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Self-Consistent Modeling of Volume and Surface
Processes in Air Plasma

B. F. Gordiets* and C. M. Ferreira®
Instituto Superior Técnico, 1096 Lisbon, Portugal

A self-consistent model for bulk and surface kinetic processes in low-pressure flowing discharges in N;-O;
mixtures is presented. The model has a small number of input parameters and includes a large number of physical-
chemical reactions that enable one to determine the concentrations of the different neutral (including NO and NO>)
and ionic species, as well as the populations of excited N,, O3, N, and O electronic states and N, vibrational levels,
the density N, of free electrons, their average kinetic energy and transport properties, the electric field, the average
(across the tube) gas temperature, and the wall temperature. The kinetic model for surface processes, which is
coupled to that for the bulk plasma, takes into account the processes of physical and chemical adsorption and
desorption of N and O atoms, surface diffusion of these atoms, and surface chemical reactions leading to the
formation of gas-phase N, 02, NO, and NO; molecules. The probabilities for surface losses of N, O, and NO
and the rates for surface production of gas-phase NO and NO; molecules have been obtained as a function of the
surface temperature and the fluxes of gas-phase N and O atoms and NO molecules to the surface.

I. Introduction

HE nonequilibriumkinetics of low-pressure plasmas in nitro-

gen,oxygen,and their mixturesis an importantfield of research
toimproveour understandingof the processesoccurringin the atmo-
sphere and the ionosphere, as well as in a variety of modern plasma
technologies. In particular, the knowledge of the volume and the
surface kinetics of active species such as N and O atoms, N(* D),
0,(a'A),andN,(A*X) metastables,and NO moleculesis important
in understandingthe workings of plasma reactors used for chemical
synthesis, air pollution cleaning, or surface treatments of various
materials. Such knowledge can also be important in understanding
the re-entry heating of the Space Shuttle (surface recombination of
O and N atoms) and the emissions near the surface of space vehicles
in stationary orbits (surface production of gas-phase NO and NO,
excited molecules).

The interaction of different atomic and molecular species with
walls (including N and O atoms) in low-temperature plasmas can
strongly influence the gas-phase concentrations of these species.
Experimental data on the wall loss probabilities yy and yo for silica-
based surfaces (see, for example, Refs. 1-5 and the literature cited
therein) are usually used for plasma modeling. These probabili-
ties are obtained, as a rule, from experiments with pure gases and
measurements in postdischargesand are usually assumed to depend
only on the surface temperature. Most theories developed so far to
explainexperimental temperature dependenciesof y,, (usually non-
Arrheniusin a wide temperaturerange) take into considerationonly
one kind of atom.!”> Only in Refs. 6 and 7 have calculations for
surface recombination of two kind of atoms (N and O) been made.
However, surface diffusion processes of physisorbed atoms, which
are important for relatively low wall temperatures, were not taken
into considerationin Refs. 6 and 7.

To date many experimental results have been gathered showing
that the interaction with surfaces of different atoms and molecules
in gas mixtures N,-N-O,-O can significantly influence y and yo
and lead to the production of gas-phase heteronuclear molecules.
For instance, optical and mass spectrometricmeasurementsin space
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experiments®-® show that gas-phase NO, moleculescanbe produced
on the Space Shuttle surface in the ram direction in stationary or-
bits, where strong interaction with the surface takes place for ram-
ming O atoms and N, molecules. Laboratory measurements'*!! for
low-pressure (~1-2-torr) O, or N, low-temperature plasmas show
a decrease in yo and yyn with the addition of a small admixture
(~1%) of the other gas (N, or O,, respectively) in the discharge. A
strong increase in y, up to ~1072 as compared to values ~107*
for pure nitrogen, have been found in Ref. 12 for discharge in N,-
O, mixtures with relative O, concentration >20%. The interpreta-
tion of the Ref. 8-12 experiments requires the development of a
kinetic theory for surface processes taking into account different
kinds of atoms and surface diffusion of physisorbed atoms. More-
over, because of experimental evidence for the dependence of the
probabilities y,; on the relative concentrations of different kinds
of gas-phase atoms, the development of a self-consistentmodel for
gas-phase and surface kinetic processes in low-pressure nonequi-
librium plasma becomes important and necessary. Such a model for
low-pressure N,-O, flowing dischargeshas been formulated for the
first time in Refs. 12 and 13.

The aim of the present work is to extend our previous model'?:!?
to include the kinetics of NO,, NO3, and N,Os; molecules and to ac-
count for surface processesthat produce NO, gas-phase molecules.
The latter processes are especially important for the interpretation
of Space Shuttle experiments®-°

II. Kinetic Model for Bulk Plasma Processes

Our model is one dimensional and self-consistentand applies to a
dc flowing glow discharge and postdischarge. The input parameters
of the model are the following: pressure p (in torr), radius R (in cen-
timeter), and length L (in centimeter) of the discharge tube, electric
current/ (in milliampere), gas-flow rate Q [standard cubic centime-
ter per minute (sccm)], and initial gas temperature and composition,
i.e., the relative oxygen concentration X (%) in the binary mixture
N, + X (%)O, at the entrance of gas into the discharge zone. The
model gives the possibility to calculate, as a function of the axial
coordinatez, the following propertiesof the bulk plasma: concentra-
tions of N,, O,, NO, N,O, NO,, NO3, N,Os, and O3 molecules and
N and O atoms in the ground electronic states; the populations of
electronicallyexcitedstates N, (A’ ¥, B3I1,,a" =, a'I1,, C*T1,,
a"'x}), 0y(a' Ay, b'E5), NCD, ?P), and O(' D, 'S); concentra-
tion of ions NI, NS (B), Nf, O*, OF, NO*, and O~; populations
of vibrational levels of N, molecules in the ground electronic state
X! E;, density N, of free plasma electrons; their average kinetic
%kTL, and characteristicenergy u, (thatis, the ratio of the free diffu-
sion coefficient to the mobility); electron drift velocity v,; electric
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field E responsible maintainingthe discharge;average (across tube)
gas temperature 7'; and temperature T, of tube walls.

