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Kinetic Model of a Low-Pressure N,—O»,
Flowing Glow Discharge

Boris F. Gordiets, Carlos M. Ferreira, Vasco L. Guerra, Jorge M. A. H. Loureiro,
Jacimar Nahorny, Daniel Pagnon, Michel Touzeau, and Marinette Vialle

Abstract—A self-consistent kinetic model is developed to study
dc flowing glow discharges in N»/O; mixtures. This model in-
cludes the calculation of electron energy distribution functions
and electron rate coefficients coupled with detailed vibrational
kinetics of N> molecules, chemical kinetics taking into account a
large set of neutral, excited and charged species, interaction of N
and O atoms at the discharge tube wall, and the thermal balance
of the discharge. The results of this model agree reasonably
well with the measurements of the electronic density, the gas
temperature, the reduced electric field, the vibrational temper-
ature of N, and the concentration of O, N atoms, NO molecules,
N2 (C), N (B), and NO(v) excited states. The comparison was
performed in a N;-O; discharge at pressure p = 2 Torr, for
discharge currents I = 15, 30, and 80 mA, a flow rate Q = 100
sccm, and O, percentages ranging from 0 up to 100%.

1. INTRODUCTION

HE KINETIC processes occurring in low-temperature

plasmas of the atmospheric gases N, O, and their mix-
tures are presently the subject of many investigations due to
their importance in atmospheric and ionospheric physics, and
in plasma chemistry in general. In fact, the knowledge of the
kinetics of formation of active N and O atoms, NCD), 0,(*A),
N2(A3Y) metastables, and NO molecules is important to
understand the workings of plasma reactors used for chemical
synthesis, air pollution cleaning, or for surface treatments of
various materials.

Recently, various experiments have been performed on
microwave and dc discharges in N,-O, at low pressures (up
to a few Torr) [1]-[7], and theoretical models have been
developed to analyze the kinetic processes in such discharges
and to interpret the experimental results [3], [6], [7]. In a
recent paper [7], we have reported an investigation on the
kinetics of N atoms and NO molecules production in dc N,—O,
glow discharges for a pressure of 2 Torr and various discharge
currents, as a function of the relative mixture composition.
Measurements of N and NO concentrations, reduced electric
field E/N, (N, denoting the total gas density), electron
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density n., gas temperature Ty, and vibrational temperature
T, of N»(X) molecules have been reported over the complete
range of relative oxygen concentration (0-100%). A kinetic
model was also developed in [7] to interpret the experiments.
The model included a detailed analysis of the kinetics of
vibrational levels and of a large number of neutral and ionic
species, as well as of the discharge thermal balance. This
model, however, relied upon estimates of electron transport
and collisional data in the mixture based on extrapolations of
data previously obtained in pure N or O;.

In the present work, the model presented in [7] is ex-
tended and largely improved by the inclusion of self-consistent
electron data calculated from the Boltzmann equation for the
precise plasma mixture conditions. Further, in order to build a
more comprehensive and manageable kinetic model we have
eliminated from the previous model all those species whose
concentrations are negligibly small under the experimental
conditions of interest here. This leads to a considerable re-
duction in the total number of reactions to be taken into
account (more than 400 in [7]) and in computing time. At the
same time, a deeper physical insight into the main discharge
workings results.

The experimental investigation reported in [7] is also ex-
tended here and new results are presented and compared to the
model predictions. In particular, measurements of O, N2(C),
NO(7), and N3 (B) are further reported.

The organization of the paper is the following. In Section
II, a detailed discussion of the model is presented. Section III
describes the experiments; a summary of the apparatus and
the techniques used in [7] is given; and the diagnostics used
for the new measurements are described in detail. Section IV
presents a detailed comparison between model predictions and
measurements along with a discussion of the basic kinetic
processes occurring in the discharge. Finally, in Section V
we present the main conclusions of this work and discuss
guidelines for future research.

II. KINETIC MODEL

A self-consistent, radially homogeneous kinetic model for
glow discharges in flowing N,—O, mixtures has been devel-
oped which includes the electron Boltzmann equation, the
rate balance equations for the most important neutral and
ionic species present in the discharge, the equations describing
the vibrational kinetics of N2(X) molecules, and the thermal
balance equation for the gas. These equations are strongly
coupled and have been solved altogether in a consistent way,
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as a function of the discharge operating parameters, viz.,
gas pressure, initial mixture composition, mass flow rate,
current density, tube radius, initial gas temperature, and wall
temperature.

This model determines, as a function of the axial coordinate
z, the radially averaged populations in the vibrational levels
N2(X'E7, v) and the excited states No (A3, B3I, a1,
allly, C’%Hu, a"'%F), Og(a'Ag, b'T), N(2D, 2P), and
O(!D,' S), as well as the concentrations of other neutral
species created via dissociation channels or other chemical
reactions (N (*S), O(3P), 0;, NO(X?II,), N,0), of the
electrons and of the main positive and negative ions present
in the discharge (N7, N7, OF, OF, NO™, O~). This model
further determines the gas temperature 7, and the reduced
maintenance electric field £//N, under steady-state operating
conditions.

This theoretical approach is a heavy task that involves large
computing time. For this reason, as mentioned above, the
kinetics of heavy species have been considerably simplified
here as compared to that developed in [7]. This simplifi-
cation could be made taking into account the calculations
in [7]; they have shown that the concentrations of species
other than those included here are negligibly small and have
no noticeable influence on the discharge kinetics. Never-
theless, it should be noted that the influence of the states
No(W3A,, B®Y7, wlA,) and 0:(432F, C3A,, 1Z7)
has indirectly been considered. In fact, the excitation of these
states by electronic collisions has been taken into account but
we have assumed a fast decay from Ny(W, B’) to No(B)
and from Na(w) to Na(a’) due to the strong radiative and
collisional coupling between these groups of states. As to the
oxygen states, we have assumed that excitation of O2(4, C, c)
entirely results in dissociation of O, — 20 (3P).

A. Boltzmann Equation

The electron energy distribution function is self-consistently
determined here by solving the steady-state, homogeneous
electron Boltzmann equation using the usual two-term expan-
sion in spherical harmonics. The mathematical techniques used
are similar to those previously reported in [8]-[10]. In [9], the
case of a mixture of two molecular gases has already been
considered.

Due to the large fractional populations in the vibrationally
excited levels Na(X,v), both inelastic and superelastic col-
lisions of electrons with Na(X,v > 0) states have been
taken into account. However, only inelastic collisions from
02(X,v = 0) and NO(X,v = 0) have been considered due
to the negligibly small populations in the vibrationally excited
levels of these species. For similar reasons, superelastic colli-
sions of electrons with electronically excited states (N3, O3,
N*, O*) have been neglected. The following simplifications
have further been made in solving the Boltzmann equation:
i) the excitation of electronic states was treated as a single
energy loss process assuming that all molecules of each species
are in the ground level, v = 0, of the electronic ground
state; ii) ionization by electron impact was treated similarly
to an excitation with a single energy loss and the creation of
secondary electrons was neglected.

The electron cross sections used in this paper are the same
as in previous works in pure N, [8] and pure O, [10].
Here, however, we have further included the electron cross
sections for excitation of the atomic states N (2D, 2P) from
N (48) [11] and for ionization of NO [12]. The excitation of
the N (2D, 2P) states was already considered in [13]. Other
processes induced by electron collisions such as ionization
from N»(A) [14] and dissociative recombination of N+, OF,
NO*, and NZ ions (see Table I, and [15]-[24] therein)
have also been included using semi-empirical formulas for
the corresponding rate coefficients versus the electron kinetic
temperature.

