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On the self-consistent modeling of a traveling wave sustained
nitrogen discharge

V. Guerra,a) E. Tatarova, F. M. Dias, and C. M. Ferreira
Centro de Fisica dos Plasmas, Instituto Superior Te´cnico, 1049-001 Lisboa, Portugal

~Received 6 August 2001; accepted for publication 3 December 2001!

We present a self-consistent formulation to study low-pressure traveling wave~azimuthally
symmetric surface transverse magnetic mode! driven discharges in nitrogen. The theoretical model
is based on a self-consistent treatment of the electron and heavy particle kinetics, wave
electrodynamics, gas thermal balance, and plasma–wall interactions. The solution provides the axial
variation ~as a result of nonlinear wave power dissipation along the wave path! of all discharge
quantities and properties of interest, such as the electron energy distribution function and its
moments, population densities of all relevant excited and charged species@N2(X 1Sg

1 ,n),
N2(A 3Su

1 ,a8 1Su
2 ,B 3Pg ,C 3Pu ,a 1Pg ,w 1Du), N2

1 , N4
1 , e#, gas temperature, degree of

dissociation@N(4S)#/N, mean absorbed power per electron, and wave attenuation. A detailed
analysis of the energy exchange channels among the degrees of freedom of the heavy particles is
presented. Particular attention is paid to the axial variation of the gas and wall temperatures, which
affect in a complex way the discharge operation. For the high electron densities and reduced electric
fields achieved at 2.45 GHz, it is shown that the contribution of exothermic reactions involving
excited molecules in metastable states to the total gas heating can be significant. The role of the
triplet N2(A 3Su

1) metastable state as an energy ‘‘reservoir’’ that pumps translational modes of gas
particles is pointed out. A strong correlation between the degree of dissociation, the concentration of
metastable N2(A 3Su

1), N(2D,2P) particles, and surface kinetics is shown to exist. Spatially
resolved measurements of the gas and wall temperatures, electron density, and wave propagation
characteristics provide a validation of the model’s predictions. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1446229#
ll
on
e
d
th

sm
su

n

th

i
re
on
te

fo
nc

la
t

m
gh
d

-
dis-

om
ich
led
ac-
ulk
ely
ra-
en
rge
-
dy-
rge

he
gth
ich
the

ons

ong

ing
y an
I. INTRODUCTION

Technological applications of molecular plasmas usua
call for a detailed investigation of the transport and reacti
of numerous neutral and charged species and of the en
exchange channels in the plasma source, in order to pre
correctly the general trends of discharge behavior and
relevant species concentration. As far as microwave pla
generation is concerned, the investigation of discharges
tained by travelling surface waves~SWs! continues to pro-
vide major breakthroughs due to their flexible operation a
their accessibility to a variety of diagnostics which, in com
bination with modeling, has had a pronounced impact on
understanding of hf discharges in general.1–7 Considering the
literature, one notes that long cylindrical plasma columns
inert gases have been intensively investigated both theo
cally and experimentally since SW discharge’s incepti
Self-consistent modeling of such systems has been ex
sively developed in the limit of the collisionless approach
wave electrodynamics, but usually neglecting the influe
of the gas heating on the discharge physics.6–10 The opera-
tion of traveling wave sustained discharges in molecu
gases, like nitrogen, is, however, far more complex due
the subtle and complex nonlinear coupling between plas
kinetics, wall conditions, and wave propagation. Althou
detailed models for dc discharges in nitrogen have been
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veloped in the past,11–16 the degree of sophistication of re
cent theoretical models for surface wave sustained
charges in nitrogen is less improved.17–19

This lesser degree of sophistication results, in part, fr
the nonequilibrium nature of low-pressure discharges, wh
requires simultaneous calculations of the strongly coup
electron and the heavy particles distributions, taking into
count numerous particle interactions, both in the plasma b
and at the wall, whose rate coefficients are unfortunat
subject to large uncertainties. As is well known, the vib
tional manifold of the electronic ground state in nitrog
discharges influences dramatically the whole discha
kinetics.11–14An additional problem is the intrinsic complex
ity of the self-consistent interdependence of the wave
namics and the different balances governing the discha
production, which results in spatial nonuniformities. T
nonlinear wave power dissipation along the discharge len
induces axial variations of the discharge parameters, wh
are nonlinearly coupled to the absorbed power, and of
wall conditions ~for example, the wall temperature!. Spa-
tially inhomogeneous gas heating leads to spatial variati
in the gas temperatureTg , which affect in a complex way
the discharge operating mechanisms.18–20A difficult and still
poorly understood aspect of nitrogen discharges is the str
coupling between volume kinetics and interface~wall! con-
ditions. Plasma–wall interactions, especially those involv
dissociated nitrogen atoms and metastable species, pla
8 © 2002 American Institute of Physics
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important role in the whole discharge physics. Wall reactio
determine the probabilities of reassociation of dissociated
oms and of destruction of metastable species, and thus
can affect the concentration of atoms and of other ac
species in the plasma bulk. It should be stressed that to
there is no satisfactory understanding of the nitrogen a
production and loss in relation to the discharge opera
conditions.15,16,21–23The dissociation kinetics has not prev
ously been investigated consistently with the main discha
balances and wave propagation.