To determine these plasma properties, a coupled system of equa-
tions has been solved that describes the kinetics of free electrons,
the vibrational kinetics of N, molecules, the kinetics of electronic
states of molecules and atoms, the chemical kinetics of heavy neu-
trals and charged particles, the energy balance of the gas, and the
charged particle balance determining the electric field needed to
maintain the discharge. Empirical formulas have been derived and
used for the calculation of the wall temperature 7,,. Further, a set
of equations for the surface kinetics of N and O atoms has been
coupled to the gas-phase chemical kinetic equations, which renders
our model fully self-consistent.

A. Kinetics of Free Electrons

The kinetics have been investigated using the quasistationary
electron Boltzmann equation. The degree of ionization is assumed
small in our case; therefore, electron-electron collisions were ne-
glected. The collisionintegral, describing the collisions of electrons
with heavy particles in the Boltzmann equation, also has been sim-
plified. Because of the relatively small concentrationsof the species
involved,one can neglectelectron collisions with excited electronic
states of N,, O,, N, and O; vibrationally excited O, (v); and other
neutral and ionic species. The sole exception to this concerns col-
lisions with N, (X, v > 0) molecules, whose relative concentration
can be large enough to affect the electron energy distribution func-
tion (EEDF). The EEDF is a solutionof the Boltzmann equation,and
the electron transport parameters and rate coefficients, as calculated
from the obtained EEDF, are functions of the relative composition
of the main gas components N, and O,, reduced electric field E /N
(where N is the total density of N, and O, molecules), and relative
population of N, vibrational levels.

The electron cross sections used in the collision terms of the
Boltzmann equation are the same as used in Ref. 14 for N, and in
Ref. 15 for O,. The reader should refer to these works for details.

B. Vibrational Kinetics

The populations of N,(X, v) vibrational levels have been de-
termined from the usual coupled system of master equations tak-
ing into account 1) vibrational excitation and deexcitation by elec-
tron collisions (e-V processes); 2) vibration-vibration (V-V) en-
ergy exchanges; 3) vibrational exchanges between N, and O,, NO
molecules (V-V’ processes); 4) vibration-translation (V-T) energy
exchangesin collisions N, (v) with N,, O,, NO, N, and O; 5) chem-
ical reactions involving vibrationally excited N, molecules; and
6) one-quantum energy exchange in collisions of N, (v) with the
wall. A list of these processes and the corresponding rate coeffi-
cients are given in Ref. 13.

Multiquanta V-T processesin N,-N collisions play an important
role in the populations of the upper vibrational levels. However,
these processes were not included in the model.!*> We have used
a simple analytical approximation to describe the total rate coef-
ficients K (v) for transitions from vibrational level v to all lower
levels v — Av, 1 < Av <w, due to N,(v) + N collisions:

Koexp[—(E,/T)+ (BE,/T)] if BE, <E,

KW= [KO if BE,>E, ()

Here E, is the vibrationalenergy of level v (in degrees Kelvin), and
Ky, E,, and B are parameters. Note that formula (1) sometimes is
used for chemically active interactions of atoms with vibrationally
excited molecules when such interactions have an energy barrier.!s
In Eq. (1), E, is the energy of this barrier, and 8 <1 is a multiplier
associated with a possible decrease in the activation barrier due to
the vibrational energy E,,.

The numerical results!”-!® show that the main channels of N,-N
V-T relaxation are the transitions to the lower five levels. This is
why we have assumed for simplicity that multiquanta V-T transi-
tions take place only to the lower five levels, with equal probabili-
ties. The value Ky >4 x 1071°(7 /300)% (cm?/s) has been assumed,
and E, and B have been obtained by fitting Eq. (1) to numerical
calculations.!’-!® The best fitting was obtained for E, >~ 7280 K and
B =0.065.

Note that N,-N collisions are important only for the N, vibra-
tional kinetics in pure nitrogen. In N,-O, mixtures, where O atoms
are presentin large amounts due to O, dissociation,the mostimpor-
tant reaction affecting the N, upper-vibrational-levelpopulationsis
the process

N>(v>12) 40— NO+N 2)

Reaction (2) is also very important for the production of NO. Here
we have used the expression given in Ref. 19 for the rate coef-
ficient of process (2). This expression is similar to Eq. (1), with
E,~38,000K,8>~1,and Ky ~107!° cm®s~!. These values of E,,
and K, correspond, respectively, to the activation energy and the
preexponential factor of the rate coefficient for the classic reaction
O+ N, — NO + N without vibrational excitation of N,. Note that,
dueto process(2), the N, vibrationaldistributionfunctionis strongly
depletedforthelevelsv > 12in N,-0, dischargeswith >1% of [O,]
(Ref. 13). For v < 12, this distributionis a Treanor-like distribution
with a plateau.'®

C. Kinetics of Electronic States and Chemical Kinetics

Alarge numberof chemicalreactionsinvolvingatoms, molecules,
and ions and processes for excitation and deactivationof N, and O,
electronic states are used in the present work. A list of the major
processeswith the correspondingrate coefficientsis givenin Ref. 13.
In Table 1 are listed only those processes that have been ignored in
the previous model'® (that is, R1-R3, R9, R10, and R12-R27) and
those used here with new rate coefficients.

Note that the new rate coefficient (from Ref. 20) for process R11
is very large compared to that used in Ref. 13, which now results in
much smaller populations of N, (a”) metastables in discharge and
postdischarge. As a result, the ionization processes from this state
become much less effective than previously predicted.