B. Vibrational Kinetics

The Boltzmann equation is coupled through the fractional
populations in the Na(X,v) levels to the system of master
equations for these populations. This system accounts for
the following processes as previously described in [3] and
(7}

—Vibrational-excitation and de-excitation by electron im-

pact (e-V)

€+N2(U) = 6+N2(’w). )]
—Vibration—vibration (V-V) energy exchanges

Nz(’U + 1) + N2(w) = N2(’U) + Nz(’w + 1) 2)
Na(v + 1) + 02(0) = Na(v) + 05(1) 3
Na(v + 1) + NO(0) = Na(v) + NO(1). 4)

— Vibration—translation (V-T) energy exchanges
Na(v) + M = Np(v — 1) + M )

with M = Ny, 0,2, N, O, NO.
—De-excitation in collisions with the wall

N3 (v) + wall — Na(v — 1) + wall. ©)

—Chemical reactions leading to the formation or the de-
struction of NO

N2(v) + O - N+ NO )]
N+ NO — Ng(7 = 3.4) + O. 8)

—Vibrational excitation due to the quenching of excited
O('D) atoms

O('D) + Nz — O(®P) + Ny(v = 2.2). ©9)

Following [25], we have assumed that the cross sections
o(v = v+ n) for the e-V processes (1) between excited
vibrational levels are given by the expression

o(v="0v+mn)=0(0=n)(1+0.050)"". (10)
Values up to n = 10 were considered but electron excitation
of all vibrational levels above v = 20 were discarded.
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TABLE 1
RATE CONSTANTS OF DISSOCIATIVE RECOMBINATION oF Ions N, 0F ,NO™,
AND NI AND BRANCHING RATIO OF DISSOCIATIVE PRODUCTS

Ion rate constant (cm3/s) products | branching ratio | ref.
Ni 1.8 x 10-7(300/T.)°* | N(s) |1 [15)
N(D) |o0s [16]
N(*P) |<01 [17)
ot 2.7x 10-7(300/7.)°7 | 0(P) |1.15 [15,18)
(T < 1200K) o('D) o085 [19,20)
1.6 x 10~7(300/7,)°-5¢ 0('8) <01 [21]
(T > 1200K)
NO* 4.2 x 1077(300/T.)°% | N(*S) |02 {18,22]
N(*D) |08 [23)
N} 2.3 x 10-5(300/T2)°%* |- - [24]

The rate coefficients for the V-V energy exchanges have
been calculated using the following equation [26], [27]:

QUi = QU6,60wFou(1.5—-0.5x Fpyy)  (11)
with F,,,, 6,, and &,, given by
Fow =exp{ — 69y X (Eyt1 — E,
— Ewy1 + Eu)/(2AE)} (12)
by =(v+1)x (1+vAE/E) (13)
and
by = (w+1) x (1+wAE/E,). 14)

The parameters Q°' and 6%, are given by the following
formulas in the case of N,—N, collisions [28]

Q% (cm® - s71) = 2.5 x 1071%4(T, /300)5  (15)
Sy = 6.8/T,%° (16)
with Ty in Kelvin.
For N»>-O, collisions we have similarly used
Q" (cm® - s71) = 1.7 x 10713(T, /300)5 (17)
89y = 6.92/T,05 (18)
while for N,—NO collisions we used
Q" (em®-s71) = 1.3 x 107%(T,/300)1°  (19)
8y = 7.02/T,%°. (20)

In (12)(14) AFE and E; are connected with the anharmonic
Morse oscillator parameters through the expressions AE =
hwxe and Fy = hw(l — 2x.), with

E, = hw[(v + 0.5) — xe(v + 0.5)].

Only the levels v = 0 and v = 1 of O, and NO are accounted
for in the model because the higher vibrational levels of both
molecules are efficiently destroyed by fast V-T exchanges with
O atoms. It is still interesting to note that resonances occur
between the first vibrational levels of O, and NO and the
levels Na(v = 28,27) and N(v = 15, 14), respectively.
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The rate coefficients for the V-T processes take the form
271
Py = PR 8, exp (897)0)

v,v— (21)
where Pl(éu ) and 68‘1{) depend on the type of the colliding
particle M (M = N3, Oy, N, O, NO). In the case of the
molecular species N, O, and NO, we have taken 6%{)
equal to the parameters for V-V collisions given by (16),
(18), and (20), respectively. The parameter Pl((])w ) has been
assumed the same for the colliding particles N, O,, NO and
equal to the semi-empirical value obtained for V-T (N,—-Nj)
collisions [29]. This approximation is well justified since
the dominant V-T processes occur through N>—O collisions.
On the other hand, since vibrationally excited O2(X,v) and
NO (X, v) molecules are present in small amounts, the V-
V reactions between N,—O; and N,—NO correspond, in fact,
to depopulating mechanisms for No(X, v) (with larger rate
coefficients than those for V-T processes). Finally, for V-
T energy exchanges in N,—O collisions we have used an
analytical approximation to fit the experimental data for Pl(g )
[30], [31]. We have taken 5&,0% = 0 due to the lack of data for
transitions involving upper levels.

We have not included in our model V-T exchanges in No—-N
collisions because available calculations of rate coefficients for
these processes [32], [33] result in too fast a relaxation of the
vibrationally excited molecules No(X,v > 15). This in turn
results in too small populations in these levels and in strong
gas heating which has not been experimentally confirmed in
pure N, discharges.

Reaction (7) is a very important channel for the production
of NO. This reaction was first investigated in the context
of upper atmosphere chemistry [34]. Its rate coefficient is
probably strongly dependent on the wvth level of N,. However,
no experimental data are available and the existing theoretical
calculations are in disagreement by two orders of magnitude
[35]-[37]. Here, we assume the rate coefficient for this reaction
to be given by a simple step function of the wvth level as
follows:

1.3 x 10~ exp(—E,/T,), if E, < E,
10~ if E, > E,
(22)

Ki(cm®-s71) = {

where E, = 38000 K is the activation barrier. The value of
K7 for E, > E, (hereafter referred to as K?9) is the largest
one reported in the literature and it seems to be justified by the
comparison between theory and experiment presented below
(see Section IV).

The excitation of the No(v = 1—12) levels is also possible
via the exothermic reaction (8), which is the reverse of reaction
(7). The percentage energy transferred to the vibrational mode
in reaction (8) is about 25% [38], which corresponds on the
average to the excitation of 3.4 vibrational quanta of N;. Due
to the lack of information about the exact dependence of this
rate on the vth level, we have assumed the value given in
Table VI and considered that 3.4 vibrational quanta are excited
on the average per reaction.
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TABLE 1I
RATE CONSTANTS OF QUENCHING AND EXCITATION OF Nj
ELECTRONIC LEVELS BY COLLISIONS WITH ATOMS AND MOLECULES

R- | process k(em3/s) ref.

R1 | N2(A)+ O(*P) - NO + N(®D) 7x10712 [39-41]

R2 — Na(X)+ 0(%5) 2.1x 10" [39-41)

R3 | Na(A)+ N(4S) = No(X)+ N(%S) 2 x 10712 {42)

R4 — Ny(X)+ N(*P) 4 x 10711(300/T)%/3 | [43-45]

R5 | Na(A)+ 03(X) — No(X)+ Oy(B) 2.1 x 1071%(T/300)%55 | [46-49]

R6 — Na(X) + Os(a) 2 x 10-13(T/300)°55 | [47-49]

R7 — Na(X) + 04(b) 2 x 10713(T'/300)°55 | [47-49]

RS — N20 + 0(3P) 2 x 1074(T/300)°55 | [47-49]

RO | Na(A) 4 Na(X) — 2No(X) 3x10-1° {50}

R10 | N2(A) + No(X,v > 30) - N +e 10-13 this work

RI1 | N2(A) + NO — No(X)+ NO(A) 6.9 x 10-11 [51)

R12 | Na(A) + N30 — No(X)+ N(*S) + NO 10-1 59,62)

R13 | Na(A)+ Na(A) — No(X) + No(B) 3x 1010 53,54]

R14 — N2(X) + Ny(C) 1.5 x 10710 [55]

R15 | Na(A) + No(X,v > 5) — No(B) + Na(X,v — 6) | 10710 [56,57]

R16 | Na(B) + Na(X,v — 6) — N3(A) + Nao(X,v > 5) | 10710 this work

RI7 | 2N3(X,v > 11) — Ny(X )+ No(A) 10718 (56]

R18 | Na(B) + 03(X) — Ny(X)+ 0+ 0 3x 10710 [56-62]

R19 | N2(B) + NO — Ny(A)+ NO 2.4 x 10710 (59}

R20 | 2N5(X,v > 13) — Ny(X) + No(B) 10-15 {55}

R21 | Na(C)+ N3(X) = Na(a') + Np(X) 10-1t {46,61)

R22 | N2(C) + 03(X) = No(X)+ 0+ 0 3x 10710 56,62)

R23 | Ny(a') + Na(X) — No(B) + No(X) 1.9 x 10713 [58,63]

R24 [ Na(a') + 02(X) > No(X)+ 0+ 0O 2.8 x 10712 (62,63]

R25 | Na(a') + NO — No(X)+ N + 0 3.6 x 1071 [62,63]

R26 | Nx(a') + No(A) » N +e 1.5x 1071t this work

R27 | 2Nx(a’) > N +e 101 this work
R- | process k(cm3/s) ref.
R28 | Nz(v > 16) + Na(v > 16) — Na(a’) + Np(X) | 10728 this work
R29 | Na(a”) + Na(X) — No(X)+ Na(X) 104 [65]
R30 | Na(a")+ No(X,v>12) = Nf +e 10 ezp(—640/T) this work
R31 | 2N3(X,v > 24) -+ Np(X) + Np(a") 1.6 X 10718 (66]

three-body collisions & ( em®/s ) ref.
R32| N+ N+ M o Ny(A)+ M 1.7 X 1073(M = N,,0,,NO) | [67,68,71]
10-3(M = N,0)
RIBIN+N+M— Np(By+ M 2.4 x 1073(M = N;,0,,N0) | [68-71]
1.4 x 1073%(M = N,0)

Finally, the excitation of the vth levels of N, is also
possible through the quenching of the excited atomic state
O (1 D) (reaction (9)). We have used for this reaction a similar
procedure as for reaction (8), with a rate coefficient as given
in Table V.