The major weakness of the existing theories of surf
wave sustained discharges in molecular gases is their lac
completeness and self-consistency, since such impo
physical aspects as wave electrodynamics, gas hea
plasma–wall interactions, and atom kinetics are neglecte
one way or another.18,24 A proper description can only b
achieved by coupling the particle balance equations for
relevant charged and neutral species to the electron B
mann equation, the gas thermal balance, and the equa
describing wave propagation and power dissipation. In
work we present a self-consistent approach of this type fo
surface wave sustained nitrogen discharge. In particular
tention is paid to the energy exchange pathways betw
degrees of freedom of the heavy particles and the disso
tion kinetics of nitrogen molecules. An experimental valid
tion of the model predictions is also carried out as part of
present investigation.

The organization of the article is the following. In Sec.
the basic equations that self-consistently describe the a
structure of the discharge are presented and discussed
numerical approach used to solve the set of equations is
sented in Sec. III. An analysis of the discharge properties
their axial variations is given in Sec. IV. In particular, calc
lations of the electron energy distribution function~EEDF!
and energy averaged quantities, and of the densities o
relevant species are presented as a function of the axia
ordinate. Calculations of wave and discharge characteris
for different operating conditions are also provided. A d
tailed analysis of the various mechanisms of gas heating
atom kinetics is also carried out. It is shown that the m
model predictions agree satisfactorily with experiments.
nally, Sec. V summarizes the principal conclusions of t
investigation.

II. STATEMENT OF THE PROBLEM

In this section we discuss the self-consistent modeling
a microwave discharge sustained by a propagating azim
ally symmetric (m50) surface wave at a frequencyf
5v/2p. The plasma column is generated in a cylindric
dielectric tube with permittivity«d . The z coordinate is di-
rected along the tube axis and the wave propagates along
axis with wave vector k5a1 ib ~b and a are the axial
wavenumber and the attenuation coefficient, respective!.
As the wave propagates and creates its own propaga
structure, the wave power flow decreases since the w
power is progressively absorbed by the plasma electr
Subsequently, the electrons dissipate this power by collis
with the gas particles, i.e., the gas is excited, ionized,
Downloaded 06 Mar 2002 to 193.136.134.45. Redistribution subject to A
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heated, and the energy is redistributed among translati
~gas heating! and internal~i.e., vibrational, rotational, and
electronic! modes. Gas and wall heating result in a change
the neutral density~under nearly isobaric conditions! and
wall temperature along the tube. There is a self-consis
interplay between wave dynamics, properties of the gen
ated plasma, and conditions at the interface~wall!. To ac-
count for this, all the quantities concerning the genera
plasma column, wall conditions, and wave propagat
should be coupled self-consistently. Two important aspe
of discharge physics are investigated self-consistently h
namely:

~i! axial variation of different steady-state discharge b
ances: electron and heavy particle balance, elec
energy balance, gas thermal balance, etc.;

~ii ! characteristics of the surface wave propagation alo
the generated inhomogeneous plasma column,
axial variation of the wave dispersion characterist
and wave power balance.

For a self-consistent modeling, the input parameters of
theory are the usual externally controlled ones, namely,
pressure, wave frequency, tube radius, and electron dens
the position of the launcher~which is controlled through the
power delivered to the launcher!. In order to derive the axia
variation of all quantities of interest, the model is based o
set of coupled equations for the plasma bulk describing
kinetics of free electrons, the vibrational kinetics of mo
ecules in the electronic ground state, the kinetics of exc
electronic states of molecules and atoms, the chemical ki
ics of neutrals and ions, the gas thermal balance, and
charged particle balance determining the electric field s
taining the discharge. Further, a set of equations for the w
dispersion properties and power balance is incorporate
order to close the formulation.