Here we have added the fast processes R9 and R10 because the
N, (a'll,) and Na(a'' ;) singlet states are strongly coupled in the
discharge?! The processesR3 and R12-R27 were added to describe
volume productionand losses of NO, molecules (see Table 1) (Refs.
20 and 22-29).

Note also that we have ignoredin the present model the excitation
of the electronic states N, (A, B, a”) upon collisions between two
vibrationally excited N»(X) molecules. This differs from Ref. 13,
but such processes are not very important under discharge condi-
tions. We have found that neglecting such processes yields more
accurate calculated populations of these states in postdischarge.

D. Interaction with the Wall

The interaction with the tube wall has a great effect for some
species in low-pressure discharges. This interaction is approxi-
mately described using radially averaged rate coefficients for losses
on the wall, v,,, in our one-dimensional model:

v, (571 ~ [(R?/5.8D) + 2R /yv)] ™! 3

where D is the diffusion coefficient (in square centimeters per sec-
ond), R is the tube radius (in centimeters), v is the particle average
velocity (near the wall), and y is the wall deactivation probability
(fraction of wall collisions leading to destruction of the species).

According to experimental evidence, the wall loss probabilities
for the species

N, (4), N¢D), NCP), o('D), o's) @
are quite high (large y values). For the pressures of interest, the wall
loss rates of the species N, (A), N(3D), N(*P), O(' D), and O('S),
therefore, are determined by the correspondingrates of diffusion to
the wall [first term on the right-hand side of Eq. (3)].3%-3! The dif-
fusion coefficients have been taken from the literature. For the elec-
tronically excited particles, they have been assumed to be the same
as for the correspondingground state species. In the mixture N,-O,,
the diffusion coefficients were calculated using the well-known
Blanc’s law. An effective ambipolar diffusion coefficient has been
used for charged particles using the same procedure as in Ref. 32
to more accurately describe the transportat low pressures when the
ion mean free path is not small compared to the tube radius.
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Table1 Volume processes and corresponding rate coefficients

Rate coefficients,
(cm3s~1, 2 body)

Number Process (cm®s~1, 3 body) Reference
R1 N»(A) +N,0 — N, +N +NO 1x10~1 22
R2 N2(A) + N0 — Ny +N, + 0 1x10~ 1 23
R3 N2 (A) +NO; — N, +NO +0 1x10°12 23
R4 N»(A) + Ny (v > 6) — Nao(B) + Ny 3x 10~ 24
R5 N2(B) +N; — No(A) + N, 3x 1071 24
R6 N»(B) +Nj — 2N, 2x 10712 25
R7 No(@') + No(A) > N +e 4x 1012 26
RS 2N, (v > 16) — Ny (a') +N» 2 x 10~ exp(—=700/T) 26
R9 No(a')+M — Ny(a) + M 2 x 10~ exp(—1,700/T) 27
R10 No(a) +M — No(d')+ M 1x10~1 27
R11 N2 (a”) + Ny — 2N, 2.3 x 10710 20
R12 N+NO; - N, 4+ 0, 7x 1071 28
R13 N +NO; - N, +0+0 9x 1071 28
R14 N+NO; - N,O+0 3x 10712 28
R15 N+ NO,; - NO +NO 2.3 x 10712 28
R16 0+NO; - NO + 0, 9.1 x 10~ 12(1/300)%-18 28
R17 0+NO3 — NO; + 0, 1x 10711 28
R18 O + N,05 — products 3x 10716 28
R19 NO+ 03 — 0, + NO» 4.3 x 10712 exp(—1,560/T) 28
R20 NO +NO3 — NO, + NO, 1.7 x 10711 28
R21 NO; + 03 — 0, +NO3 1.2 x 10713 exp(—2.,450/T) 28
R22 NO, + NO; — 0, + NO + NO 3 x 10712 exp(—13,540/T) 28
R23 NO, +NO3 — 0, + NO +NO, 2.3 x 10713 exp(—1,600/T) 28
R24 NOj3; +NO3 — 0, +NO; + NO, 2.1 x 10~ exp(—3,000/T) 28
R25 O+NO+ M —NO, +M 3 x 10733 exp(940/T), M =0, 29
— — 4.2x 10733 exp(940/T), M =N, 29
R26 0+NOy + M — NO3 + M 9 x 10732(300/T)? 29
R27 NO, +NO3 + M — N,Os + M 3.7 x 1073°(300/ T)*! 23

As to the probabilities y for one-quantum wall deactivation of
N, (v) and deactivation of N,(a’) metastables, we have used the
values 4.5 x 10~* (Ref. 33) and 1073 (Ref. 26), respectively.

Wall recombination of N and O atoms is the main channel for
losses of these species in low-pressure discharges. The probabilities
y~ and Yo are small, with this being the main reason the corre-
sponding loss rates are controlled by these probabilitiesrather than
the diffusion time. The values yy and yo are modified in gas mix-
tures. This is why a kinetic model of surface processes involving N
and O atoms has been developed to calculate yn, ¥o, ¥no» and ¥no,
in N,-N-0,-0 mixtures. This is discussed in Sec. III.

E. Gas and Wall Temperatures

The radially averaged gas temperature has been calculated from
the thermal balance equation, self-consistently with the vibrational
and chemical kinetic equations. The most important sources of gas
heating are V-T relaxation of N, and O, molecules, dissociation of
N, and O, with productionof hot N and O atoms, and deactivationof
N, electronic states. Heating due to elastic electron collisions with
heavy particles, excitation of N, and O, rotational levels (assuming
fast rotational-translational relaxation), and exothermic chemical
reactions have also been taken into account. Thermal conduction
to the tube wall is the main gas-cooling mechanism. In our one-
dimensional model, the power density lost by this process has been
taken into account in the thermal balance equation by a term of the
form 8A(T — T,,)/R?, where T is the radially averaged gas temper-
ature, T, is the wall temperature, and X is the thermal conductivity
of the gas. This type of law results from assuming a parabolic gas
temperature profile across the tube, with the temperature on the axis
being givenby T, =2T —T,,.

