owing to the present state of knowledge of
the basic data for various microscopic processes, the point
of view presented in this paper is essential in order to
investigate in detail such complex systems.

For this purpose, we present a self-consistent and
stationary apalysis based on solutions to the coupled
system formed by the electron Boltzmann equation, the two
systems of rate balance equations for the populations in the
vibrational levels Na(X 12, v) and 0.(X *E;, v), and
the rate balance equations for the concentrations of N(*S),
OCP) and NO(X 2I1,) species. From the present model,
we obtain the electron energy distribution function, the
vibrational distributions of both ground-state molecules and
the concentrations of N and O atoms and NO molecules.
Calculations of other relevant quantities are carried out
and their dependences on the rate coefficients of specific
processes are discussed.

In section 2 we present in detail the theoretical model
used in this paper, emphasizing the various assumptions
used. In section 3 we summarize the data used in the
calculations and we discuss the reasons for the present
choice. The results of the mode! are presented and
discussed in section 4. Finally, section 5 summarizes the
main conclusions.

2. The kinetic model

The present analysis is based on the simultaneous, steady-
state solutions to the homogenecus electron Boltzmann
equation, the two systems of rate balance equations for
the vibrational populations N;X 'Zf,0 < » 5 45)
and O (X 32;’,0 < v < 15), and the rate balance
equations for the atomic species N(*S) and O(P) and the
ground-state molecule NO(X 2[1,). Owing to the non-
negligible populations in the vibrationally excited levels,
the Boltzmann equation is coupled to the systems for
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the vibrational populations through both inelastic and
superelastic electronic—vibrational (e-V) collisions. The
equations for the other heavy species present in the
discharge are strongly coupled to one another and to the
equations for the vibrational levels.

2.1. Electron and vibrational kinetics

The steady-state, homogeneous electron Bolizmann equa-
tion is solved under the classical two-term expansion
in spherical harmonics, which is valid assuming small
anisotropies from the electric field. This has been a stan-
dard approach since the sixties [21]. The final form taken
by this equation for the case of a mixture of two molecular
gases can be found in [22). Here, the Boltzmann equa-
tion is solved taking into account collisions of all types
(elastic, excitation and de-excitation of rotational levels,
excitation and de-excitation of vibrational levels, excita-
tion of electronic states and ionization) both for Ny and for
O, as well as electron collisions with the dissociated N
and O species, Excitation and de-excitation of rotational
levels have been treated here in the continuous approxi-
mation discussed in [21], using, for N» and Qs respec-
tively, the rotational energy constants 2.5 x 107* ¢V [23]
and 1.8 x 10~* ¢V [24], and the electric quadrupole mo-
ments 1.01 [21] and 0.29 [25] in units of ea? (e and ag
are the absolute value of the electron charge and the Bohr
radius, respectively). The peak in the electron cross sec-
tions for rotational excitation of N, at 2.3 eV, attributed to
a N7 (21'13) shape resonance [26], has been included with
the cross sections for vibrational excitation. Inelastic and
superelastic collisions of electrons with vibrationally ex-
cited molecvles Npo(X, v > 0) and Ox(X, v > 0) have
been taken into account, while the excitation of electronic
states was treated as a single energy-loss process assuming,
in this case, that all the molecules are in the ground vibra-
tional level, No(X, v = 0) or O(X, v’ = 0). Furthermore,
superelastic collisions of electrons with molecules in elec-
tronically excited states have been neglected. Finally, the
ionization process has been treated similarly to an excita-
tion with a single energy loss and the creation of secondary
electrons was neglected,



The numerical procedure used for solving the
Boltzmann equation is exactly the same as in previous
papers [13] and in basic trends it consists of converting
the Boltzmann equation into a set of coupled algebraic
equations by finite-differencing the electron energy axis.

This approach to the Boltzmann equation allows us to
obtain the electron energy distribution function (EEDF) as
a function of the following set of independent parameters:
the ratio of the electric field to the total gas number
density, E/N; the vibrational temperatures of the electronic
ground state for both gases, T,(N;) and T,{0,); the gas
temperature, T,; and the fractional composition of the
mixture, [O2)/N, [NVYN, [O¥YN and [NOVN, with N =
[N2] 4+ [Oz] 4+ [N] + [O] 4 [NO]. Our analysis shows that,
under the present conditions, the dependence of the EEDF
on the parameters T,(03), T, INYN, [O}N and [NOUN
has only a minor influence.

The Boltzmann equation is therefore coupled through
the fractional vibrational populations 8, = [N2(X, v)1/[N2]
and 8, = [Ox(X, v"]/{04], that is through the vibrational
distribution functions (VDFs) for both gases, to the systems
of steady-state rate balance equations for these populations.
The degree of excitation of each VDF is characterized by
the vibrational temperatures T,,(N2) and 7,{(O;). Omitting
negligible processes, the equations for a given vth or v'th
level, in Nj or in Oz, can be written in a symbolic form as
follows:

(dN,,) (dN,,)Nz‘NZ (dN,,)N"Nz
dt Joy v VT
dN, ”2‘02 AN, N0 an, e
(T, (@) +(F)
dN, N2‘°
+(%),, + (), (F),
dt Jy_r D
dN, N,
(T (T (F)=0 @
dN, le,» 0:=0n dNur 02-0z
dr \& Arra
e—¥ V= V=T
Oz—MNg 03—Nz
(%), * )
VT

V
+ (dN ) =0. (2)
dt Jy_t

The various terms in equations (1) and (2) account
for a large number of processes listed in tables 1
and 2. The e-V, V-V and V-T processes denote
the mechanisms of electronic~vibrational, vibrational—
vibrational, and vibrational-translational-energy exchanges,
respectively, including collisions between equal and
different collision partners, N2—Nj, 03-02, N2—0;, No—-N,
Nz—0 and 0:~-0. The V-T reactions in No-N collisions
include both a direct process (R6) and a reactive one
(R7), in which atomic exchange occurs between the two
collision partners [27-29]. For the V-V and V-T reactions
we consider only single-quantum fransitions, which are
the most likely ones, except for V-T reactions in the
system N;—N. The reaction (R9) takes into accouni the
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de-activation of vibrationally excited molecules N,(X, v)
through collisions on the wall. For this process also, only
single-quantum transitions are considered. The reactions
(R11)~{R13) take into account dissociation by the V-V
and V-T processes in Ns, which is modelled as a transition
from the last bound level v = 45 to a pseudo-level in the
continuum [30].