C. Kinetics of Electronically Excited Molecules
and Other Chemical Reactions

In addition to all electron impact and vibrational Kinetic
processes referred to above our model further includes a
large number of physical-chemical reactions, which determine
the populations of the electronically excited molecular/atomic
states No(4, B, d/, a, C,a”), Oz(a,b), N(®2D,%P), and
O (*D,'S), as well as the concentrations of the species N, O,
NO, N;O, and O3, and of the positive and negative ions N7,
NF, O+, O, NO*, and O~.

A complete list of the processes considered is given in the
Tables II-X, along with the corresponding rate coefficients
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TABLE III
RATE CONSTANTS OF QUENCHING AND EXCITATION OF O,
ELECTRONIC LEVELS BY COLLISIONS WITH ATOMS AND MOLECULES

process k(cm®/s) ref.
R34 | 02(a) + O(P) - 02(X) + 0 7x 10718 162,72]
R35 | Oxa) + N(*S)> NO + 0O 2 x 10~ *ezp(—600/T) (62}
R36 | 02(a) + 03(X) — 02(X) + O2(X) | 3.8 x 10~ 8ezp(~205/T) {74}
R37 | 05(a) + Na(X) — 05(X) + Na(X) | 3x 10-21 162]
R38 | O1(a) + NO — 05(X) + NO 2.5 x 10-11 76]
R39 | Oy(a) + 05 — 202(X) + O(*D) | 5.2 x 10~ ezp(~2840/T) | [77,78]
R40 | Os(a) + Ox(a) — O2(X) +-0a(b) | 7x 10-T38ecp(100/T) | [79]
R4l | O(3P) + 05 — 02(X) + Ox(a) 10-Yezp(—2300/T) [77,78]
R42 | 04(8) + OCP)  Oa(a) + OCP) |8.1x10-1 [62,80]
R43 | 04(b) + 02(X) = 02(a) + 0(X) | 4.3 x 10-2T?4ezp(-281/T) | [81]
R44 | 01(8) + No(X) — Os(a) + No(X) | 1.7 x 10-15(T/300) 182]
R45 | 03(b)+ NO — O3(a) + NO 6 x 10-14 83,84]
R46 | 04(b) + O3 — 202+ 0 2.2 x10-M [77,80,82]

three-body collisions k ( cm®/sec ) ref.
RA7 [ O+ 0 + M — Os(all states) + M | keom = 10-32T-08%(M = 0,) | [71]

3.6kcom (M=0)
0.25kcom (M=N;,N)
R4g — Oy(a)+ M 0.07k corm (M) 85}
R49 — O(b)+ M < 0.01kegm (M) [86)
R50 | Oz(a) + Ozla) + O2(X) = 205 | 10-91 [77)
TABLE IV

RATE CONSTANTS OF QUENCHING OF METASTABLE LEVELS OF
NITROGEN ATOMS BY COLLISIONS WITH ATOMS AND MOLECULES

process k(cm®/s) ref.
R51 | N(*D)+ O(P) — N(A8) + O('D) | 4 x 10-13 | [16,87]
R52 | N(*D)+ 0, - NO+ 0O 5.2 x 10712 | [88]
R53 | N(2D) + Nz — N(*S) + N2 6x 10715 | [62,69]
R54 | N(?D)+ NO = N2+ 0 1.8 x 10-%° | [59,89]
RS5 | N(2D)+ N20 — NO + N, 3.5 10712 | [59,90)
R56 | NRP)+ N(*§) > N + N 1.8x 10-12 | [56]
R57 | N(?P)+O(*P) > N+ 0 10712 present work
RS8 | N(*P)+ 02(X) = NO + 0 2.6 x 10715 | [91)
RS9 | N(2P)+ N3(X) — N(45) + Na(X) | 2x 1071 | (89)
R60 | N(?P)+ NO ~ N+ 0O 3x10°M | [62)

TABLE V
RATE CONSTANTS OF QUENCHING OF METASTABLE LEVELS OF
NITROGEN ATOMS BY COLLISIONS WITH ATOMS AND MOLECULES

process k{cm?3/s) ref.
R61 | O('D)+ O(P) -~ O(P) + O(*P) | 8x10-12 [92)
R62 | O(* D) + 05(X) — O(P) + Os(a) 10-12 192]
R63 — O(3P) + 04(b) 2.6 x 10~ Mezp(67/T) | (62,86,92)
R64 [ O(1D) + N2(X) = O(®P) + N3(X) 2.3x 1071 [97)
R65 | O('D) + 05 — 0, + 20(3P) 2.3 x 10°1° [92,93]
R66 | O(1S) + O(*P) —» O(*D) + O('D) 5 x 10" ezp(—301/T) | [62,94]
R67 | O(1S) + N(15) » OCP) + N 10-12 (95]
R68 | O(*S) + 02(X) — O(P) + 05 4% 10" 2ezp(—865/T) | [96]
R69 | O(15) + No(X) = O(P) + Ny(X) | 10777 97]
R70 [ O(*S) + O2(a) > O(3P) + 02(C + A) | 1.1 x 10710 [98,99]
R71 — O('D) + Oy(b) 2.9 x 10711 (98,99]
R72 - 30(%P) 3.2x 10°11 (98,99]
R73 | O('$)+ NO - O(®P)+ NO 8 x 1071° {100,101]
R74 | O(*S) + O3 — 204(X) 6 x 10-1° {100]