The wall temperature 7,, is an importantparameterasitinfluences
the gas temperature and the rate coefficients of surface processes
(see Sec. II). A fitting empirical formula for 7,, was obtained in
previous work®® for a stationary discharge in a Pyrex® tube with
radius R ~ 1 cm, for different pressures and electric currents, in the
absence of forced external cooling of the tube walls. This formula
was also used in the present model. It reads

T,(K) =T, + C(ED)’ (&)

where T is the environment temperature; E I (in watt per centime-
ter) is the discharge power per unit length, where E (in volt per
centimeter) is the electric field and / (in ampere) is the discharge
electric current; and C and S are parameters. We have used the
values T, =296 K, C =82, and 8 =0.87.

The gas dynamics treatmentin the presentone-dimensional flow-
ing discharge model is very simple and the same as in Ref. 13. The
pressure was assumed constantalong the tube axis z. This is a good
approximation under our conditions of relatively small gas velocity,
inasmuch as viscosity is, therefore, small, and the relaxation times
for the gas temperature and the species concentrations are large as
compared to the characteristic time for establishing the pressure
along the tube, 7, > L/c,, where L is the length of the discharge
tube and c¢; the sound speed. The average gas velocity v(z) has
been determined from the conservation of the mass flow rate along
the tube. The algorithm for numerically solving the coupled system
of equations is also the same as in Ref. 13. The flowchart of this
algorithm is displayed in Fig. 1 of Ref. 13.

Note that the equation for the electric field £ has also been taken
into consideration:

J = evy(E)N.(E) (6)

where J, e, v;, and N, are the current density, electron charge, drift
velocity, and density of electrons. The drift velocity was calculated
from the Boltzmann equation for the EEDF, and N, was determined
as the difference between the densities of positive and negativeions
(that is, from the condition of plasma quasineutrality). Equation (6)
is strongly nonlinear in E, due to the strong nonlinear dependence
on E of the ionization rate coefficients determining the charged
particle densities.

III. Kinetic Model for Surface Processes

As already mentioned, a kinetic model for surface processes was
developed in the present work to calculate the surface losses of
gas-phase N and O atoms and NO and NO, molecules and the
surface production of gas-phase N, O,, NO, and NO, molecules
in discharges of binary molecular gas mixtures N,-O,. This model
takes into account 1) physical adsorption and desorption of N and
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Table 2 List of surface processes

Number Process Number Process

S1 N+ F, =Ny S11 N+Og— (NO)g
S2 O+ F, =0y S12 N;s+0s— (NO)s + F
S3 N+ S, =Ng S13 O +Ng— (NO)g
S4 Ny +S8, > Ns+ F, S14 Of+Ns— (NO)s + F
S5 N+Nsg—> N+ S, S15 NO+ S, = (NO)s
S6 Nf+Ns—> N>+ S, +F, S16 NO; + S, = (NOy)s
S7 0+ S, =0g S17 (NO)s +0 — (NO2)s
S8 O +S8,—> 05+ F, S18  (NO)s +0; — (NO2)s + F,
S9 0+05—>0,+F,+S, S19 NO +Os — (NOy)s
S10 Of—I—O_g—>02+Sv

O atoms, 2) chemical adsorption and desorption of both types of
atoms and NO and NO, molecules at vacant chemically active sites
onthe surface, 3) surface diffusionof physisorbedN; and O ; atoms,
and4) the reactionsof chemisorbed N and Og atoms both with gas-
phase N and O atoms and NO molecules (Eley-Rideal mechanism)
and with physisorbed N, and O, atoms (Langmuir-Hinshelwood
mechanism), leading to the formation of gas-phase N, and O, and
chemisorbed (NO)g and (NO,)s molecules. (NO)g molecules can
be desorbed or react with O and O; and produce (NO,)s, which
by desorption will produce gas-phase NO, molecules. The list of
reactions taken into account s presented in Table 2. Herein, S, and
F, denote vacant chemisorption (active) and physisorption sites,
respectively.

Note that the present model for surface reactions is an extension
of that reported in Ref. 12 for surface kinetics of N and O atoms in
N,-0, discharge. Taking only the first 15 reactions in Table 2 and
assuming that the reverse reactions —S3 and —S7 are not efficient
and that the reverse reaction —S15 is very fast, one obtains the list
of reactions investigated in Ref. 12.

In the present model, reactions S16-S19 have been added to de-
scribe the surface production of NO,, which is very important for
understanding and interpreting Space Shuttle experiments on sta-
tionary orbits. Of course, the conditions for interactionof gas-phase
atoms and molecules with a fast-moving Space Shuttle surface have
some peculiarities (as compared to present laboratory conditions)
that must be taken into account. We plan to investigate this in the
future.

In spite of the increased number of reactions as compared to
Ref. 12, the present model for surface kinetics remains simple and
tractable. A number of processes, such as interactions between two
physically adsorbed atoms or two chemically adsorbed particles,
dissociative chemisorption of molecules, and processes involving
physisorbed molecules, are discarded in this model. The neglect of
dissociativechemisorptionand reactions between two chemisorbed
particles s justified under the presentrelatively low surface density
of active sites (discussed subsequently) and low wall temperatures
(T,, <1000 K) due to the high energy threshold of such reactions.
Note that a model accounting for surface diffusion of physisorbed
atoms was investigatedin Ref. 1 but ignoring the reactions of these
atoms with vacantactive sites and consideringonly atoms of a single
kind. Only the two processes S5 and S6 from our list of reactions
were taken into accountin Ref. 1. A model with two differentatoms
(N and O) has been proposed in Refs. 6 and 7, but this was used
only for interpretationof high-temperatureexperiments and did not
include processes with NO,, physisorbed atoms, and surface diffu-
sion and reactions of these atoms, i.e., processesS1, S2, S4, S6, S8,
S10, S12, S14, and S16-S19.