Thus, the total dissociation rate of Np (in em™® 571y is,
according to reactions (R10)—(R13), given by

45
vaiss = e Y _IN2(X, 0)IC, + [N (X, 45)]

v=0

45 ’
x ( ZM& V1P’ + N1 P
+Z[02(X V1P + (021 P

+[0]P4‘§f;6°). 3)

The first term on the right-hand side of equation (3)
accounts for dissociation by electron impact (R10), n, and

%ss denoting the electron number density and the electron
dissociation rate coefficient, respectively. Although in the
present model we have considered collisions of electrons
with N; molecules in different individual vth levels up
to v = 435, due to the lack of reliable data the electron
dissociation rate coefficient has been considered equal for
all ievels. The reactions (R15) and (R 16) result in formation
and destruction of NO molecules, both having a non-
negligible influence on the VDF of N3 (see discussion in
section 4). Finally, reaction (R14) takes into accoust, in a
symbolic form, the process of atomic re-association in Na.
Here, we just assume that, under steady-state conditions,
the total number of N(X, v) molecules must be constant:

45
Z[N2(X' v)] = [N2] = constant. @

y=0

Therefore, the total atomic re-association rate must exactly
compensate for the dissociation rate given by equation (3)
plus the rates for all other processes destroying Na(X, v)

‘molecules:

45

Ureass = Viliss [01( Y N, v)]K;g) — [NOJ[N]

v=13

5
x(z K{’(,) (5)
=1

where K7. and K, denote the rate coefficients of reactions
(R15) and (R16}, respectively. Due to the lack of
information about atomic re-association, we assume that
it populates the vibrational level v = 0 only. In a previous
work [13] the effects of atomic re-association into other vth
levels have been analysed in detail for Nj.

Owing to the large magnitude of the V-T rates for
0;—0 collisions and the relatively small electron rate
coefficients for vibrational excitation of Op as compared
to those for Ny, the VDF of O3 is poorly excited, except
in the case of a discharge in Ny with a small admixture of
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Table 2. Kinetics of 020X, v") molecules, with 0 < v' < 15,

eV e+ 0 (X, V) = e+ Ox(X, w') {R17}
V-V 0,~0;,  Oa(X, ) + Oa(X, W) = Op(X, v = 1) + Oo(X, W+ 1) (R18)
V-T 00, X, ¥)+Q=Oa(X, vV =1%02 (R19)
V-V Op-Np 00X, ) + Na¢X, v) = Op(%, v — 1)+ No(X, v+ 1) (R20)
VT Og=Ng  Oa(X, vy + Np = 00 v = 1)+ N (R21)
VT OO0 OuX, V)+0 =20V -1+0 (R22)

Table 3. Kinetics of NO(X I1,) molecules.
Reaction R15

N+Qp, — NC+O {R23)
Nz(A3E}) + O —+ NO + N* {R24)
N+O+ Nz = NO+Ns (R25)

Reaction R16

O+NO+M-> NO2+M M=Nzor O, (R26)

Table 4. Kinetics of N(*S) atoms.

Reaction B10
Reactions (R11)~(R13)
Reaction (R15)

N+wall — IN; {R27)
N+N+Nz = NF+ N2 (R28)
N+ Na(A 285 — N* + N» (R29)
e+N—o+N* {R30)

Reactions (R16), (R23) and {R25)

O, (see discussion in section 4). Thus, mechanisms for O,
other than those listed in table 2 have no marked influence
on the VDF for that gas. Finally, we note that, due to
the relatively small concentration of NO and to the larger
mass of this molecule as compared to those of the atomic
species N and O, the vibrational relaxation of Ny and O,
in collisions with NO has been neglected in equations (1}
and (2). Furthermore, the vibrational kinetics of NO does
not play any significant role, so that we have discarded in
the model the vibrational distribution of these molecules.

2.2. Kinetics of NO, N and O species

The electron and the vibrational kinetics of N2 (X, v) and
Oy (X, v") molecules are strongly coupled to the various
reactions for formation and destruction of NO(X 2I;)
molecules and ground-state atoms N(*S) and OCP) listed in
tables 3, 4 and 5, respectively. Furthermore, some of these
reactions play a role in more than one of the kinetics (such
as reactions R15 and R16). A detailed analysis of each
of these processes will be conducted in section 3, together
with a discussion of the different data, Here, we simply
note that some of the reaction products are indicated by
the symbols N or N*, which denote, in the present model,
unspecified electronically excited states.

2.3. Proper variables

As stated before, the Boltzmann egquation is solved self-
consistently with the vibrational rate balance equations (1)
and (2) and the rate balance equations for NO molecules
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Table 5. Kinetics of O(®P) atoms.

e+0X, V)= e+0+0 (R31)
No(B 3Mlg) +Op = N2+ 0+ 0 (R32)
Reactions {R16) and (R23}

O+wal = 10, {Ra3)
Reactions (R15), (R24)~(R26)

and N and O atoms. This set of equations yields the EEDF,
f(u) (normalized here such that [° f(u)Judu = 1,
where u = %mv2 denotes the electron energy), the VDFs,
8y = MNa(X, 1)J/[N2] and 8y = [02(X, v)]/[0], and the
fractional concentrations §(INO) = [NO]/N, §(IN} = [N]/N
and §(0} = [O]/N. The degrees of vibrational excitation
of the two molecules are characterized by the temperatures
T,(Nz) and T,(Og).

Under the present formulation, the results are obtained
as a function of the independent parameters E/N (or E/p,
where p denotes the total gas pressure), degree of ionization
ne/N, fractional concentration of Nz in the mixture §(Nz),
total gas density N (or pressure p), gas temperature T, and
discharge tube radius R. However, due to the numerical
procedure used to solve these equations, it is useful to
use Ty (N») as an independent parameter instead of n./N.
It is worth noting at this point that the inclusion of the
heterogeneous reactions (R9), (R27) and (R33) means that
the product NR needs to be given as an input parameter
in the present model. Furthermore, the inclusion of the
three-body processes (R25), (R26) and (R28) means that
the variables N and R need to be given separately. As
a consequence of this the electron density, n., and the
discharge current, [, are also determined by the present
model.

Obviously, in a fully self-consistent model for a Ny—
Oy discharge, once E/N is given the total gas density
N is no longer an independent parameter. The two
parameters are linked through the requirement that, under
steady-state conditions, the production of new electrons (by
electron impact or by collisions between heavy particles)
proceeds at a rate that compensates exactly for the rate
of electron loss (by ambipolar diffusion or free fall to the
wall). It is well known that this requirement determines
the reduced sustaining field E/N necessary for the steady-
state operation of the discharge as a function of N, the
discharge current 7, and &(N3), for a given value of R,
provided that T, is determined self-consistently. However,
the determination of the discharge characteristics is outside
the scope of the present paper.



Table 6. Inelastic and super-glastic processes in the
election Boltzmann equation.

Nitrogen

e+ Na(X, v) = e+ No(X, w)
(v=0,....,.%w=v+1,...,10)

e+Na(X, v=0) = e+ No(Y)
(Y=A3%Z} B3, WA, B 3E;, & '],
a Mg w'A,C oM, E%Bt,a 18,0 T8), ¢ ',
b 'y, b ')

e+tNo X, v=0>e+Nj+e

e+ NE#S) - e+ NY)
(Y = 2D, 2P)

Oxygen

e+ (X, v = e+ 00X, w)
(V=0,...,3w=v+i. .. &

e+ 0 (X, v =0) = e +0u(Y)
(Y =a 'Ag, b ' T}, states with energy losses at
4.5,6.0,84,9.97 and 14.7 eV}

e+CaX,v=0)>e+0f+e

e+ 0FP) » e+ Q)
(Y ='D, '8, 5)

3. Coillisional data

3.1. Eleciron cross sections

The electron cross sections used in this paper to solve the
Bolizmann equation are the same as in previous works in
pure Ny [13] and pure O, [18], so the reader should refer
to these papers for details. The only exception concerns
collisions of electrons with ground-state atoms N(*S) which
have been discarded in [13]. The cross sections for such
processes have been taken from [31], insofar as they
concern the momentum transfer cross section, and from
[32] for the excitation of the N(°D) and N(*P) states. We
note that the excitations of electronic states of N2 and O
were treated as single energy-loss processes, because in
a previous paper [33] we have shown that the inclusion
of individual transitions between vibrational levels in N,
introduces only minor modifications in the EEDF. Finally,
the collisions of electrons with NO molecuies also produce
only negligibly small modifications, so that they have been
discarded. Table 6 shows a list of the various inelastic and
superelastic processes included in the Boltzmann equation.