selected from the literature ([39]-[118]). Some processes in-
volving collisions of electronically excited heavy particles
are not simple de-excitation reactions since in many cases
such collisions result in chemical reactions. In particular, the
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TABLE VI TABLE VIII
RATE CONSTANTS OF BIMOLECULAR NITROGEN—-OXYGEN REACTIONS RATE CONSTANTS FOR REACTIONS INVOLVING POSITIVE IONS
process k(cm3/s) T (K} ref. process k(cm®/s) Tef.
R75 [N+ NO—- O+ N, 1.8 x 10714(T/300) 200-4000 | [62,71,102] R85 | Ot + N = NO*+ N (153 — 1.97 x 10737 + 9.56 x 10~7T2) x 10~** | [106,107)
R76 | N4+ 0, — O+ NO 3.2 x 10~13(T /300)ezp(—3150/T) | 300-3000 | [62,71,103) R86 |0t +0,—0f+0 2 % 10-11(300/T)°8 {108)
R7IT{N+03— NO+0; <2x1071¢ 300 [62,73,104] R87 | O+ +0s— 0F 4+ 0, 10— [108]
R78 | O+ 03— 02+ 02 2 x 107 ezp(—2280/T) 220-1000 | [62,71,105] R88 | Ot +NO - NO*+0 2.4x10°1 [109]
R89 | O* + N;0 — NO+ + NO 2.3 x 10710 [109]
associative ionization RSO - N0t + 0 2.2 x 10710 (109}
R91 - 0F+ N, 2x10-11 [120)
R79 | 2Na(v > 32) —» N} + e | 3.5 x 107 %ezp(—1160/T) 300 [66] R92 | N} +0: - 0F + N 6 x 10-11(300/T)°® [56,111}
R93 | N +0 — NO*t + N(*5.} D) 1.3 x 10719(300/T)°* {112]
R94 - 0t + N, 10-11(300/T)°% [112]
TABLE VI R95 | N} +03-0f+0+ N, 10710 {62]
RATE CONSTANTS OF ATOM RECOMBINATION WITH
CREATION OF MOLECULES Nj, Oy, NO, O3, N0 RG | N+ N N¥ + N, 72 % 107%(T/300) (56]
R9T | Nf + NO - NO* + N; 3.3 x 10710 {112)
process k(cm®/s) T (K) ref. R98 | N + N20 —» N0t + N, 5 x 10710 [110]
R8O [N+ N+M— Ny +M | 83x10-34exp(500/T)(M = Nz) | 100-600 | [62,71,103] R99 - NO*+ N+ N, |ax107% [110]
1.9 x 1073(M = N) 600-6300 | [62,71,103) R100 | OF + Nz —+ NO* + NO 10-17 [111]
ko, = kno = kn, R101 |0 + N = NO* + 0 1.2 x 1072 [112]
ko = kn = 6kn, R102 | OF + NO = NO* + 0 6.3 x 10710 {117)
R103 | N} + Ny — N} +2N, 2.1 x 10~%ezp(T/121) (56}
REL|O+0+ M~ 0+ M | 27x10"%ezp(720/T)(M = N3) | 200-500 | [71,105] R104 | N} +0; = OF +2N, 25x 10710 f114]
6.2 x 10-3T-983()f = N) 500-4000 | (62,71,105) R105 | NF +0 - 0F + 2N, 2.5 x 1071° [62]
25 x 10-91T-08( M = 0) 300-4000 | [71,105] R106 | N} + NO — NO* +2N; 4x10-° [62]
kx = kno = 0.25ko,
ko = 3.6ko, three-body collisions k ( cm®/s) ref.
R82|{N+0+M — NO+M |1.03x107%(300/T)°% 200-2000 | {62,71,103) RI07 | Nf + N2+ Nz N + N, 5x 1077 [112]
for any M R108 | OF + Na+ M — NO+ + N + M | 67 (300/T)HM = N3,0,) f112]
R83 |0+ 02+ M — 03+ M |62x107%(300/T)*M = N) 220-1000 | {62,71,105) process k(cm®/s) ref.
6.9 x 10-34(300/T)15(M = 0,) | 220-1000 | [62,71,105] RI09 [0t +0+M = Of + M | 107°(M = N3,0,) | [62]
2.17Mezp(245/T)(M = 0) {1 R110 | O + N + M - NO* + M | 107(M = N>, 03) | (62]
R84 | N2+ O+ M — N3O+ M | see [71) 220-1000 | [71] TABLE IX
RATE CONSTANTS FOR REACTIONS INVOLVING NEGATIVE O™ IONs
processes involving vibrationally excited molecules No(X, v) electron detachment k(cm?/s) | ref
play an important role in the whole kinetics. The collision of RULIOT+0 Oz te Lax 1070 (17)
: . = . R112| O~ +N - NO+ 2.6 x 1071 | (110
two molecules No(X,v) in high vibrational levels can result w115 | 0- 400 ms 00t ¢ X xm_ls {62 1]16]
. . . ’ 7 - 2~ 0Uzte X »
in excitation of the states No(A), No(B), Na(a'), No(a”) (see wite| 0 rouar-oase  |axaoe |
reactions R17, R20, R28, R31), or in associative ionization R115 | O~ +02()) ~ O+ Oz + ¢ | 6.9x 1071 | [117)
(reaction R79). Collisions between vibrationally excited and R116 | O~ + Na(4) = O + Mo +e | 22x10°° | (117)
electronically excited N, molecules can also re-excite the RUI7 | O~ + Ny(B) 2 O + Na+e | 1.9x 1070 | [118)

molecule into another state (reactions R15, R16) or result in
associative ionization (reactions R10, R30). Associative ion-
ization can further result from collisions between electronically
excited molecules (reactions R26, R27).

Unfortunately, the rate coefficients for some processes are
poorly known, the available data being often scattered over
two orders of magnitude (e.g., the rate coefficient of reaction
(7) for formation of NO).

As a consequence of the complex kinetics involved here, a
number of species are formed with high translational energy
and may not be in thermal equilibrium with the background
gas. This is, for example, the case of N atoms created by
collisions of O atoms with vibrationally excited Na(X,v)
molecules in levels v > 13 (reaction (7)). These hot N atoms
can in turn react with O, yielding O and NO according to
reaction R76 in Table VI [119]. However, the rate coefficient
for these reactions with hot atoms should be considerably

larger than the equilibrium rate given in Table VI. For this
reason, we have estimated the concentration of hot N atoms
and the correction to the equilibrium rate constant for reaction
R76 using the same procedures as in [7].

D. Interactions with the Wall

Although the model developed in this work does not account
for the variations .in the species concentrations with radius
(we recall that the model is radially homogeneous), the losses
resulting from diffusion to the wall followed by deactivation at
the wall need to be considered for various species. We assume
that the corresponding radially averaged rates for wall loss v
can be expressed as

2R ) -
/)

2
v= (% + (23)
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TABLE X
RATE CONSTANTS OF PROCESSES INVOLVING POSITIVE AND NEGATIVE IONS

two-body collisions reactants k(cm®/s) ref.

R118
R119

O-+Bt-0+8B
0~ +BC*-0+B+C

B* = 0+,0f,N+,N§, NO*
BC* = 0},N}, N}, NO+

2 x 10~7(300/T)
1077

(62,115
(62,115)

three-body collisions reactants k (cm®/s) ref.

R120 |0~ + B*+ M - 0+ B+ M | B* =0%,0f,N*, N} NO+
M = N,,0,

Bt = 0+,0%,N*

2 x 10~25(300/T)?® | [62,115)

RI21 (O +B*+M -0+ B+M 2 x 10-25(300/T)25 | (62,115)

M =N;,0;

Here, D denotes the diffusion coefficient, A is the char-
acteristic diffusion length, R is the tube radius, @) is the
average velocity of the particles, and +y is the wall deactivation
probability (fraction of wall collisions leading to destruction
of the species). As expected on physical grounds, (23) shows
that if the deactivation probability is low, then the average rate
constant for wall loss depends primarily on this probability and
the tube diameter. On the other hand, if this probability is high,
then the loss rate may primarily be controlled by the rate of
diffusion to the wall.

Besides the recombination of the positive ions with electrons
and the destruction of metastable species at the walls, atomic
reassociation of N and O atoms and vibrational de-excitation
of Na(v) molecules at the wall were considered. Specifically,
we have taken into account the following heterogeneous pro-
cesses, with the corresponding probabilities given in brackets:

No(v) = No(v—1), (y=7x107%) [13] (24)
N2(4) — No(X), (y=1) (25)
Na(a') = Nao(B), (y=1) (26)

0z(a) = 02(X), (y=2x 10" ) 27

03(b) — O, X), (y=2x10" ) (28)
N(*D) - N(*S), (y=1) (29)
N(P)—N(*S), (v=1) (30)
0('D) - 0(P), (y=1) 31)
0('S) - 0(*P), (y=1). (32)

Further, wall losses of O (3P) and N (4S) atoms are impor-
tant loss channels for these species. However, the correspond-
ing probabilities are only approximately known for discharges
in the pure gases, no data being available for mixtures. It is
however known that the probability for wall reassociation of
O (3P) atoms decreases when N, is added to pure O, {4]. For
lack of data, we have worked out a simple kinetic model to
account for wall losses of O and N atoms assuming that such
losses result from a reaction of a gas phase atom impinging
on the wall or of physisorbed atoms with chemisorbed atoms.
This model accounts for the reactions resulting in adsorption
of O and N atoms at vacant sites on the wall and for the
heterogeneous reactions of gas phase O and N atoms with O,
and N, (the subscript s holding for adsorbed atoms) leading to
the formation of gas phase O,, N,, and NO molecules. Since
the rate constants for these reactions and their temperature
dependence are unknown, we have estimated these data from

a best fit of the caiculated to the measured concentrations
of O and NO throughout the whole range of experimental
conditions considered in this work. Measurements of the N
atom concentration in the case of pure N; and of N, with a
small admixture of O, (not reported in this paper) were also
used for the above estimates. Additional measurements of N
covering the whole range of mixture compositions are now
underway in order to improve the accuracy of this kinetic
model for wall losses. Details about this are beyond the scope
of the present paper and will be presented elsewhere (however,
see further Section IV).

The rate of loss of the positive ions by diffusion to the wall
and subsequent recombination with electrons was also treated
here in an approximate manner since an exact formulation
taking into account the presence of all types of positive ions
and of O~ would constitute a formidable task. In fact, this
problem is not simple to solve even when just only one type of
positive ion and one type of negative ion are simultaneously
present [120].