Note that the rate coefficients for processes involving gas-phase
particles(S1-S3, S5, 87,59,S11,S13,S15,S16,and S19 in Table 2)
are in cubic centimeter second, reciprocal. The rate coefficients K;
for surfacereactions (i = S4, S6, S8, S10, S12, S14, and S18) are in
units of square centimeter second, reciprocal. They are determined
by surface diffusion coefficients Dy and Dy (in square centimeter
second, reciprocal) for N, and O physisorbed atoms:

K, = DMK[O exp(—E;/T,) (7

where K[0 are dimensionless steric factors (<1) and E; activation
energies (in degree Kelvin) of the chemical processes i. The sur-

face diffusion coefficients Dy can be expressed by the following
formula!:

Dy = 1a*v,, exp(—Epy /T,)
~ (v, /41F1) exp(—=Epy /T,) (8)

where a is an elementary distance for the jump of a physisorbed
atom from one physisorption site to another (that is, the distance
between neighboring sites), v9 ,, is the frequency factor, and E
is the activation energy for surface diffusion of M atoms.

The desorption coefficients K_g, and K_g, (in seconds, recipro-
cal) of N, and O physisorbed atoms are

K i > vy exp(—Eqy/T,) &)

where v9,, is the frequency factor and E ) is the activationenergy
for desorption of M atoms (M =N fori=1and M =0 fori =2).
The coefficients of desorption for chemically adsorbed atoms and
molecules (processes —S3, —S7, —S15, and —S16) have the same
dimensions and form as Eq. (9) but with the pertinent frequency
factors and activation energies for desorption.

From the master kinetic equations for processes S1-S19, with
rate coefficients K;, under steady-state conditions one readily
obtains

[N;] = Ax[N], [Os] = AolO] (10)
where
Ax = K [ Fy], Ao = Ksy10[F,] (1D
F
[F,]= L7 (12)
1+ Kg1tn[N] + K52 76[O]
[Ns] = axlS,], [Os] = aolS,] (13)

[(NO)s] = anol S, ], [(NO2)s] = ano, [S.] (14)

S )

with M =N, O,NO, NO,. The variables [X] in Egs. (10-15) are
the volume or the surface densities of the X species, the values

[Su] (15)

(827

are the coverages of chemically active sites by the species
M =0, N, NO, NO,, and 1y and 70 are the lifetimes of physically
adsorbed N, and O atoms, respectively,

™ = (K_s1 + K4[S,] + Ks6[Ns] + Ks512[Os])" (16)

7o = (K_s2 + Kss[So] + Ks10[0s] + Ks514[Ns] + K515s[(NO)s]) ™
(17

For a wide range of the concentrations [N] and [O] and for
T,, > 300 K, we can further assume that

K [N] < K_g4, KOl < K- s, (18)

so that [ F,,] > [F]. This condition corresponds to a small coverage
of the surface by physisorbed atoms. Under this assumption, us-
ing dimensionless rate coefficients, the ), in Egs. (13-15) can be
expressed as

(K3 + Psy)Pn
K i+ (Kgs + Psg)On + (K 5 + Psia)®Po

(19)

oaN =

(K§7 + PSS)q)O
K/_s7 + (Kég + PSIO)Q)O + (Kéll + PSIZ)Q)N + Kélgq)NO

0o =

(20)
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_ (K{I + Psip)ao®n + (K§13 + Psi)an®o + K§15¢N0
K’ 15+ (Kg; + Pgi3)Po

anNo
(21

o _ (K§17+ Pgi5)ono Do + K_/glgol()q)NO + Kél(,q)NOQ
o2 K/—sm

(22)

In Egs. (19-22), &), are the fluxes of gas-phase atoms or
molecules M =N, O, NO, NO, to the surface, which in our case
(I € R, where [ is the atom mean free path) is

Dy = [Un(M] (23)

where vy, denotes the mean velocity of the gas-phase particle M
near the surface. The rate coefficients K; and P; are defined by the
following formulas:

K.’:is] K’.=4[F]K~

i — i — i

Uy Um
with vy =y for j=S1, i =83, S5, S11; vy =vo for j =82,
i =157, S9, S13, S17; vy =vno for i =S15, S19; vy =vno, for
i=S816;n=-S3, —S7, —S15, —S16; and

K, =[S1K, (24

P, = K K;tu[S] (25)

with M =N for j =S1,i =S4, S6,S12; M =O for j =S2,i =S8,
S10, S14, S18. All of the coefficients K and P; except K’ o5, K” ¢,
K’ ¢5,and K ¢, are dimensionlessand representthe reaction prob-
abilities. The unitsof K ¢, K’ ¢, K’ (5, and K’ are square cen-
timeter, reciprocal, second, reciprocal. They are proportionalto the
chemical desorption fluxes.