For dissociation of Ny by electron impact, we have used
the total cross section proposed in [34], which relies on the
assumption that the predissociation of the numerous 'If,
and 'S} valence and Rydberg states of Ny, with energy
thresholds Iarger than 11 eV, is the dominant mechanism
for dissociation. Other states of N3, such as the a 'TI,
state and the triplet B *IT, and C *I1, states, in higher
vibrational levels, also contribute to pre-dissociation. The
total dissociation cross section so obtained is in very good
agreement with other measurements [35]. In what concerns
the dissociation of O,, the reactions referred to in table 6
as the 6.0 and 8.4 eV energy-loss processes correspond
to two different channels for dissociation, leading to the
creation of two O(P) atoms and to a pair of OCP) and
O('D) atoms, respectively. As in the present model we
only consider ground-state atoms, therefore discarding the

Coupled kinetics in No—O, discharges

kinetics of excited atomic species, we assume that both
reactions give two OCP) atoms.

3.2. V-V and V-T rates

All the calculations in section 4 were performed for
T; = 500 K, which represents a typical average value
for the operating conditions of a low-pressure Mp—O; glow
discharge. Therefore, the data for V-V and V-T rates have
been chosen from the Yieratere or calculated for this specific
temperature.

The V-V and V-T rate coefficients for No—N, collisions
(given by reactions (R2) and (R3) in table 1) have
been obtained by fitling a SSH (Schwartz, Slawsky and
Herzfeld) scaling law [36,37], as modified in [38, 39], to
the resulis obtained by Billing and co-workers [40,41)
using a three-dimensional collision model which includes
an intermolecular potential with both long- and short-range
interactions. It is worthy of note at this point that the
SSH theory ignores the atiractive part of the potential,
Nevertheless, although a large number of publications on
the subject have appeared in recent years using more
accurate collision models [42, 43], the number of transitions
for which the calculations have been performed is limited.
Here, in order to obtain the V-V and V-T probabilities for
all the transitions, we have fitted scaling laws of SSH type
to the actual rates of Billing [40,41].

The V-V rate coefficient for the transition (1,0) —
(0, 1) in Nx-Q; collisions has been obtained by shock
interferometry and infrared emission as reported in the
compilation [44]. However, this coefficient has been
measured for T, > 800 K only, so that here we have
integrated the transition probabilities calculated in [45] over
a Maxwellian distribution for the relative velacity of the
molecufes. The coefficient obtained using this procedure
is close to that presented in [44]) for T, = 800 K. For the
other V-V transitions indicated in (R4), we have used SSH
scaling laws with a length characterizing the short range
exponential of the intermolecular potential L = 0.3 A (for
the same reasons as in {22]), subject to the condition that,
in the case of the nearly resonant transition

N;_r,(X, V= 28) + Oz(x, v = 0) == NQ(X, v = 27)
+0:(X,v' =1) (6)

the comresponding rate coefficient should, according to the
SSH theory, be close to 28 Py (0,~0), where Ply(Or-
() denotes the rate coefficient for the transition (1,0) —
(0, 1) associated with O,—0, collisions given in [46].
Note that we have not simply used the expressions from
the SSH theory ([22], because it is known that this
theory overestimates the actual rates [40]. In the present
caleulations, the energies of the vibrational levels of N7 and
O, are given by E, = ho[(v+0.5) - xe(v+0.5)%], with the
anharmonic Morse oscillator parameters w(Np) = 4.44 %
101 51, (0y) = 2.98 x 10% 571, 3. (N) = 6.073 x 1077
and x.(03) = 7.581 x 1072 [47]. The coefficients for the
reverse reactions are obtained by detailed balancing.

In what concerns the V-T exchanges in Np-Op
collisions, given by reaction (RS), no data are availabie,
excepting those calculated in [48] and only for a few
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transitions. So, here we scaled these coefficients from
those for the V-T Np-N, transitions using, once again,
the SSH theory. The ratio between the coefficients for the
vibrational de-excitation of a given vth level through both
processes is, in the case of the adiabatic limit [36-39], given
by

Nz—Oy Nz—Oy
Pu.u-—[ Pl R

My = raoi SXPLEGVTE-0y) — SvrNy=Na) ) (v — 1]
Pv.u—-l PI.O
7
with

N;—0 Nz -0
Pid™  (ou-0)Y" (div-0y\ FU ™)

Na—Ny = Na=Na (8)
Pt f(Ny—Na) dpy—nyy/ F(Ypg *)

and where Svrgy,-n; and dvrey,-0,) are given by the
expression

L\ 173
Syt = 42 (Np) (R (N2))? (%) (Z;Tg) ®

using the corresponding value of the reduced collisional
mass i in Na-Nj and No~O; collisions. The intermolecular
length has been taken as L = 0.3 A in the No—O, system
(that is, using the same value as for the V-V exchanges) and
by matching a law of SSH type with expression (9) to the
rate coefficients for V=T Ny—N» collisions. Furthermore,
d and F(¥) o) denote the distance of closest approach and
the adiabaticity factor in the SSH theory (see equation (18)
in [22]).

So far, only single-quantum transitions have been
considered, since they are the most likely ones. The
exception is related to the V-T exchanges in Np-N
collisions where the effect of multi-quantum transitions is
known to be important. Furthermore, we consider two
different reactions according to [27-29]. A direct process
(R6) and a reactive one, given by (R7) in table 1, in which
atomic exchange occurs between the collision partners. The
corresponding rate coefficients have been calculated in [27—
29] for a large number of transitions. Here, we have fitted
these results in order to obtain a complete set, which was
further subjected to the foliowing restrictions: Py ™ =0
for lv — w| > 5; P2 independent of the wth level and
given by the same expression for all the transitions with the
same vth Jevel, with from one to five quanta.

For the V-T N,-O collisions, we have used, in the
case of the vibrational de-excitation of the level v = 1, the
fitting presented in [1] to the results reported in [49, 50]; for
the other transitions (R8) we have simply scaled the rate
coefficients using a linear dependence on the vth quantum
number: P,,—1 = vP . Note that, using this expression,
we are assuming dyy = O in the expression derived from
the SSH theory:

Py -1 = PygvexplSyr(v — 1)]. (10)

It is still worth noting here that, due to the relatively high
magnitude reported for the rate coefficient Py o, we would
have obtained extremely high rate coefficients F, ,—; for
the higher vth levels, had we used a non-zero value for
Svt.
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Figure 1. Rate coefiicients for the V-V energy exchanges
Na(v) + Oa(v = 0) = Na(v — 1) + Qa(v' = 1) {full curve) and
for the V—T exchanges in Nz-N collisions (broken curve)
and in N-O collisions (dotted curve}, as a function of the
vth quantum number in Nz and for Ty = 500 K. The broken

curve represents the sum 3u=2 PN (see text).