The calculations of our model have shown that the concen-
tration of O~ is always smaller (or even much smaller at low to
moderate O, relative concentrations) than that of the electrons,
except for very high O, percentages and low currents, in which
case both concentrations become comparable. In the former
case, since negative ions are only present in relatively small
amounts the rate of escape of the positive ions to the wall
is governed by the classical ambipolar diffusion coefficient.
In the latter case, our model calculations show that the
detachment rate is always much larger than the mean ionization
rate per electron under the present conditions; therefore, the
ratio of the negative ion density to the electron density is
expected to be nearly constant across most of the tube radius
and to fall down abruptly only in a thin boundary layer close
to the tube wall [120]. This being so, in spite of the strong
electronegativity of the plasma the rate of escape of positive
ions to the wall is also practically the same as if negative
ions were absent, that is, this rate is again governed by the
classical ambipolar diffusion coefficient (this conclusion can
easily be inferred from the results reported in [120] for the
above conditions, even though it was not explicitly stated in
that paper).

For the above reasons, we have assumed that for all mix-
ture compositions the rate for wall loss of positive ions is
simply given by D,/A?, where D, ~ p;uy is the classical
ambipolar diffusion coefficient, y; and u; denoting the ion
mobility and the electron characteristic energy, respectively.
The values of 1; have been taken from [121] while those of uy,
were calculated from the solutions to the electron Boltzmann
equation.

Finally, note that O~ is not lost to the wall since negative
ions are fully confined in the plasma volume by the space-
charge field [120].

E. Thermal Balance

A self-consistent calculation of the gas temperature T, is
also included in the present model since the vibrational dis-
tribution function of N2(XX') molecules and some reaction rate
coefficients are strongly dependent on Tj. For this purpose,
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the thermal balance for the gas has been considered. The
main sources of gas heating are the V-T and V-V vibrational
relaxation mechanisms of No(X) molecules, the deactivation
of electronically excited states of Ny, O, N, O in collisions
with heavy particles, the exothermic chemical reactions either
between neutrals, or ions, or ions and neutrals, and elec-
tronic collisions. The latter include the elastic collisions, the
collisions leading to rotational excitation of N and O,, to
vibrational excitation of O,, and to dissociation of both N, and
0, (which produce hot dissociated atoms), by electron impact
and, finally, dissociative electron attachment to O, molecules.
On the other hand, thermal conduction to the tube wall is the
main gas cooling mechanism.

We have assumed a parabolic radial gas temperature profile,
in agreement with experimental evidence [122] and as a
first approximation we neglected the radial dependence of
the coefficient of thermal conductivity for the gas mixture A
arising from its dependence on Ty. In this case, it can readily
be shown that the power density loss by thermal conduction is
given by 8\(T, — T.,)/ R?, where T} is the radially averaged
gas temperature and T, is the wall temperature. The gas
temperature on the axis of the tube is equal in this case
to (2T, — Ty). The values of T, have been taken from
experiment, while those of A have been estimated from data
for pure N, and O, using simple transport theory for binary
mixtures.

F. Gas-Flow Model and Solution Algorithm

Since all the experiments were conducted in the presence
of a small gas flow it is necessary to account for the gas
dynamics effects in the model. This was done using a very
simple approach. Assuming that the pressure is approximately
constant along the tube axis, z, the conservation of the mass
flow rate implies that the average gas velocity v(z) must vary
along z proportionally to T, that is

v(2) = v(z = 0T, (2)/Ty(z = 0)

where z = 0 corresponds to the point where the fresh gas
enters the positive column. The value of v(z = 0) is simply
calculated from the experimental mass flow rate, which is an
input parameter of the model. Diffusion of the species and
thermal conduction along the tube have not been considered,
therefore, we assume that the variation along z of all calculated
quantities X; is simply obtained from the expression

dX;/dz = v™(z) x dX;/dt.

The time evolution of the species concentrations is of course
governed by the corresponding kinetic master equations start-
ing from an unexcited No—O, mixture at time ¢ = 0.

Fig. 1 gives a flow chart of the complete model which
illustrates both the coupling between the various modules and
the solution algorithm used. The calculations are performed
for given values of pressure p, fractional mixture composition

__ [09]
[N2] + [O4]

tube radius R, discharge current I, gas flow rate ), and axial
distribution of the wall temperature, T,,(z). The calculated
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START (1=0,z=0)
Input : p,d, R, I, Q, Ty(z)
E/N,, Nj,n,, Ty, T,

A i
- —
Solve B.E.
Calculate electron A
collisional and transport
data
New
E/N,
Calculate Current A
\
Solve Master Equations N lripdate% T
for neutrals and ions gy e tp
Thermal Balance Equation
obtain: Ny, Nj, n, Ty, Ty
A
>
-~
A
>
>

Fig. 1.

Flow chart of the model.

results include the reduced maintenance field E/N,, the con-
centrations of heavy neutral species (including the manifold of
No(X,v) levels) and ions N;, the electron concentration i,
the mean gas temperature Ty, and the vibrational temperature
of Ny(X,v) molecules T,,. The latter is defined here as the
temperature of the Boltzmann distribution that best fits the
populations of the lowest four vibrational levels of Na(X).
These calculated data are obtained iteratively according to the
scheme shown in Fig. 1. The calculation starts assuming initial
values for these data. A first iterative loop consists in solving
the Boltzmann equation (BE) for this set of initial values
(taking into account the effects of inelastic and superelastic
collisions with vibrationally excited N2(X') molecules), and,
then, calculating the pertinent electron transport and collisional
data, and the discharge current. The ratio E//N, is changed
until the calculated current equals the fixed value. The electron
rate coefficients so obtained are then used in the master
equations for all the neutral and ionic species and in the
thermal balance equation, which are solved to yield new values
for N;,Ty,T,, Ny, and n., the latter being obtained from the
difference between the concentrations of the positive and the
negative ions. These new values so obtained are then taken as
initial values and the iterations proceed until either the pre-
fixed residence time or a steady-state situation is reached. In
both cases, the number of iterations is automatically adjusted
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Fig. 2. Schematic diagram of the apparatus used for mass spectrometry and optical emission diagnostics.

by the subroutine in order to insure that convergence is
sufficiently accurate.

The measurements reported in this paper were performed
far downstream the discharge entrance, at positions where the
steady state has already been attained. All the calculations
were therefore performed for such conditions.

III. EXPERIMENTAL

The experimental study of the discharge is performed by us-
ing two identical devices. The first apparatus is devoted to the
measurements of the NO concentration by mass spectrometry
and to the optical diagnostics by emission spectroscopy. The
relative concentration of the nitrogen atoms in the discharge
and in the afterglow is measured by two-photon laser-induced
fluorescence (LIF) using another device.

A schematic diagram of the first apparatus is represented in
Fig. 2. A dc glow discharge is created between two electrodes
in a 16-mm-diameter Pyrex tube. Two configurations are
studied. The discharge is created between electrodes 1 and
3 in order to measure the concentration of NO molecules
in the discharge. When the discharge is established between
electrodes 1 and 2, the concentrations of NO molecules and the
optical emission are measured in the flowing afterglow. The
pressure is regulated by a butterfly throttling valve monitored
by a capacitance MKS gauge. The relative composition of the
mixture, §, is determined by the ratio of N, and O, measured
mass flow rates. Typical experimental conditions are: pressure:
p = 2.0 Torr; discharge current: I = 5-80 mA; total mass flow
rate: Q = 100 sccm; § = 0-100%; mean gas velocity at the
discharge entrance: v ~ 4 ms~!,

The electron density n. is determined from the shift of
the resonance frequency of a microwave cavity tuned on the
TMp10 mode. The electron density increases from ~5 x 10°
cm~3 up to ~2 x 10'° cm™3 when the discharge current is
varied from 15 to 80 mA and decreases slowly when the O,
percentage increases [7].

The maintenance electric field E of the discharge is mea-
sured by the difference in potential between two identical
electrostatic probes.

The gas temperature is determined by measuring the rota-
tional distribution of the No(C3IL, — B3Il,) 337-nm emission
band for 0 < § < 95% and of the atmospheric O(b1E— X3Y)
760-nm band in the predominant oxygen mixture (90 <
6 < 100%) [7], [122] with a high-resolution monochromator
(Jobin-Yvon THR).

The pressure is measured with a Baratron capacitance
manometer. In our conditions, i.e., a flow of 100 sccm, 2.0
Torr in a 16-mm inner diameter tube the pressure is constant
along the tube. The total concentration /N, and the reduced
electric field E/N, are then calculated using the ideal gas law
p = NgkT,.