It is appropriate to express the dimensionless reaction probabili-
ties (24) for processes involving gas-phase atoms and molecules in

the following form:
K} = (ISI/IFDK} exp(=E;/ Teu) (26)
K, =Py =Ky exp(—EY, [ Tpw) 27

where i =S3, S5, 57, S9, S11, S13, S15, S16, S17, S19; M = N for
Jj=Sland M = O for j =S2.The values K are the probabilitiesfor
gas-phase atoms or molecules to be chemically adsorbed (processes
S3, S7, S15, and S16) or react with chemically adsorbed particles
(processes S5, S9, S11, S13, S17, and S19). The ratio [S]/[F] rep-
resents the probability of directimpingement of gas-phase particles
on either vacant or occupied active sites; it is the fraction of the
surface covered by such sites. The values K, = Py, are the prob-
abilities for gas-phase atoms M =N, O to be physically adsorbed
(processes S1 and S2). The multipliers K? and K, in Egs. (26) and
(27) are the steric factors for surface processes, involving gas-phase
particles. E; is the activation energy of reaction i in absolute tem-
perature units, EY, is the activation energy for physical adsorption
of M atoms, and T}, is the gas temperature near the wall, which we
will assume to be equal to the wall temperature 7,,.

The values of P; in Eq. (25) for surface processes, involving
physisorbedN ; and O, atoms (i = S4, S6, S8, S10, S12, S14, S18),
are determined by the following formulas:

P, = PyP? x [l +W,]" (28)

E;y— E — E; 1 ST Y
PO = Kypoxp( 2= Low =By e Lol vow
T, 4 T [F] vy,
(29)

Uy = B(Ps04 + an Py +“0Ps012)
(30)
Yo = B(Psos +“0Ps010 +“NPs014 +“N0Ps018)

— 31

(with M =N, O, NO, NO,). Formulas (28-31) can be obtained from
Eqgs. (7-9), (16), (17), and (25). The factors Wy and W describe the
influence on the lifetime of N, and O, physisorbed atoms of the
surface chemical processes (in addition to desorption). Note that a

mistake has been made in Ref. 12 in expressing such factors. How-
ever, for wall temperatures T, > 300 K, the lifetime of physisorbed
atoms is controlled by desorption. In this case, W,, < 1, and these
factors have no influence on the probabilities P;.

Let us now find the wall loss probabilities y,,. Note that the
diffusion rates of gas-phase N and O atoms to the wall is much
faster than the correspondingrates for wall destructionunder typical
low-pressure discharge conditions (p <5 torr and R <2 cm). [That
is, the second term on the right-hand-side of Eq. (3) is the most
important.] This is known from experimental data. The same will
be assumed for NO and NO, molecules, too. Under such condition,
the net rates for wall loss and production of gas-phase N and O
atoms and NO and NO, molecules in infinite cylindrical geometry
are the following:

(ﬂ> - _%6[ (KSI[FU] —K_g N1 + Ks(S.]
wall

dt [N]
+ Ks[Ns] + Ksu[os]) [N] — K—s3[Ns]} (32)
oy __2 _ kg 1o/]
( o >Wa“ = RG{(Ksz[Fv] K_s, [0] + Ks7[S,]

+ Ks9[Os] + Ks13[Ns] + Ks17[(NO)S]>[O] - K—s7[0s]}

(33)
d[NO] _ _3
( dr >Wa“ = Re{(KSIS[Sv]
+ Ks19[OsD[NO] — K_5,5[(NO)s]} (34)
d[NO 2
( [d 21) = —Z€{Ksi6[S,]INOs ] — K_gi[(NO)s]} - (35)
! wall R

Herein, € > 1 is the roughness factor, that is, the ratio of the real
surface area to the geometric surface area, per unit length.

Using Egs. (10-17) and (19-22), Eqs. (32-35) can be rewritten
in the form

d[N] o 2
—_— = ——wIN]+ =K' ;€8 36
(dl >Wa“ 2RVN[ ]+R _s3€00aN ( )
d[O] o 2
—_— = ——9o[0] + =K' (,€é 37
(dl >Wa“ 2RVO[ ]+R _57€0Q0 ( )

d[NO] o 2
( a > = _%VNO[NO] + EK_SISG(SC(NO (38)
wall

d[NO,] Tnos 2
(—2> =— NO-VNOZ[NOZH;K_mesomoz (39)
wall

dt 2R
where y), is the probability for wall losses given by the expression
W= W (40)
) = €8(Kjys + Kisax + Psy + Psgary) (41
o = e€8(Kyy, + Psin)ao (42)
vo=v5 tr5 +7 43)
Vo = €8(Kj, + Koo + Pss + Psioao) (44)
V((>2) = €8(Ky3 + Psin)an (45)
}/((,3) = 65(K§17 + Psig)ano (46)
o = €8(Kg;5 + K 0000) 47
Yno, = €K ¢ (48)

Note that }/I\(Il) and y((,l) are responsible for the production of,

respectively, N, and O, gas-phase molecules, and }/Nz) and y(()z) for
the production of (NO)s.
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In principle, formulas (36-48) enable one to calculate the wall
loss and production of gas-phase atoms and molecules N, O, NO,
and NO,. Of course, in practice the use of these formulas presents
difficulties due to the lack of information about rate coefficients
and other parameters of the model. Some important parameters can
be estimated, but it is clear that simplifications are necessary for
practical purposes.

We will assume for the sake of simplicity that the following in-
equalities hold under discharge conditions:

(K7 + Psis)®o > (K, + Ps12) Py, (K513 + Ps14)®o

(49)
Kélsq)NO’ K/—s15

K oPrno K (Ko + Pgio)Po, (Kgy, + Ps1) @y (50)

For conditions (49) and (50) we have ano, ono, <K on, and ap. That

is, the fractions of chemically active sites occupied by (NO)gs and

(NO3)s molecules are small as compared to those occupied by Ng

and Og.

Using inequalities (49) and (50), it can be derived from
Eqgs. (19-22) and (40-48) that (NO) and (NO,) s have a weak influ-
ence on yo and yn. The main loss channels for these species are the
reactions S17 and S18 and the reverse reactions —S15 and —S16,
with production of gas-phase NO and NO,. These circumstances
simplify the analysis of surface kinetics.