Thie relative magnitudes of the rate coefficients for some
of these processes can be evaluated from figure 1. As
a function of the vth level in Nz, we plot (i) the rate
coefficients for the V-V exchanges in N;-0, collisions
associated with the transitions (v, v =0 — (-1, =1)
(full curves); {ii) the sum on the wth level of the rate
coefficients for both types of V-T exchanges ((R6) and
(R7)) in Np-N collisions, S o PN:=N (broken curve),
with PY2"N = 0 for w < (v — 5); and (iii) the rate
coefficients for the V-T exchanges in N»~O collisions
{(dotted curve). The maximum on the full curve corresponds
to the nearly resonant transition (6).

Let us consider now the rate coefficients for
equation (2). The rate coefficients for the V-V energy
exchanges in 0;,-07 collisions (R18) associated with the
transitions (1, v’} — (0, v'+ 1) have been taken from [46].
The coefficients for other transitions were obtained using a
SSH scaling faw with L = 0.17 A [51].

The rate coefficients for the V-T exchanges in O,-0;
collisions (R19) have been taken from [46] as well, using
the SSH theory with L = 0.17 A to obtain the lacking
coefficients. The value for P so obtained, for the gas
temperature Ty = 500 K, is larger by a factor of two than
that obtained by extrapolation of the measurernents reported
in [52] to low temperatures . It should be pointed out,
however, that the extrapolation to lower temperatures of
experimental data underestimates the actual rates [53, 54].

The rate coefficients for the V-T transitions in Os-
N, collisions (R21) have been obtained using a simmiar
procedure to that described for the case of reaction (R5),
but here we scale the rate coefficients from those for the
V-T 0;-0; transitions with L = 0.3 A,



Finally, the rate coefficient for the V-T I — 0
exchange in 0,-0 coilisions (R22} has been taken from
[55]. For Ty = 500 K this value is in good agreement with
the result presented in [56] and is about two times larger
than those measured in [57] and calculated in [58). For the
other transitions, we have used the scaling law Py 1 =
v' P g, that is dyr = 0 in equation (10), due to the same
reasons as discussed before for reaction (R8). Still due to
similar reasons, we have preferred to use this scaling law
instead of that proposed in [539): Py 1 = (3v' — 2) P 0.

3.3. Rate coefficients of other reactions and wall
processes

Reactions (R15) and (RI6) in table 1, involving the
destruction and the formation of vibrationally excited
Na(X, v) molecules, also play an important role in the
kinetics of NO(X) molecules and N(*S) and OCP) atoms.
Thus, the destruction of Nz(X, v} molecules can accur
through reaction (R15), which is the main source of NO
molecules. Reaction (R15) was investigated in the context
of the kinetics in the upper atmosphere [60] and within
the studies of non-equilibrivm plasmochemical synthesis
of nitric oxides [10-]2]. Unfortunately, there are no
measurements of the rate coefficient for this reaction, K,
and the calculations are in serious disagreement, by two
orders of magnitode [61-63). All calculations agree in
considering a very sharp increase of the rate coefficient
with the vth quantum number up to v = 13, and a small
dependence for v > 13. Here, we use K{; = 0 for v < 13
and Kf = 107% cm® 57! for v > 13, which comesponds
10 an average value among those reporied in the literature,
However, we must note that a recent model developed in
our laboratory [6] has shown that this coefficient might
be larger than the majority of the previous determinations.
In [6] had been found the value 10~ cm® s~! from a
best agreement with the relative variation of the N} (B)
391.4 nm band, in a N2—O, discharge at p = 2 Torr.
Nevertheless, we have preferred here to keep the above-
mentioned average value for the purposes of the present
discussion as the previous estimation may be affected by
the neglect of the V=T exchanges in No—N collisions. In
section 4 we will discuss the changes caused in the results
by considering other values for K.

The reverse of (R15) is reaction (R16} which results
in excitation of the levels v = 0-12. The percentage of
the energy transferred to the vibrational mode in reaction
(R16) is about 25% [64], which corresponds on the average
to the excitation of three vibrational quanta of Nz. Here,
we assume that, due to the very fast V-V energy exchanges
in N>—-Nj collisions, some of this energy is transferred to
near-lying levels. Thus, we arbitrarily assume that 40%
of the epergy remains in the level v = 3, 40% is equally
transferred to the levels v = 2 and v = 4, and 20% goes
into the levels v = 1 and v = 5. The total rate coefficient
for reaction (R16), K16 = 1.05 x 10~127,7* cm? s~1, with
T, in K, has been taken from [65].

The other most important reactions determining the
populations of NO(X) molecules are listed in table 3.
Reaction (R23) is an important mechanism for NO

Coupled kinetics in Nz~-O; discharges

production and N losses in mixtures predominantly formed
by O3 and for the lower values of T,(N,) (< 3500 K). Here,
we use for this reaction the rate proposed in [66] (see also
[65)), Ka3 = 1.1 x 107 1T, exp(—3150/ T,) cm® s~*. Other
more recent works [67,68] have reasonably confirmed this
result. For the reaction (R24) we have used the rate
coefficient Kys = 7 x 1072 cm® s~! according to the
discussion in [69,70). The atomic excited species N*
formed by reaction (R24) is, in the present case, the
metastable species N(*D) only. However, the kinetics
of the N* species are not included in our model. For
the three-body reaction (R25) we have used the value
proposed in [65], Kas = 1.76 x 10~ T, /* cm ¢, which
corresponds to one of the largest values reported in the
literature (see also [44]). We note, however, that reaction
(R25) always has a vanishingly small effect in determining
the populations of NO molecules. Finally, for reaction
{R26) we have used the expressions proposed in [65].

For the other reactions involved in the kinetics of N(*S)
atoms (see table 4), we have used the rate coefficient
Koz = 8.27 x 107 exp(500/ T) cm®s~! [65] for the three-
body reaction (R28), which is in reasonable agreement with
that proposed in {71]. For reaction (R29} we have used
the value Ko = 4 x 107! cm?® s~ [72)], close to the
value 5 x 1071 cm® s~! proposed in [73], where N* in
table 4 denotes an N(D) or N(P) atom. The electron rate
caefficients of reaction (R30), with N* = ND) or N(*P),
have been calculated in this work using the electron cross
sections given in [32] (see also [14] in order to have an idea
about the magnitude of these rate coefficients). It should be
noted here that reactions (R29) and (R30) do not represent,
in fact, loss mechanisms for the N(*S) atoms with the rate
coefficients indicated above, because part of the created
N* species may be re-converted again into ground-state
atoms. Here, we neglect any reconversion of the N* species
into N(*S) atoms, but this assumption will be analysed in
section 4,

As will be shown in section 4, the gquenching of
N2(B 2I1,) molecules through reaction (R32) indicated in
table 5 plays an important role in the creation of O(°P)
atoms. Here, we use the value proposed in [65], K3 =
3 % 107 cm® 57!, which is in reasonable agreement with
the value 2 x 1071° cm?® s~! reported in [74]. The analogous
reaction with Na(A 32:) has been neglected because the
corresponding rate coefficient is two orders of magnitude
smaller, 2.54 x 10~'? cm? s7! [65].