The N, vibrational distribution calculated in Section II is
characterized by the vibrational temperature T,, of the lowest
vibrational levels v < 4. T, is deduced from the vibrational
distribution of the No(C3II,,v’) excited states, determined
by measuring the emission of the vibrational sequence Av =
v’ —v" of the second positive system No(C, v') — No(B,v").
The determination of T, is detailed in [7]. Typical values are:
T, = (3000 £ 500) K for I = 15 mA, T, = (4000 £ 500) K
for I = 30 mA, T, = (5500 £ 500) K for I = 80 mA. No
significant variation of T, versus O, percentages is observed
in the range where this diagnostic is reliable.

The concentration of NO molecules is determined in the
discharge and in the afterglow by a mass spectrometer (VG
SPX300) coupled to the Pyrex tube by a differential pumping
system. The calibration of the mass spectrometer is performed
by injecting a controlled NO mass flow rate into the N,—O,
flow when the discharge is off.

The concentration of nitrogen atoms in the discharge and
in the afterglow is measured by detecting the emission of
the N (*D%) — N (*P°) 869-nm fluorescence induced by a
two-photon laser transition at 211 nm. The experimental setup
is shown in Fig. 3. A laser energy of ~ 1 mJ per pulse at
211 nm with a 7-ns pulse time duration and 10-Hz repetition
rate is generated by a pulsed tunable Quantel Datachrom
5000 system. The laser beam is focused with a 35-cm focal
length lens into a 16-mm diameter Pyrex tube in which
two holes of 2.2-mm diameter allow the laser to cross the
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Fig. 3. Schematic diagram of the apparatus used to measure the nitrogen atom concentration by a two-photon laser-induced fluorescence technique (LIF).

positive column or the flowing afterglow of the discharge. The
fluorescence is detected perpendicularly to the laser beam with
a monochromator (Jobin-Yvon H640), a photomultiplier, and
a 4420 EG & G boxcar averager. A more detailed discussion
of this technique is presented in [123]. The calibration of the
LIF measurements in the discharge is made from absolute N
atoms concentrations measurements performed by NO titration
as described in [7].

The emission of the second positive system No(C — B),
first negative system Nj (B — X), NO () bands and of the
oxygen atom lines as well as the emission of argon lines when
a small percentage of argon is introduced into the discharge are
measured with a monochromator (Jobin-Yvon HR320) and a
multichannel analyzer.

The concentration of oxygen atoms is determined by acti-
nometry using argon as actinometer. This technique has al-
ready been used to investigate pure O, discharges and its
validity has been studied by comparing actinometric mea-
surements to VUV absorption measurements in the same
experimental conditions [124]. Measurements are performed
using the experimental setup represented in Fig. 2. A constant
mass flow rate ¢ = 1 sccm of argon is introduced in the N>,-O,
mixture. The oxygen transition O (3p®P — 3535) 844.6 nm
and the argon transition Ar(2p® — 1s%) 811.5 nm have been
selected because they are sufficiently strong even for small §
values and they are not perturbed by the emission of the first
positive system of N, which is weak for wavelengths above
800 nm. To determine the concentration [O] of the oxygen
atoms in the ground state we have assumed the following
kinetics for the creation and loss of the excited states of oxygen
and argon. The Ar (2pg) excited state is principally populated
by direct excitation by electron impact

k

e+ Ar(ipo) = e+ Ar(2py) (33)

and lost by radiative de-excitation or quenching by oxygen or
nitrogen molecules

Ar (2po) 4229 Ar(15%) + hv (811.5 nm)
2pg
Ar(2pg) + M ) Ar 4 M (34)

where M = N,, Oy, Agp, = 3.66 x 107 s~! is the emission

_ probability [125], k?&'g is the quenching coefficient for the

811.5-nm line by M species. As these quenching coefficients
are unknown, we have assumed a value

kgg = k;}’g =044 x 107 %m?-s7!
2 2

which corresponds to a mean value of the coefficients for
quenching of the 750.4- and 751.5-nm argon lines by oxygen,
measured by Belikov [126]. The excitation coefficient ka,, is
calculated from the following relation:

- / °° o) f () du

where o(u) is the excitation cross section for the Ar (2pg)
state, u, the threshold energy for the reaction, f(u) is the
electron energy distribution function (eedf), and m and e are
the electron mass and absolute charge, respectively. The values
of kp, have been calculated using the cross section of [127]
and the eedf determined in Section II for 0 < § < 1 and three
values of the discharge current, I = 15, 30, 80 mA. In steady
state, the concentration of Ar (2pg) excited state is given by
the relation

(35)

kng Ne [Al']
Azp, + K32 (INo] + [02])

Ar(2py) = (36)
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O (3p®P) is excited by electronic impact with the atomic
ground state

e+0(2p"3P) % ¢ + 0 (3p°P) 37

or by dissociative excitation of oxygen molecules by electronic
impact
e+ 0y " ¢ + O (3p3P) + O. (38)

The main loss processes for the O (3p3P) state are the
radiative transition

0(3p°P) *¥ 0(3s38) + hv (844.6 nm)  (39)
and quenching by oxygen or nitrogen molecules
3P
M +0(3p°P) "™ M+ 0. (40)

We have taken the value A3p = 2.8x107 s~ [125]. A mean
value k3F = 7.5 x 1071 cm®. =1 is taken for the quenching
coefficient by oxygen molecules according to [128]-[130] and
a mean value k3 = 4.2 x 107'% cm3. s™! is taken for the
quenching coefficient by nitrogen molecules [128]-[131].

The coefficients k3p and kg;ss are calculated from (35)
using cross sections from [128], [132], [133] for the excitation
of O(3p®P) and from [134] for dissociative excitation, for
0 <8< 1and I =15, 30, 80 mA. It can be shown that
for all values of 6, kqgiss is always three orders of magnitude
smaller than k3p. The contribution of dissociative excitation is
then neglected. In steady state, the concentration of O (3p?P)
excited state is given by the relation

k3pne[O (2ps - P))
Aszp+ k%P[Oﬂ + k%’: [N,]

2

[0(3p°P)] =

(41)

The oxygen- and argon-line intensities are proportional to the
concentration of the excited states
1(844) = A3p[O (3p® P)|hvgaq
1(811) = Agpg [AI' (2p9)]h1/811. (42)
Taking into account (36) and (41) and the values of the spectral
transfer function Rg44 and g1y of the detection device at 844
and 811 nm, respectively, we can deduce the concentration of
ground-state oxygen atoms from the measurement of the ratio
(Is44/811)mes using the relation
[0] _ [Ar] (Isi) Raas Azp, hrsin kap,
Ny  Ng \Us11/ o Re11 Asp higas kap
Asp + k%’:[oz] + klg\TI:[Nzl
Aszpy + k2ps ([02] + [No])

43)

where

A _g _ 1

N, Q@ 100
Furthermore, to improve the accuracy of these measurements,
the values of the concentration of O atoms derived from (43)
have been compared to the absolute concentration measured
by VUV absorption spectrometry in a pure O, discharge
[124]. The values deduced by actinometry are multiplied
by a correction factor calculated in order to fit to VUV
determination for § = 1 and I = 80 mA .
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Fig. 4. Variation of gas temperature versus the O, percentage for I = 15,
30, and 80 mA. The measurements are represented by symbols; triangles:
15 mA; circles: 30 mA; and diamonds: 80 mA. The calculated values are
represented by solid lines. A: 15 mA; B: 30 mA; C: 80 mA.

IV. RESULTS AND DISCUSSION

Due to the great number of active species interacting in
N,-O, dc glow discharges as described in previous sec-
tions, the comparison between the model predictions and
experimental results needs simultaneous measurements of the
concentrations of a great number of species. The different
techniques developed to determine the main species concen-
trations have been described in Section III. For the discharge
conditions p = 2 Torr, @ = 100 sccm, 6§ = 0 — 1,1 =
15,30, 80 mA, the following plasma parameters have been
measured: electron density n., gas temperature 7,, reduced
electric field F /Ng, vibrational temperature of N, molecules
T,, concentration of oxygen and nitrogen atoms, and NO
molecules N»(C®II,), NO(A3S+), and NJ (B2Z]) excited
states.