A. Particle kinetics

1. Kinetics of free electrons

The EEDF is determined by solving the quasistation
homogeneous electron Boltzmann equation. Assuming
anisotropy caused by spatial inhomogeneities and the fiel
be sufficiently small, the electron velocity distribution is a
proximated by the usual two-term expansion in spherical h
monics. As shown experimentally,25 for the pressures of in-
terest here, the EEDF may be satisfactorily described in
local approach limit, i.e., the spatial diffusion of electrons
slower than their diffusion in energy space. Electron co
sions of the first and the second kind and electron–elec
collisions are accounted for. Since vibrationally excited m
ecules in nitrogen discharges constitute an appreciable f
tion of the total molecular population, the EEDF is genera
a function of the vibrational distribution function~VDF!. The
electron transport parameters and the rate coefficients ca
lated from the EEDF are functions of the reduced elec
field E/N ~N is the total density of the neutrals! and of the
VDF. Although the SW electric field is radially inhomoge
neous, the radial variation of the gas temperature, and co
spondingly that of the neutral density, contribute to a flatte
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE I. Inelastic and superelastic electron collisions.

Process Reference

e1N2(X 1Sg
1 ,n5 i )→N2(X 1Sg

1 ,n5 j )1e 26
with i , j 50 – 8, i , j
e1N2(X 1Sg

1 ,n5 j )→N2(X 1Sg
1 ,n5 i )1e 26

with i , j 50 – 8, i , j
e1N2(X 1Sg

1 ,v50)→N2(Y)1e 26
for Y5A 3Su

1 ,B 3Pg ,C 3Pu ,B8 3Su
2 ,W 3Du ,E 3Sg

1

a8 1Su
2 ,a 1Pg ,a9 1Sg

1 ,c8 1Su
1 ,c 1Pu ,b 1Pu ,b8 1Su

1 ,w 1Du

e1N2(X 1Sg
1 ,n50)→N2

11e1e (Z1) 27
e1N2(A 3Su

1)→N2
11e1e (Z2) 28

e1N2(B 3Pg)→N2
11e1e (Z3) 29

e1N2(a8 1Su
2)→N2

11e1e (Z4) 29
e1N2(w 1Du)→N2

11e1e (Z5) 29
e1N2(a 1Pg)→N2

11e1e (Z6) 29
e1N2(A 3Su

1)→e1N2(B 3Pg) 29
e1N2(A 3Su

1)→e1N2(X 1Sg
1) 29

e1N2(A 3Su
1)→e1N2(C 3Pu) 29

e1N(4S)→e1N(2D,2P) 15
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ing of the profile of the reduced electric fieldE/N. Since the
EEDF is a function ofE/N, the assumption of an essential
constant EEDF across the tube radius seems justified.
inelastic and superelastic processes taken into account
the sources used for the corresponding cross-section dat
given in Table I.

Under steady-state conditions the power absorbed f
the SW field per electronu is equal to the net power lost pe
electron due to all kinds of electron collisions~leading to
ionization, excitation, de-excitation, and dissociation of2
molecules!. The corresponding electron power balance c
be written as18

u~z!52
2

3

e

me
E

0

`

u3/2FE~z!

&
G nem~u!

@nem
2 ~u!1v2#

] f o

]u
du

5x^unem&1(
i , j

ui j ^n i j &. ~1!

Here f o(u) is the isotropic part of the EEDF,nem is the total
momentum transfer collision frequency~collisions with N2

and N!, ^n i j & are the collision frequencies for electronic a
vibrational excitation and de-excitation, and dissociationi
andj denoting the initial and final states, respectively;ui j are
the corresponding thresholds;x52me /M ~two times the
electron–molecule mass ratio! is the energy transfer coeffi
cient for elastic electron–molecule collisions.

The left-hand side of~1! represents the mean absorb
power per electron, i.e.,u(z) at a given position. The two
terms on the right-hand side represent, respectively, the m
elastic energy loss rate and the net rate of energy los
collisions with nitrogen molecules and atoms via the p
cesses of vibrational and electronic excitation and
excitation, N2 dissociation, and atomic excitation. As a res
of superelastic collisions, the electron Boltzmann equat
and the local electron power balance equation should
coupled to the rate balance equations for electronically
vibrationally excited heavy species. However, only sup
elastic collisions with vibrationally excited molecules in th
electronic ground state need to be considered, due to the
ar 2002 to 193.136.134.45. Redistribution subject to A
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population of these states. Further, due to the high degre
dissociation, a discharge in a mixture N2– N must be consid-
ered.