Finally, the heterogeneous reactions (R9), (R27) and
(R33) have been assumed to be first-order processes, that
is, with the corresponding rate frequencies related to the
probabilities y by the expression v = y{v}/2R, where
{v) denoctes the average velocity of the particle colliding
upon the wall and R is the tube radius. For the wall
de-activation process (R9) we use the probability ¥ =
4.5 x 10~* according to [64] for a pyrex surface, whereas
for the re-association of N(*S) and O(CP) atoms we use
¥ = 3.2 1075 [71] for the N(*S) atoms and y = 5 x 103
[17] for the case of OCP) atoms. The latter value is
two times larger than the recent measurement, 2.4 x 107,
obtained in [75].

All values reported here for the probabilities y have
been measured in discharges either in pure N; or in pure O,
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Figure 2. Electron energy distribution functions for
E/p=154V em~! Torr~" and Ty =500 K, in pure Nz (A),
in a 80% Nz-07 mixture (B) and in pure O; (C). The full
curves are for T,(Nz) = 4000 K (A and B} and

T.(0z) = 1000 K (C), whereas the broken ones are for
Tv(Nz) = T.(0O;) = Ty. The full and the broken curves are
indistinguishable in curve C.

because only indirect determinations are known for the case
of a Np—0, mixture, For instance, in [6] it was possible
to predict the dependences of the probabilities for re-
association of N and O atoms on the fractional composition
of the mixture §, from a fitting of calculated concentrations
of NO and O to measurements using a kinetic model for
surface reactions. We still note that the value 3.2 x 1078
for the re-association of N(*S) atoms would need to be
greatly increased had we considered, as discussed above,
the reconversion of N* into N(*S) atoms (see section 4).
Finally, a recent determination [76] of the wall probability
of reaction (R9) for de-activation of the levels v = 1— on
pyrex has shown our assumption of a constant y for all vth
levels to be realistic,

4. Resuits and discussion

4.1. Reference model

The calculations in this paper have been carried out for a
gas temperature T, = 500 K, which is a typical value found
in a low-pressure N»—0» positive column [2, 6]. Moreover,
we consider a discharge in a pyrex glass tube of radius
R =08 cm.

Figure 2 shows the EEDF in a N;—0O; mixture
calculated for E/p = 154 V cm™! Tom™! (which
corresponds to £/N = 8x107'¢ V cm?, p and N denoting
the total gas pressure and gas density, respectively), in pure
Nz (curve A), in a mixture with 50% of N; (curve B),
and in pure Oy {curve C). The full curves are for the case
of significant vibrational excitation of Nz as characterized
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Figure 3. As in figure 2 but for E/p=7.73 V¥ cm™' Totr .

by the temperature T,(N2} = 4000 K, in the case of
curves A and B, and for T,(0,) = 1000 X in curve C,
while the broken curves are for T,(N;) = T,(0z) = Tp,
that is in the absence of vibrational excitation, The self-
consistently determined vibrational temperature of O3 under
the conditions of the full curve B is T,(0y) = 685 K. This
value allows us to conclude that the vibrational temperature
of O, is close to the gas temperature, as a vesult of the
high V-T rates assoctated with collisions of O.(X, v')
molecules with OCP) atoms (reaction (R22) in table 2).
Recent measurements of T,(0;) under the present discharge
conditions in pure O, using CARS (coherent anti-Stokes
Raman scattering} [77] confirm these predictions. We note
that, although the V-T rates in No—N and N>-O collisions
are very high, these processes have no marked influence on
the lower vth levels of the VDF in N3, and hence, on the
value of T,,(N2).

The comparison between curves A in figure 2
shows that the presence of vibrationally excited N2 (X, v)
molecules gives rise to a strong enhancement of the
electron-energy tail of the EEDF, which is a well-known
consequence of the effects of the electronic—vibrational {e—
V) superelastic collisions [78]. In turn, the EEDFs in
pure Oy for T,(Og) = 1000 K and T,(02) = T, are
indistinguishable in curve C. Moreover, figure 2 further
shows that the EEDFs in pure O have overpopulated
electron-energy tails relative to those obtained in pure Na.
This is a consequence of the strong maximum of the
electron cross section for vibrational excitation in Na, at
the electron energies of about 2 eV, which causes a sharp
decrease in the EEDF at that point.

As is well known in pure Nz and demonstrated here
for a mixture of the type 50% Np—O;, the effects caused
by the e~V superelastic collisions in N are considerably
amplified in the case of lower values of E/p. Figure 3
shows the EEDF calculated for E/p = 7.73 V ecm™! Torr™!
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Figure 4. Vibrationat distribution functions in Nz for
E/p=154V cm~! Torr', p=2 Torr, R=0.8 cm and
Ty =500 K, in pure N, (full curves) and in & 80% N;-O;
mixture (broken curves), for T,(Nz} = 3500 (A), 4000 (B)
and 5000 K {C).

(E/N = 4 x 10718 V cm?), keeping all other values as in
figure 2. For such a Jow value of E/p in a 50% Np-O,
mixture (curves B), the electrons cannot gain encugh energy
from the field in order to pass over the barrier formed by
the manifold of vibrational levels of No. In turn, they can
be promoted to the high-energy region due to the effects of
the e—V superelastic collisions.

Figure 4 shows the VDFs of N.o(X,v) molecules
calculated for E/p = 15.4 V em™! Torr~" in pure Ny (full
curves) and in a 90% Ns—0s mixture (broken curves), for
vibrational temperatures 7, (N7) in the range 3500-5000 K.
Here, we have arbitrarily assumed p = 2 Tor (N =
3.86 x 10" cm™3) according to the measurements in [2, 6],
Furthermore, in order to take into account in our model
reactions (R24}, (R29) and (R32), we have assumed relative
concentrations of No(A >EF) of [N2(A)]/[N2] = 2 x 1078,
5% 107, 107 and 2 x 1075, for T,(N,) = 3500, 4000,
5000 and 6000 K, respectively, whereas for the Np(B ®T1,)
state we have assumed [N(B)J/[Nz] = 4 x 1077, 1075,
2 x 107% and 4 x 107°, for the same values of T,(Ny).
The ratio between the two concentrations was kept constant
[N2(B)1/[N2(A)] = 0.2, All these values are taken from
experiments in pure N, under the same discharge conditions
[79,80], We note that the increase in both concentrations is
a consequence of the dependence of the temperature T,(N»)
on the discharge current.

The different curves in figure 4 have been obtained
for the temperatrres T,(N;} = 3500 (A), 4000 (B) and
5000 K (C), which in the case of the broken curves
for the 90% N,-0, mixture correspond to the calculated
vibrational temnperatures of Q,, 7,(0;) = 810, 905 and
1070 K, respectively. The VDF in pure N; has already
been analysed in [13]. In that paper it was shown that

Coupled kinetics in N;—O; discharges

the characteristic shape of the VDF in N, is a result of
the combined effects of e~V and V-V exchanges at low
vth levels, of near-resonani V-V exchanges at intermediate
levels, which lead to the appearance of a platean in this
region, and due to the simultaneous effects of vibrational
dissociation propagating down and of V=T exchanges at the
higher levels. Now, concerning the VDF of N molecules
in a Nz-O; mixture, figare 4 shows that relatively low
concentrations of O, as small as 10%, are large enough
to praduce a sharp depletion in the VDF. This is a result
of the effects of near-resonant V-V exchanges in N3-O-
collisions at v ~ 28, of V-T exchanges in N;~O5 and N;-
N collisions for v > 28 and, to a smaller extent, of V-T
N2—0 collisions for v > 15 (see figure 1).