A comparison between measured and calculated gas tem-
peratures in the central region of the tube is given in Fig. 4.
It is seen that reasonable agreement is obtained. The main
gas heating mechanism was found to be the exothermic
reaction (8). This reaction together with the reverse reaction
(7) constitute a very efficient multiquanta de-excitation V-T
process for the high N, vibrational levels.

As it will be shown in the following, the population of
vibrationally excited molecules No(X,v > 12) is strongly
destroyed by O atoms. Nevertheless, the characteristic vibra-
tional temperature for the lowest vibrational levels remains
approximately constant for § = 0-0.9. The calculations of the
model yield the values T, = 3200, 4200, and 6000 K for

= 15, 30, and 80 mA, respectively. These values are in
reasonable agreement with those experimentally determined
by a spectroscopic technique [7].

As shown in Fig. 5, reasonable agreement is also obtained
between the experimental and calculated variation of the
electron density versus the O, percentage. The calculated
electron density is however overestimated by about 40% at
the higher current.

Further comparisons between calculations and experiment
are discussed below.
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Fig. 5. Variation of electron density versus the O, percentage. The calculated
values are represented by solid lines. The symbols are as in caption to Fig. 4.

A. NO Molecules

The results of measurements and calculations of the concen-
tration of NO molecules are reported in Fig. 6(a) and (b). For
all é values, the main source of NO molecules is reaction (7)

Na(v>12) + 0 » NO + N.

All calculations, including results of Fig. 6(a) and (b) have
been performed with the value k9 = 107! cm® s, in
agreement with the theoretical calculations [37], which gives
an interpretation of the NJ (B — X) emission as discussed
in Section IV-F. We have verified that the calculated NO
concentration is not strongly changed if the magnitude of
the rate constant k9 for this reaction is varied in the range
1013210~ cm3. s~! [7]. In our experimental conditions,
reaction (7) is the main process for relaxation of N, vibrational
levels Na(v > 12). A change in &9 induces only a change in
the populations of Ny(v > 12) vibrational levels but does not
change the molecular flux k%[0]Z,>12[N2(v)] which is the
main channel for production of NO and N. This process is
very efficient and leads to such large concentrations of [NO]
and [N] that reaction (8) becomes the main channel for losses
of NO and N. The rate of production of [NO] [N] by reaction
(7) is approximately equal to the rate of destruction of [NO]
[N] by reaction (8). So the concentration of NO molecules
and N atoms, if considered separately, are dependent on other
processes of production and loss such as the production of
NO molecules by the reaction

N+0O; - O + NO

(R76) and loss of N atoms at the wall.

The role of this process can be amplified because “hot” N
atoms with energy greater than the energy threshold 0.27 eV
can be produced by reaction (7). The importance of this effect
is discussed in [7]. It has been shown that this process should
be taken into account for § > 0.1 if a value of ¥ = 1073
cm®. 571 is adopted. However, with the value of k9 = 10~}
cm?. s! taken in this work the calculations are not very

sensitive to the production of “hot” N atoms.
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Fig. 6. Variation of the NO concentration inpercentage of the gas concentra-
tion Ny versus the O, percentage of the N2/O, mixture in the positive column
of a Np/O, flowing glow discharge (Pressure p = 2 Torr, mass flowrate

[No] + [02]= 100 sccm). (a) A blow up for O, percentage ranging from 0
to 10% of (b) for 15, 30, and 80 mA. The symbols are as in caption to Fig. 4.

The probability vy of N atom losses on a Pyrex wall in
N,—O, discharges is presently unknown. In [7] it was shown
that a constant vy value of 10~% leads to calculated NO
concentrations lower than the experimental ones for § > 0.6
even if the other parameters for production and losses of NO
molecules are varied. Here, however, we have assumed that
wall losses of N atoms lead to the formation of NO instead
of N,. As discussed in Section II-D, a simple kinetic model
for surface reactions of N and O atoms has been developed
which shows that the probability vy depends then on the
ratio X =[O]/[N] and the gas temperature. The independent
parameters of this kinetic model have been adjusted here from
the best fit of the calculated values of [NO] to the experimental
ones (note that the calculations of [NO] are sensitive to yN).
For example, according to this model, when § is varied from
0.1 to 0.95, X increases from 10 up to 10* and vy increases
from 6 x 10~ to 2 x 1072, for a current of 80 mA.

The NO concentrations calculated with these assumptions
are reported in Fig. 6(a) and (b). There is good agreement
with experiment in the whole range of § values, especially
for § > 0.6 where a poor agreement was obtained using a
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Fig. 7. Variation of the oxygen atom concentration in percentage of the
gas concentration N, versus the O, percentage in a N»/O, positive column
determined by actinometry (see Section ITI). The open symbols are as in the
caption to Fig. 4. The full symbols are the values determined in a pure O,
discharge by VUV absorption spectroscopy. The value at 80 mA is taken to
calibrate the actinometric determinations. (a) 15 mA; (b) 30 mA; (c) 80 mA.

constant vy ~ 10~* . The production rate of NO and N
from reaction (7) is a decreasing function of & for § > 0.2
due to the decrease in vibrational energy flux towards high
vibrational levels, No(v > 12). This is caused by the decrease

in N> concentration and also by the increase in V-T relaxation
as 6 increases. Nevertheless, an increase in NO concentration
is observed when 6 is varied from O to 0.5 because the losses
of N atoms by reaction (R76) and wall reactions increase. A
decrease in NO concentration is only observed for § > 0.5.

B. Oxygen Atoms

The calculated values of O concentrations are presented
on Fig. 7(a)~(c), and compared to the experimental ones
measured by actinometry for 0 < § < 1 and the discharge
currents I = 15 mA (Fig. 7(a)), 30 mA (Fig. 7(b)), and
80 mA (Fig. 7(c)). In our experimental conditions, the rate
of production and loss of O atoms by direct and reverse
reactions (7) and (8) are nearly equal. Oxygen atoms are
mainly produced by direct electronic impact dissociation of
O, molecules and also for § < 0.5 by dissociative collisions
of O, with No(B) and Ny(a’) molecules (reactions R18 and
R24 in Table II). Processes R52, R54, and R60 involving
N (2D) and N (?P) metastable atoms can also be important
for O production, for § values smaller than 0.3 and large
populations of N (2D) and N (2P) metastable atoms. Oxygen
atoms are principally lost by reassociation at the discharge
tube wall. The reassociation probability vy for O atoms in a
N;—-O; discharge is not known. It is clear from [4] that ~q
rapidly decreases when a small percentage of nitrogen (up
to 5%) is added in an oxygen discharge. Such a variation
in 7o explains the increase in O concentration observed in
Fig. 7(a)—(c), when § is varied from 1 to 0.95-0.90. The
o value used in the calculations has been determined by
fitting the calculated O concentrations to the experimental ones
and using the above mentioned model for surface reactions.
%o is varied versus the ratio X = [OJ/[N] and the gas
temperature 7, between yo = 4 x 10™* up to 2.5 x 1073,
Even with an adjusted value of ¢ some discrepancies between
calculated and experimental [O] concentrations remain for
small § values. This can be explained by the important role of
the dissociation processes R18, R24, and R25 by N3(B) and
N (a') whose rate coefficients are not reliably known and by
existing uncertainties in the kinetics of these states. The kinetic
model can explain the important increase in the dissociation
degree when a small amount of N is added in pure O,. This
is due to an increase of -y caused by a decrease in X.

C. Reduced Electric Field E/N,

The measured and calculated values of the reduced electric
field are compared in Fig. 8(a)—(c). The reduced field exhibits
a maximum for O, percentages in the range 0.05-0.07. This
behavior is related to the importance of associative ionization
for very low O, percentages. For example, the calculations
show that, for § = 1073, the associative ionization rate is
80, 40, 15% of the ionization rate by electron impact for
discharges currents I = 80, 30, 15 mA, respectively. The
contribution of associative ionization rapidly decreases when
the O, percentage increases, since the involved excited states
(N2(X,v > 12),Ny(a’)) are then destroyed by O,, O, and NO.
As a result, the reduced electric field must increase in order
to sustain the discharge. The best agreement with experiment
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Fig. 8. Variation of the reduced electric field of the positive column versus
the O, percentage. (a) 15 mA; (b) 30 mA; (c) 80 mA.

is obtained with the following associative ionization rate
constants, in cm®- s71: krig = 10713; kgoe = 1.5 x 10711,
krar = 1071 and krgp = 1071 x ¢~640/Ts (note, however,
that some disagreement remains at the lower currents). These
are the values used in Fig. 8(a)(c) even though they differ
by a factor of 2 to 5 from those found in the literature [56],
[64], [135].
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Fig. 9. Variation of the calculated ionization rate constants versus the
O, percentage for a discharge current 7 = 80 mA, for the following
processes: 1, 2, 3, 4: direct ionization of Nj, O;, O, and NO, respectively;
5, 6: electronic ionization of the N2(A) and Oz(a) metastable molecuies,
respectively; 7, 8: associative ionization by reaction between metastable
molecules N2(A) + Nz(a') and Nz(a’) + Na(a’), respectively; 9, 10:
associative ionization by reaction between Na(a’’) + Na(v > 12) and
N2(A) + Na(v > 30), respectively.