IV. Calculations and Discussion

As a test of the model for bulk processes, the electric field E
in N, dc glow discharge without gas flow has been calculated and
compared with experimental data®' (Fig. 1). Associative ionization
of N, via process R7 and excitation of N,(a’) via process R8 are
importantin determining the values of the discharge-sustainingfield
E. Using the rate coefficients from Table 2 for processes R7-R10
and a probability y,» = 10~ for wall losses of N, (a’) yields reason-
able agreement between theory and experiment in a wide range of
currents (/ = 1-100 mA) and pressures (p = 0.2-2 torr).

It is interesting to compare model calculations and experimental
measurements of different plasma properties for N,-O, mixtures.
Detailed measurementshave been carried out!*-34 for a low-pressure
glow N,-0O, discharge, with O, percentages Xo, =0-100%, of the
gas temperature 7', N, vibrationaltemperature, electrondensity N,
electric field E, relative populations of N»(A), N, (C), and N (B),
concentrationof N atoms (for Xo, < 10%), and concentrationsof O
and NO. Measurements and calculations from our kinetic model"
are in reasonable agreement.

Note that, for [O] and [NO], such an agreementcould be achieved
only using values of Yo and yy much different from those obtained
from afterglow experiments.! > The values of y, and yx under dis-
charge conditions can be obtained from a comparison between the-
oretical and experimental O and NO concentrationsunder different
discharge conditions. (Note that [NO] is controlled by the fast reac-

60
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20 1

IR gt A o . =
0.2 Torr ¥
L | L 1 ] !

0

0O 20 40 60 80 100
I (mA)

Fig. 1 Electric field E vs current I in a N, dc discharge without gas
flow in a 1-cm-radius tube for different gas pressures: symbols, Ref. 31
measurements, and —, present calculations.
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Fig. 2 Wall loss probability of O atoms in N,-O; discharge vs O,
percentage, for different currents, pressure 2 torr, gasflow rate 100sccm,
distance from gas entrance in discharge 43 cm: symbols, measurements
from Ref. 12, and —, present calculations.

tion NO + N — N, + O; therefore, it depends on [N] and yy.) Such
comparisonswere made in Ref. 12 and 34-37 for pure O, discharges
and in Ref. 12 for N,-O, mixtures. The results!? for y, obtained
are presented in Fig. 2 (symbols).

It can be seen from Fig. 2 that yo is relatively large and decreases
with a small amount of N, admixed into a O, discharge. Such high
Yo values are required to interpret experimental O atom densities
in discharges. Similarly, high yy values in N,-O, discharges, with
X0, >20%, are necessary to explain the observed NO densities.
Note, however, that much smaller yo and yy values have been de-
rived from experiments in pure gases and afterglows.! -

To solve this apparent paradox and explain experiments,
it is reasonable to assume that additional chemically active sites
exist on the wall under discharge conditions. Such an assumption
was made in Ref. 12, and the parameters determining yo and yn
in formulas (40-46) have been estimated, for relatively low wall
temperatures T, <400 K, when surface diffusion and reactions of
physisorbed N, and O, atoms control the surface losses of gas-
phase N and O atoms. Here, however, we have to correct the results
in Ref. 12 because of the W,, factor. This factor affects the fitting
values of the parameters E 0 — Epo — E and K$Ko; involved in
the determination of yo [see Egs. (27-31) and (43-46)]. (It was
assumedin Ref. 12 that EJ = 0; K$ = 1.) After sucha correction, the
new values obtained here read as follows: E o — Epo — E 22000
Kand KJKo; ~ 1.5 x 107> and 1.5 x 1073, respectively,for the first
and the second systems of chemically active sites (with the same
site numeration as in Ref. 12). These new values yield the results
for yo shown in Fig. 2 (lines).

Calculations of O and NO concentrations taking into considera-
tion either two systems of chemically active sites or only one sin-
gle ordinary system (second system according to the designation
adopted in Ref. 12) are shown in Figs. 3 and 4. It can be seen that
the calculations with only one system do not agree with experiment.

The nature of the additional system of chemically active sites
under discharge conditions is so far unclear. It could be connected
with surfaceions resulting from the dischargeelectronandion fluxes
to the surface. For example, the surface will likely be partly covered
with negative atomic ions due to surface attachment of electrons
to Oy atoms. If we assume that the lifetime t;,, of surface ions
is controlled by mutual ion-ion recombination, from the balance
equation for the concentration [$©°"] of surfaceions

12,34-37

q)ion — (l/fion)[sion] = Kion[Sion]Z

= (Vion/4LF]) exp(—Eion/ T[S (5D

it is easy to obtain the following expression for the relative surface
density of positive and negative charges:

[Sion] ) ) q)ion Eion (5 2)
~ a €X
[F] ven P\ 2T,
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Fig.3 Relative concentration of O atoms vs O, percentage in a N,-O;
dc discharge in 0.8-cm-radius tube for pressure 2 torr, gas flow rate 100
sccm at a distance of 43 cm from gas entrance into discharge: symbols,
measurements from Refs. 12 and 13; —, present calculations; and - -,
calculations using only the ordinary system of surface chemically active
sites to determine ~o.
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Fig. 4 Relative NO density vs O, percentage: symbols, measure-
ments from Refs. 12 and 13; —, present calculations; and - -, cal-
culations with small vy < 10~4 with the ordinary system of sur-
face chemically active sites. Discharge parameters are the same as in
Fig. 3.