Figure 5 shows the VDFs of Ou(X,v') molecules
as self-consistently deterrnined by the present model, for

.Ejp =154V cm™ Torr', p = 2 Torr, in the mixtures

90% N»~0; {(curves A) and 50% N»—0> (curves B), and
for T, (N3) == 3500 (full carves), 4000 (broken curves) and
5000 K (datted curves). We note that the VDFs of O, in
curves A have been obtained under the same conditions as
the VDFs of N, plotted as broken curves in figure 4, so
they correspond to the temperatures 7,(0,) = 810, 905
and 1070 K, as T,(N,} increases from 3500 up to 5000 K.
In turn, the VDFs of O, shown in curves B of figure 5
are for T,{Oy) = 637, 685 and 742 K. Figure 5 shows
that, in a No—0, discharge, the VDFs of O, molecules are
considerably less excited than those of N,. This is always
true except in the case of a discharge with only slight traces
of O, in which T,,(0O5) rapidly increases due to the effects
of V-V exchanges in Ny—0O, collisions. We note that,
owing to the smaller energy difference in a single-quanturn
transition in O, than in N,, the most effective V-~V reactions
between the two molecules correspond to a populating
mechanism for Oy and a depepulating one for Ny. Thus,
in the case of the higher temperature T,{(N2} = 5000 K
the vibrational temperature of Oz molecules increases from
742 K, in the case of a 30% N,-0, mixture, to 1070 K
in a 90% N2-0, one, and it reaches the extremely high
value T,{0») = 5914 K, that is larger than T,(N3), in a
mixture with 99% of N,. However, there is no experimental
evidence for this fact and such a high value might be just a
consequence of the neglect of the V-T exchanges in 0z-N
collisions and of vibrational de-activation of Oa(X, v"} on
the wall.

Figure 6 shows both vibrational temperatures, for
Efp =154V cm™! Torr™! and p = 2 Torr, as a function
of the discharge cumrent / = 7 R%enqvy, where e is the
absolute value of the electton charge, n. is the ¢lecron
density assumed constant across the tube and vy denotes
the electron drift velocity. In figure 6 we have plotted
both temperatures for the cases of the mixtures 90% Ny~
O, (full curves) and 50% Nz—Q, (broken curves), Our
predictions indicate that T,(N2) increases from 3500 K at
I =2 mA up to 6000 K for ] = 40-45 mA, depending
on the fractional composition of the mixture. On the other
hand, as I increases the temperature 7,,(0,) varies between
about 800 K and about 1100 K in a 90% N;—O, mixture,
and between about 630 ¥ and about 800 K in the case of
a 50% Ny-0, mixture,
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Figure 5. Vibrationa) distribution functions in O; for the
same values of E/p, p, R and T, as in figure 4, calculated
in a 90% Np—~0, mixture {A) and in a 50% Nz-O;

mixture (B), for T,(Nz) = 3500 (full curves), 4000 (broken
curves) and 5000 K (dotted curves).

8000
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Figure 6. Vibrational temperatures T,(Nz) (A) and
T.(O2) (B), as a function of the discharge current,
calculated in a 90% Np—Oj mixture (full curves) and in a
50% Nz—O» mixture (broken curves), for the same values
of E/p, p, R and Ty as in figures 4 and 5.

Figures 7-9 show, as a function of the relative
concentration of total oxygen in the mixture 1 —[No]/N o
[0:1/N <+ [O]/N (the concentrations of N and NO are
always less than 0.5% and 2%, respectively) the relative
concentrations of NOCX 2T1,) molecules and N(*S) and
O(°P) atoms. As before, the results have been obtained
for E/fp = 154 V cm™ Torr™!, p = 2 Torr and
T,(N2) = 3500 (full curves), 5000 (broken curves) and
6000 K (dotted curves). The global behaviour exhibited
by these concentrations is in qualitative agreement with
the measurements reported in [2,6]. These measuremenis
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Figure 7. The relative concentration of NO(X 2[T;)
molecules as a function of the concentration of total oxygen
(molecular plus atomic oxygen) in a Nz~O; mixture, for
E/p=154Vem~! Torr!, p=2 Torr, R=0.8 cm,

Tg =500 K, for T,(Nz) = 3500 (full curve), 5000 (broken
curve} and 6000 K {dotted curve}.
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Figure 8. The relative concentration of N(*S) atoms under
the same conditions as in figure 7.

have not been plotted because we are not seeking here a
fit of theory to experiment. In particular, we do not fit the
probabilities for the reactions on the wall but are just using
data from the literature for the pure gases.

As a result of the linked kinetics, figures 7 and 9
show that the [NO] and [O] concentrations pass through
a maximum for Np-O; mixtures with approximately equal
proportions of the two gases. On the other hand, figure 8
shows that a very small concentration of Oy is large enough
to produce a rapid decrease in the concentration of N(*S)
atoms. The decrease in [N] concentration is a consequence
of the extremely high loss rate of reaction (R16) for the
quenching of N(*S) atoms by NO molecules. It should be
remembered here that in a discharge in pure N3, the most
important mechanisms for dissociation occur via electron
impact or through the V-V and V-T energy exchange
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Figure 9. The relative concentration of O(*P) atoms under
the same conditions as in figure 7.

processes, the latter being predominant at low E/p [13, 14].
However, under the conditions of figure 8, in pure Ny, the
value of E/ p is not small enough for the rate of dissociation
by V-V and V-T processes to become significant, in part
due to the strong de-activation exerted upon the VDF by
the V=T exchanges in N>—N collisions. Note that, although
T,(N} is fixed in figures 7-9, the discharge current is not
kept constant as §(N3) varies. In fact, as 1 — [N,}/N
increases from 0 to 0,95, we obtain decreasing values
[ =1.8-12 mA for T,(Nz) = 3500 K, ] = 20.0-4.9 mA
for 5000 K and I = 43.5-11.1 mA for 6000 K.

In figures 10-12 we present the percentage contribu-
tions of the various processes to the total production of
NO, N and O, as a function of the total oxygen concentra-
tion in the mixtore (molecular plus atomic oxygen), under
the same conditions as in figures 7-9 except that here we
only plat curves for 7,(N3) = 3500 K and 5000 K.

Figure 10 shows that the most important mechanism
for creation of NO molecules is through reaction (R15),
involving the collision of O atoms with the vibrationally
excited N2 (X, v} molecules in levels v > 13. Other non-
negligible mechanisms are reactions (R23) and (R24) in
table 3, but both may become important only in mixtures
predominantly constituted by O,. The effects of the three-
body reaction (R25) are always negligibly small. Therefore,
the present study shows that the [NO] concentration is
only slightly affected by the assumed populations of
the metastable molecule N>(A *Z}). Reaction (R16)
constitutes practically the only mechanism present for NO
losses, except in the limit of the higher Oy concentrations,
at which the destruction via the three-body reaction (R26)
may become important (about 25% of the total loss rate in
the case of a 5% N,—O, mixture).