As an example, the calculated rates of ionization through
different channels are shown in Fig. 9, for a discharge current
of 80 mA.

For larger O, percentages (§ > 0.05-0.1), associative
ionization becomes negligible and the decrease in E/N,
can be explained by the increasing contribution of electron
ionization of O, O,, and NO which have lower ionization
thresholds than N,. For example, for 0.3 < § < 0.7, the
relative contribution of O, O5, and NO to the total ionization
rate reaches values of 50, 40, and 30%, for the discharge
currents I = 80, 30, and 15 mA, respectively. In the same
conditions, the contribution of NO is 30, 20, and 15% even if
the concentration of NO is low (cf. Fig. 6).

D. Population of No(C) State

The intensity of the No(C — B) 337-nm band and the
excitation rate of the N5(C) electronic state are compared in
Fig. 10. For the purposes of comparison, the calculated and the
measured populations have been normalized to the same value
for I = 30 mA and § = 0.5. The main process for excitation of
N>(C) is electron impact excitation from ground state N (X)
molecules while the main loss channel is radiative decay in
all our experimental conditions. It can be seen in Fig. 10 that
the measured and the calculated Ny(C) populations exhibit
the same behavior for O, percentages higher than 0.1. The
decrease of N2(C') population when § increases is the resuit
of the decrease in the rate coefficient for electronic excitation
which is due to the decrease both in E/N, and in Na(X)
concentration. The discrepancy between theory and experiment
for O, percentages lower than 0.05 and small currents is related
to the difference between calculated and measured values of
E/N, for these experimental conditions (see Section IV-C),
since the electron rate coefficient for excitation of N(C) is
very sensitive to changes in E/N,.
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Fig. 11. Variation of the population of NO(A) excited state (in arbi-
trary units) determined from the emission of the NO., at 237 nm ver-
sus the Oy percentage for I = 15, 30, and 80 mA. The full lines rep-
resent the calculation of the excitation rate of NO(A) by the reaction
N2(A) + NO(X) — NO(A) + N2 and the dashed lines by the direct
electronic excitation: e4-NO — NO (A)+e. The calculated and experimental
values are adjusted for a O, percentage of 50% and a discharge current ] =
30 mA. Symbols as in caption to Fig. 4.

E. Population of NO (A) Excited State

The measurements and the calculations of the relative
intensity of the NO(y)(NO(A — X)) band at 237 nm
are presented in Fig. 11. Again, the experimental and the
calculated relative concentrations were normalized to the same
value for I = 30 mA and § = 0.5. In order to explain the
maximum of intensity measured for O, percentages in the
range 0.05-0.15, we have investigated two different processes
for excitation of NO (A) electronic level:

i) electron excitation of ground state NO molecules

e+ NO(X) - NO(A) +e 44)

2

Fig. 12. Variation of the population of Nj (B) level (in arbitrary units)
determined from the emission of the first negative system at 391 nm versus
the O, percentage for I = 15, 30, and 80 mA. The experimental and the
theoretical values are adjusted for pure N; and I = 30 mA. The solid lines
represent the values calculated with a rate constant k9 = 10711 cm®. s™!
and dashed lines with k¢ = 10~1% cm3. 51,

ii) E-E energy exchange due to collisions with N3(A)
metastables

Ny(A) + NO(X) — No(X) + NO(A).  (45)

From the comparison of the rates of production of NO (A)
by the above processes to the intensity of the NO (y) band
versus O, percentages, it can be concluded that the E-E energy
exchange is the main process for excitation of NO(A) in
our experimental conditions. The increase in the NO (+y) band
intensity with addition of oxygen for 0 < 6 < 0.1 is due to
the increase in concentration of NO molecules discussed in
Section IV-A (see also Fig. 6) and in the N3(A) population.
The decrease in intensity of the NO(y) band for oxygen
percentages above 0.1 is mainly due to the decrease in N5(A)
population, in spite of the growth of [NO] when § is varied
up to 0.5. This decrease in No(A) population is due to the
decrease of Na(X) concentration and of /N, and to the
increase of quenching by O atoms and NO molecules (which
are the main destruction processes of this state in this range
of O, percentages).

F. Population of N (B) State

In Fig. 12 are reported the relative intensities of Nj (B —
X) 391.4-nm band versus O, percentage. These results are
compared to the calculated excitation rate of NJ (B) state. The
measured intensities show a very fast decrease with addition
of O, in the discharge. To explain this behavior, three different
processes of excitation of the N (B) state have been inves-
tigated. The first one is direct ionization of Np(X) molecules
by electronic impact with creation of N3 (B) excited state

e+ Ny (X) — NI (B) + 2e. (46)
The second one is excitation of N (X) ions by electron
impact

e+ N3 (X) — Nf(B) +e. (47)
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The calculated rates of production of N3 (B) by these
latter processes cannot explain, however, the fast decrease in
intensity of the NJ (B) 391.4-nm band with increasing § due
to the smooth change of the electron density and the increase
of the electron rate coefficients for excitation of N (X) state
as E/N, increases. ‘

The third excitation process investigated is the exothermic
quasiresonant V-E energy exchange in collisions of NJ (X)
ions with vibrationaly excited N» molecules

Na(v > 12) + NF (X) — Na(v — 12) + NF (B).  (48)

This reaction is an important process for the excitation of
N7 (B) in pure nitrogen post-discharges [136] and it seems
to be the main process for production of Nj(B) in our
experimental conditions.

The [N§(X)]Zy>12[N2(v)] flux, which is proportional to
the rate of this reaction, has been calculated as a function of §
for the two values k2 = 10~ cm?. s=1; and = 1073 cm3.
s~1. The results of these calculations reported in Fig. 12 show
that the value 107! cm3. s~ leads to better agreement with
the observed variation of the NJ (B) 391.4-nm band.

Further evidence for the above conclusions is provided in
Fig. 13, where the calculated vibrational distribution function
of N(X) is given for discharge currents of 30 and 80 mA
and various percentages of O,. As the latter increases, reaction
(7) causes a strong decrease in the populations of the levels
v > 12 which can thus explain the fast decay observed in the
1~ system emission.

Moreover, in order that reaction (48) be much faster than
reaction (47) the rate constant for the former, k45, can be
estimated to be much larger than 10~2 ¢cm? - s~!.

V. CONCLUSION

We have presented a detailed analysis of kinetic processes
in a low-pressure dc N,~O, flowing glow discharge in which
the mutual influence of electrons, vibrational and chemical
kinetics has been consistently taken into account.
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We have shown that the model explains reasonably well
a large number of experimental results as a function of the
operating conditions, in particular the discharge current and the
composition of the N,~O, mixture. The comparison between
calculated and experimental data leads to the following main
conclusions.

a) The NO, N, and O populations are strongly coupled by
the following reactions:

Na(v > 12)+ O —-NO + N
N 4+ NO — Ny(v ~3) +0
N +0; - N+ NO
N + wall - NO
O + wall — O,

b) The rate coefficient for reaction Np(v > 12) +
O — NO + N is of the order of 1071 cm?. s~1.

¢) The wall losses of O and N atoms play an important
role in controlling the populations of these species. By
fitting the calculated values of these populations to the
measured ones it has been shown that the wall loss
probability depends on the relative population [O)J/[N]
and the gas temperature. Work is in progress to more
precisely determine the kinetics of the interactions of N
and O atoms on the wall.

d) The importance of associative ionization processes was
shown for low O, percentages. Further investigations are
necessary to study the kinetics of the excited levels such
as N2(A), No(a’), No(a”") involved in these processes.

To progress in the understanding of the kinetics more

theoretical and experimental work is, of course, necessary. In
particular, it should be interesting to study in more detail the
dissociation processes of N and to compare the measurements
of the ionic composition to the model predictions.

Finally, it can be concluded that this model is a powerful

tool to investigate N,—O, discharges in a large range of
experimental conditions.
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