2. Heavy particle kinetics

Due to the significant population in the vibrationally e
cited levels of the electronic ground state N2(X 1Sg

1 ,n) the
Boltzmann equation is coupled to the system of rate bala
equations for these populations through both inelastic
superelastice-V collisions. The various processes consider
in the system of steady state equations for the populat
dv5Nn /N in the levels N2(X 1Sg

1 ,n), with 0<n<45, are
listed in Table II. They account fore-V collisions, electron
dissociation (e-D), V-V andV-T energy exchanges~the lat-
ter including collisions with both N2 and nitrogen atoms N!,
dissociation byV-V andV-T collisions (V-D), atomic reas-
sociation (R), and deactivation of vibrationally excited mo
ecules through collisions with the wall~W!. We note that
only single quantum transitions, which are the most like
ones, have been considered in theV-V andV-T collisional
exchange processes. The sole exception concernsV-T ex-
changes in N2– N collisions, in which the effects of multi-
quantum transitions are known to be important. TheV-D
reactions take into account dissociation byV-V and V-T
processes which are modeled as a transition from the
bound leveln545 to a pseudolevel in the continuum. Th
equations and mechanisms accounted for are describe
detail in previous papers,11,12,15–18to which the reader should
refer for further information.

In addition to all electron and vibrational kinetic pro
cesses, the model includes the reactions determining
population densities of six excited molecular electronic sta
N2(A 3Su

1 ,a8 1Su
2 ,B 3Pg ,C 3Pu ,a 1Pg ,w 1Du). The ra-

dial profile of excited metastable particles is assumed to b
zero-order Bessel function. The rate equations are dedu
by taking into account the collisional and the radiative p
cesses given in Tables I and III, along with the correspond
data and pertinent references.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE II. Kinetics of N2(X 1Sg
1) molecules.

e2V e1N2(X 1Sg
1 ,n)�e1N2(X 1Sg

1 ,w)
V2V N2(X 1Sg

1 ,n)1N2(X 1Sg
1 ,w)⇔N2(X 1Sg

1 ,n21)
1N2(X 1Sg

1 ,w11)
V2T N2(X 1Sg

1 ,n)1N2�N2(X 1Sg
1 ,n21)1N2

V2T (N2– N) N2(X 1Sg
1 ,n)1N�N2(X 1Sg

1w,n)1N
N2(X 1Sg

1 ,n)1N�N1N2(X 1Sg
1 ,w,v)

W N2(X 1Sg
1 ,n)1wall→N2(X 1Sg

1 ,n21)
e2D e1N2(X 1Sg

1 ,n)→e1N(4S)1N(4S)
e1N2(X 1Sg

1 ,n)→e1N(4S)1N(4D)
V2D N2(X 1Sg

1 ,n)1N2(X 1Sg
1 ,n545)→N2(X 1Sg

1 ,n21)
1N1N
N21N2(X 1Sg

1 ,n545)→N21N1N
R N1N→N2(X 1Sg

1 ,n50)
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Following the analysis in Ref. 12 the excitation of ele
tronic states by electron impact was treated as a single
ergy loss process assuming that all the molecules are in
ground vibrational level N2(X 1Sg

1 ,n50). It was further as-
sumed that all processes leading to the formation of a gro
electronic state molecule populate the leveln50 only.

In the present model two types of positive ions, N2
1 and

N4
1 have been considered. The N2

1 ions are created by elec
tron impact ionization of neutral molecules, stepwise ioni
tion ~Table I! and associative ionization~Table IV!, while N4

1

ions are created mainly by associative ionization proces
involving N2(A3Su

1) and N2(a8 1Su
2) metastable states. W

assume the same branching ratio for the production of2
1

and N4
1 by associative ionization. Additional channels co

tributing to the creation or the destruction of positive ions
also listed in Table IV. The main processes of removal
charged particles are ambipolar diffusion to the wall and b
dissociative recombination~Table V!. Electron rate coeffi-
cients for dissociative recombination of ions have been
culated using semi-empirical formulas reported in Ref. 31
a function of the electron kinetic temperature.

3. Charged particle balance and maintaining field

The maintenance electric field is self-consistently de
mined by solving the continuity equations for electrons a
positive ions N2

1 and N4
1 together with the quasineutralit
ar 2002 to 193.136.134.45. Redistribution subject to A
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condition ne5@N2
1#1@N4

1#. The balance between the rate
of charged particle production and loss determines the m
tenance field self-consistently. In fact, the field strength n
essary for the steady-state operation of the discharge is
tained from the balance between the total rate of ionizati
including direct, associative@involving collisions between
the metastable species N2(A 3Su

1) and N2(a8 1Su
2)# and

step-wise ionization @from N2(A 3Su
1), N2(a8 1Su

2),
N2(w 1Du), N2(B 3Pg) and N2(a 1Pg)# processes and th
total rate of electronic losses due to diffusion to the wall,
the presence of N2