Figure 11 shows that reaction (R15) is also the major
mechanism for the production of N(*S) atoms in a Ny~O;
mixture. Dissociation by electron impact (R10) constitutes
the major mechanism in pure Ny (or in the opposite case
of a mixture with traces of N, only, as a result of the
increase in the high-energy tail of the EEDF and of a smali
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Figure 10. Percentage contributions of the various creation
processes of NCO(X 211,} molecules for T,(Nz) = 3500 (full
curves) and 5000 K (broken curves), under the same
conditions as in figure 7: curves A, reaction (R15);

curves B, reaction (R23); and curves G, reaction (R24).
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Figure 11. Percentage contributions of the various creation
processes of N{*S) atoms for T, (Ny) = 3500 (full curves)
and 5000 K (broken curves), under the same conditions as
in figure 8: curves A, eleciron impact; curves B, reaction
(R15).

presence of NO). In a mixture with a very small fraction
of O,, reaction (R15) rapidly becomes predominant (about
77% of the total rate in a 99% N,~O,; mixture). The
dissociation by the V-V and V-T processes (R11)-(R13)
is always negligibly small due to the de-activation of the
VDF either by V-T processes in No—N collisions or by
reaction (R15). The N(*S) atoms are mainly destroyed by
collisions with the metastable species Na(A 32;" ) or by
electron impact (reactions (R29) and (R30)) in pure Nz (see
further discussion in figure 18 later), and through collisions
with NO molecules (via reaction (R16)) in the case of a
N2~0; mixture. The coniribution of reaction (R16) to the
totaf loss rate of N(*S) atoms is about 80% in a 99% Ny—0O.
mixture and increases to 98% for higher concentrations of
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Figure 12. Percentage contributions of the various creation
processes of OFP) atoms for T..(Nz) = 3500 (full curves)
and 5000 K (broken curves), in the same conditions as in
figure &: curves A, electron impact; curves B, reaction
(R16); and curves C, reaction (R32).
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Figure 13. Vibrational distribution functions in Nz in a 95%
No—O2 mixture, for E/p =154V em™ Torr~!, p = 2 Torr,
A =0.8 cm, Ty =500, for T,(N2) = 3500 (A}, 4000 (B) and
5000 K (C). The full curves are for our base model,
whereas the broken and the dotted curves are obtained in
the absence of V-T No—N and of V=T N,—0 ccliisions,
respectively.

O,. Therefore, the populations of NO and N are strongly
correlated.

Figure 12 shows that the collisions of the excited
N2(B *IT,) molecules with Os (reaction (R32)) are the
most important mechanism for creation of atomic oxygen
O(P). However, since in this paper the concentrations
of the electronic Ny(B °TI,) state have been assumed,
figures 9 and 12 are merely indicative. The O(P)
atoms are also created via reaction (R16) in mixtures
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Figure 14. As in figure 13 but for K, = 10~'2 cm® s~ (see
text), in the case of our base model ifull curves) and in the
absence of VT Np—N collisions (broken curves).

predominantly formed by N,, or by electron impact in
mixtures predominantly constituted by O;. ‘We note that the
conclusions extracted from figure 12 are probably affected
by the fact that the values of I decrease as 1 — [Na]/N
increases. An increasing importance of the dissociation by
electron impact would have been found had we kept the
discharge current constant in figure 12. The major loss
mechanism for O(P) atorns is re-association on the wall,

4.2, Omitting or changing some processes

As we have pointed out before, the kinetics of the species
under analysis are strongly correlated through the VDF of
Nz molecules which is highly dependent on the magnitude
of the rate coefficients for the various V-T processes. In
particular, the final shape exhibited by the VDF is highly
dependent on the V-T rates for No—IN collisions (reactions
(R6) and (R7)) and N2~O collisions (reaction (R8)) and on
the rate coefficient of reaction (R15). Unfortunately, all
these rates are subject to large uncertainties,

In order to evaluate the above dependences, we present
in figure 13 the VDF of N, molecules for the same values of
E/p and T,(N3) as in figure 4, in the case of a 95% Ny-Q5
mixture, cafculated now in the absence of either V=T Na—
N or V-T N;-O collisions. For comparison we also plot
in figure 13 the VDF obtained from our reference model.
Figure 13 shows that, in the absence of V-T processes in
No-N collisions, the VDF significantly increases for the
levels v > 28. On the other hand, if we discard the V~T
processes associated with Np—O collisions, then the increase
in the VDF occurs, but to a smaller extent, at lower vth
levels. This behaviour is a consequence of the dependences
of the rates for both processes on the vth quantum number,
In figure 1 we have shown that the V-T rates in Np—-N
collisions rapidly increase with the vth quantum rumber
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Figure 15. The relative concentration of NOQ( 211L,)
molecules as a function of the total oxygen concentration in
a Nz—0» mixture, for E/p=15.4V cm™! Torr!, p =2 Torr,
R=08cm, T; =500 K, for T,(N») = 3500 (A) and

5000 K (B}). The full curves are for our base model,
whereas the broken and the dotted curves are cbtained in
the absance of V=T Nx—N and of V-T N>—0 collisions,
respectively. The broken curves are indistinguishable from
the full ones except near the origin of the axes.
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Figure 16. As in figure 15 but here for the concentration of
N{*3} atoms.

by seven orders of magnitude, presenting for v > 28 the
highest rates among those for the various V-T processes.
In contrast, the dependence of the V-T No—O rates on the
vth level is much flatter so this mechanism plays a major
role at the Jower vth levels.

The effects of both V-T rates are progressively
smaller either as the percentage of O; increases or as
2 higher value for the rate coefficient of reaction (R15)
is assumed. Figure 14 shows the VDF obtained under
the same conditions as in figure 13 but assuming K =
10712 cm® s~ for v > 13 in réaction (R15). We note that
a still higher value, 10~!" cm® s~!, has been estimated
in [6] from a fit to the relative variation of the N‘{(B)

Coupled kinetics in N;=0, discharges
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Figure 17. The relative concentration of N(*S} atoms
{curves A) and NO(X 2I1,) molecules (curves B), for
E/p=15.4V cm™ Torr ', p =2 Tor, for T,(Na) = 5000 K,
as the rate coefficient of reactton {R15) increases from
10~ gm® s (full curves), to 10712 cm® 51 (broken
curves) and to 10-** cm® s—* (dotted curves). The

curves A are practically indistinguishable.
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Figure 18. The relative concentration of N{*S} atoms
(curves A) and NO(X 211,) molecules (curves B), for
E/p=154V cem™ Torr', p =2 Tor, for T,{Ns) =5000 K,
assuming the following percentage for the re-conversion of
N{2D, 2P) atoms into N{*8) (see text): 0% (full curves);
20% {broken curves); and 50% (dotted curves),