InEgs.(51)and(52), K, r‘gc“ is therate coefficient (in square centimeter
per second) for surface ion-ion recombination; v, and E,,, are the
frequency factor (in seconds, reciprocal) and the activation energy
(in degree Kelvin) for surface diffusion of charged particles;a is the
elementary distance (in centimeter) for a jump of physisorbedions;
®,,, is the ambipolar diffusion flux (in square centimeter, recipro-
cal, second, reciprocal) of plasma electrons and ions to the surface,
which is the source of surface ions. For the typical values T,, ~ 350
K, ®°"~ 10 cm~2 s~! and physically acceptable values a ~ 1078
cm, Vi, ~ 101 571, and E;,, ~ 7500 K, one can estimate from Eq.
(52) that [S*"]/[F]~ 1073. This value corresponds to the order of
magnitude of the relative density of chemically active sites [S]/[ F]
estimated in Ref. 12 to explain the large yo and yy values mea-
sured under discharge conditions. Thus far, this explanationis justa
working hypothesisthatneeds to be further worked out in the future.

Note that, in postdischarge, where free electrons are absent,
the probabilities yo and yn are determined only by the ordi-
nary single system of chemically active sites. In this case, the
present model yields reasonable agreement with experimental
data for silica-based surfaces using the values E ;o — Epo — Eg
~2000 K; K3Ko; >~1.5x 107 (for i =S8, S10), E;x — Epn —
E%~3100 K; K3Ky; > 1.5% 107> (for i =54, $6), and Egy >
900K, Egs>~2400K, Eg>~0 K, Ego>~3100 K, [S]/[F]x~
3% 1073, and € =2.4. A comparison is shown in Figs. 5 and 6
with experimental data from different authors.! %848 These data are
taken from Refs. 1 and 38-48, but values of yy smaller than 107*
are not presented in Fig. 6.

Note that the calculationsof y, and yy in Figs. 5 and 6 were car-
ried out taking into account the reactions of chemisorbedatoms with
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1000/T, , 1/K
Fig. 5 Dependence of vy on the wall temperature: —, calculations
from our model with the ordinary system of chemically active sites (post-

discharge), and symbols, measurements from Ref. 38 (A, Ref. 39 (V),
Ref. 40 (O), Ref. 41 (0), Ref. 1 (<), and Ref. 42 (- - -).
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Fig. 6 Dependence of vn on the wall temperature: —, calculations
from our model with ordinary system of chemically active sites (post-
discharge), and symbols, measurements from Ref. 43 (O), Ref. 44 (2,
Ref. 45 (M), Ref. 46 (0), Ref. 47 (M), Ref. 48 (A), Ref. 44 (¥), and
Ref. 1 (®).
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Fig. 7 Calculated NO, density (—) and relative rate R,, for surface
production of NO; (--) vs O, percentage, for the same conditions as
in Fig. 3 but a fixed discharge current of 30 mA and pressures 2 torr
(curves 1 and 2) and 0.2 torr (curves 3 and 4); the activation energy for
desorption of chemically adsorbed (NO)s molecules is assumed to be
5000 K (curves 1 and 3) or 10,000 K (curves 2 and 4).

both physisorbed atoms (Langmuir-Hinshelwood mechanism) and
gas-phase atoms (Eley-Rideal mechanism). For the latter reactions
(which are important for T,, > 500 K), we assumed that all steric
factors are equal to 1 and the activation energies E; are the same as
for the reactions with physisorbedatoms. Taking into consideration
both mechanisms allows one to explain the non-Arrhenius temper-
ature dependencies of yo and yn over a wide temperature range,
from ~300 up to ~2000 K. This can be seen particularly for yy in
Fig. 6.
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Calculated densities of gas-phase NO, molecules are given in
Fig. 7. Unfortunately, experimental data for NO, are so far unavail-
able. Nevertheless, it interestingto understandthe role of the surface
in the production of gas-phase NO, molecules. This role depends
on the gas pressure and the values of some parameters for surface
processes that are unknown. We have assumed steric factors K
equal to one for all additional (as compared to the model of Ref. 12)
surface reactions S15-S19 and the activation energies E; >~ 0, for
S15-S18,and Eg;9 2000 K. For such values of E;, the inequalities
(49) and (50) are satisfied, and the conditions for surface produc-
tion of NO, are most favorable and controlled by reactions S11-
S14 for production of (NO)s and by desorption processes —S15
and —S16. Here we have used for processes S11-S15 the same pa-
rameters as in Ref. 12; have assumed E_g;5 =0, 1950 = v3N02 ~
1083 s~!, and [F] ~ 10'® cm~2; and have carried out calculations for
different values of E_g 5. It can be seen from Fig. 7 that the rela-
tive rate R,, for surface production of gas-phase NO, molecules in-
creaseswith E_g 5 and can be nearly 1, which means that interaction
with the surface can be the main mechanism for NO, production.

V. Conclusions

Self-consistent kinetic models combining volume and surface
processes are a new step in the numerical modeling of nonequi-
librium plasmas in mixtures of molecular gases. The surface kinetic
model developed enables one to obtain the dependence of the prob-
abilities y), on the relative concentrationof gas-phase atoms and to
calculate the rates for surface production of gas-phase NO and NO,
molecules.

An important peculiarity of this model is the small number of
required input parameters, only those externally controlled in ex-
periments: R, I, Q, p, initial gas composition, and 7. This self-
consistentapproach provides quantitative interpretation of different
experiments and an understandingof the role of different processes.
It also enables one to estimate or define more accurately some im-
portant rate coefficients and parameters. This was achieved here
and elsewhere for rate coefficients and parameters determining 1)
the surfacekinetics of O and N atoms, 2) associativeionizationof N,
molecules from N, (A, a’) metastables, 3) excitation of N, (a’) from
2N, (v > 16), 4) deactivation of N,(a’) on walls, 5) chemical re-
action N, (v >12) + O — NO + N, and 6) V-E resonant exchanges
via Ny (v >12) + NJ (X) = Ny (v — 12) + NS (B).
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