391.4 nm band in a N2> glow discharge. As stated in that
paper, the N(B) state seems to be mainly produced by the
reaction No(X, v > 12)4+NF (X) - Na(X, v—12)+Nj (B),
which involves the de-excitation of the VDF. However, in
[6] the V-T exchanges in No—N collisions were not taken
into account, so that a larger rate coefficient for reaction
(R15) was needed in that paper in order to obtain an
equivalent depopulation of the N (X, v) molecules.
Figures 15 and 16 show the relative concentrations of
NO molecules and of N(*S) atoms when the V-T No-N or
the V-T N,-O processes are discarded (in the case of our
reference model with X% = 107* em? s71). Figure 15
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shows that, for the present choice of KJs, the effects on the
[NO] concentration of the V-T rates in No—N collisions
are vanishingly small, whereas those corresponding to Np—
O collisions may be extremely important. We note that the
NO molecules, being created through reaction (R15), are
strongly dependent on the populations in Na(X, v) levels
just above v = 13. In contrast, figure 16 shows that the
concentration of N(*S) atoms is mainly dependent on the
V-T exchanges involving the N atoms themselves. In the
absence of V=T No—N collisions, in a mixture with a small
percentage of Og, the VDF of N; rapidly increases at the
higher vth levels, producing the appearance of dissociation
by the V-V and V-T mechanisms. This effect occurs
predominantly in pure N;, where it is independent of the
magnitude of the rate coefficient K}s. The concentration of
N(*S) atoms is only slightly modified by the neglect of V-T
N3-0O collisions. Neither V-T process under analysis plays
a significant role in determining the concentration of O(P)
atoms, since the latter is mainly determined by dissociation
by electron impact and by reaction (R32) involving the
collisions of Np(B *IT;) molecules with O,.

In order to evaluate the direct effects of the large
uncertainties in the rate coefficient of reaction (R15) upon
the relative concentrations of NO molecules and N atoms,
figure 17 shows both concentrations calculated for E/p =
15.4 V cm™! Torr™!, p = 2 Torr and T,(N;) = 5000 K,
considering the values 10~13, 10712 and 10~! cm® s~! for
this rate coefficient. Owing to a very strong coupling with
the VDF of N» molecules, the increase by two orders of
magnitude in K}, from 10713 to 10~" em® s~ produces
a completely negligible modification in [N] and only a
relatively small increase in [NOJ. In the case of a 50%
N»—O» mixture the relative concentration of NO increases
from 1.31% to 1.87% as K}, increases by two orders of
magnitude. .

One point of inconsistency in our model is the neglect
of the kinetics of the atomic metastable species N(?D) and
N(?P), although it is known that these species are formed
by the reactions (R24), (R29) and (R30). Here, we have
assumed that the excited atoms re-combine into Na(X, v =
) molecules through reaction (R14), so we neglect any
re-conversion of these species into N(*S) atoms. In order
to evaluate this assumption, we present in figure 18 the
concentrations of N(*S) atoms and NO molecules, under the
same conditions as in figure 17 with K} = 10713 cm® 57,
but assuming that 20% and 50% of N(*D, 2P) atoms are re-
converted into N(*S) (plotted as broken and dotted curves,
respectively). Figure 18 shows that the concentration of
NO is overestimated by the present model, while that of
N atoms is somewhat underestimated. We note that the
probability for wall re-association of N(*S) atoms, which
in the present paper is assumed constant and equal to
3.2 x 1079, would have to be greatly increased to obtain
the same N(*S) concentration if the processes (R29) and
(R30) for destruction of N(*S) atoms were discarded (that
is, in the case of a complete re-conversion of NCD, 2P)
atoms). For instance, under the conditions of figure 18 in
pure Nz, » should take the value 7 x 10~* in order to obtain
the same concentration of N(*S) atoms as before. Future
work should take into account the kinetics of both atomic
metastable species in a fully self-consistent way.
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5. Conclusions

In this paper we carricd out a kinetic study of a low-
pressure stationary discharge in a Np~Q», mixture. This
study focused on the role played by the distribution of the
vibrationally excited molecules No(X 12}, v > 0) on the
overall kinetics, in particular, on the concentrations of the
ground-state NO(X 2TE,;) molecule and of N(*S) and O(*P)
atoms. The various mechanisms for production and loss
of each of these species were analysed in detail, as was
the coupling among the corresponding kinetics and to the
distribution of N3(X, v) molecules. Although the predicted
concentrations are in fair agreement with the measurements,
we have not attempted here to fit to experiment in order to
derive unknown data for a number of elementary processes.
The probabilities for the different heterogeneous reactions
on the wall were also considered constant, with values as
given in the literature.

Qur results show that the populations of NO molecules
and N atoms are strongly correlated, since both of them
are mainly created and destroyed through the same two
reactions, No(X, v > 13)+ O = NO+Nand NO+N —
N2 (X, v = 3} + O. Thus, these populations are principally
determined by other mechanisms and the rate coefficients
for these processes cannot be estimated by a fitting to
the populations of NO and N. Furthermore, an accurate
prediction of the distribution of N»(X, v} molecules is of
capital importance in the kinetics as a whole, which is in
part due to the fact that only vibrationally excited molecules
in levels v > 13 may produce NO and N,

On the other hand, the distribution of N(X, v}
molecules may be strongly de-activated by the joint
action of the two above-mentioned reactions and by the
vibrational~translational (V-T) energy exchange processes,
Therefore, two limiting situations can occur, in principle.
(i) In the case of a rate coefficient for the reaction
No(X,v = 13) + O — NO + N not larger than
10~ cm® s}, the vibrational distribution is mainly de-
excited by V-T processes. (ii) In the opposite case, that is,
for higher values of the rate coefficient of this reaction,
the No(X, v} molecules are efficiently destroyed by this
mechanism,

In spite of the complexity of these kinetics, in previous
work it was possible to obtain very good agreement between
theory and experiment by an appropriate choice of the rate
coefficient for the reaction Ny(X, v = 13) 4+ 0 = NO+N
and the probabilities for wall losses of N and O atoms under
mixture conditions [6]. However, in that work the V-T
exchanges in No-N collisions were neglected so that the
rate coefficient of the above reaction, leading to formation
of NO and N, may be somewhat overestimated. In [6] the
value 10~1! ¢m? s=! was found, whereas the average value
from the literature is 1013 em® s~!. Although we have
followed a different approach here the main conclusions of
the present paper are, in their general trends, in agreement
with the conclusions of that previous work.

Nevertheless, this paper presenis some weaknesses
which should be pointed out. First of all, the mode] assumes
a constant electric field which makes it difficult to compare
theory to experiment. Usually, it is the pressure and the



discharge current which are kept constant in an experiment
and not the electric field. The sustaining electric field
necessary for the steady-state operation of the discharge
is obtained, as 1s well known, from the balance between
the total rate of ionization, including step-wise ionization
by electron impact and associative ionization, and the total
rate of electron loss. The determination of the discharge
characteristics was outside the scope of this work, but future
work should concentrate on this point.

Secondly, the model should include the kinetics of the
excited electronic states Na(A 3EF) and N, (B *11,), whose
concentrations were estimated from discharges in pure Ny
and were given in this paper as inputs, as well as those
of other states playing an important role in associative
ionization such as Na(a' ') and N(a" 12;‘ ) [81-83).
Finally, the work should be extended in order to include the
kinetics of the metastable atomic states N(D) and NGP).

In conclusion, future work should mainly concentrate
on the above points in order to improve the accuracy of the
description. However, the present model is satisfactory on
physical ground since it provides an insight into the basic
kinetic processes occurring in these discharges,
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