1 and N4
1 ions,17 and electron–ion bulk

recombination. Taking into account the ionization and
combination processes listed in Tables I, III, IV, and V alo
with the corresponding rate coefficients, electrons satisfy
following continuity equation:

neNZ11neN~A!Z21neN~B!Z31neN~a8!Z4

1neN~w1!Z51neN~a1!Z61N~a8!N~A!kas1

1N~a8!2ksa25ne

Dae

Leff
2 1a r1neN11a r2neN2 , ~2!

whereA, a8, w1, B, and a1 denote the states N2(A 3Su
1),

N2(a8 1Su
2), N2(w 1Du), N2(B 3Pg) and N2(a 1Pg) respec-

tively, Dae is ambipolar diffusion coefficient for electrons i
the presence of two types of positive ions,Leff is an effective
diffusion length which is determined assuming that bo
TABLE III. Collisional–radiative processes involving electronically excited molecules.

Process k ~m3s21! References

N2(a8 1Su
2)1N2(X)→N2(B 3Pg)1N2(X) 1.9310219 30, 31

N2(a 1Pg)1N2(X)→N2(a8 1Su
2)1N2(X) 2.0310217 32

N2(a 1Pg)→N2(a8 1Su
2)1h f 1.913102 s21 33

N2(C 3Pu)→N2(B 3Pg)1h f 27.43106 s21 34
N2(B 3Pg)→N2(A 3Su

1)1h f 23105 s21 35
N2(a 1Pg)→N2(X,n50)1h f 1.83104 s21 32
N2(A 3Su

1)1N2(A 3Su
1)→N2(B 3Pg)1N2(X,n50) 7.7310217 36

N2(A 3Su
1)1N2(A3Su

1)→N2(C 3Pu)1N2(X,n50) 1.5310216 37
N2(B 3Pg)1N2→N2(A3Su

1)1N2 0.9533.0310217 37
N2(B 3Pg)1N2→N2(X,n50)1N2 0.0533.0310217 38
N2(B8 3Su

2)→N2(B 3Pg)1h f 16
N2(w 1Du)→N2(a 1Pg)1h f 6.53102 s21 39
N2(A3Su

1)1N(4S)→N2(X,n56 – 9)1N(2P) 4310217 40
N2(A3Su

1)1N2(X,n55 – 15)→N2(B 3Pg)1N2(X,n50) 2310217 37
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE IV. Rate constants for reactions involving positive ions.
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types of ions reach the corresponding ion sound speed a
plasma–sheath boundary,17 andN1 andN2 stand for the N2

1

and N4
1 ion density, respectively.

4. Dissociation kinetics

The dissociation kinetics is an important issue due to
numerous volume and wall processes involving atoms wh
influence strongly discharge operation. The kinetics of nit
gen atoms in the ground@N(4S)# and metastable@N(2D,2P)]
states is taken into account by considering the following
actions~some of the reactions are listed in Tables I and
and rewritten here!:16

e1N2~X 1Sg
1 ,n50!→e1N~4S!1N~4S! ~R1!

e1N2~X 1Sg
1 ,n50!→e1N~4S!1N~2D! ~R2!

N21N2~X1Sg
1 ,n545!→N21N1N ~R3!

e1N~4S!→e1N~2D! ~R4!

e1N~4S!→e1N~2P! ~R5!

N2~A 3Su
1!1N~4S!→N2~X 1Sg

1,6<n<9!1N~2P!
~R6!

N~4S!1N~4S!1N2→N2~B 3Pg!1N2 ~R7!

N~4S!1wall→ 1
2N2~X 1Sg

1 ,n50! ~R8!

N~2D,2P!→N~4S! ~R9!

N~2D,2P!→ 1
2N2~X 1Sg

1 ,n50! ~R10!

The main source of ground state N(4S) nitrogen atoms
for the conditions considered is electron impact dissocia
~R1, R2!. One of the loss channels of N(4S) is reassociation
on the wall ~R8!. According to the work of Guerra an
Loureiro,16 the probability z5531024 has been assume
for this process. The metastable atoms N(2D,2P) are created
by electron impact~R4, R5! or through the importan
quenching reaction of N2(A 3Su

1) in collisions with N(4S)
atoms~R6!. It is assumed that most of the metastable ato

TABLE V. Rate constants for dissociative recombination of ions.a

Reactions Rate constant~m3s21!

e1N2
1→N1N a r154.8310213(300/Te)

1/2

e1N4
1→N21N2 a r252.0310212(300/Te)

1/2

aSee Ref. 31.
ar 2002 to 193.136.134.45. Redistribution subject to A
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are converted into the ground state N(4S) through collisions
with the wall and quenching in collisions with heavy pa
ticles, which is symbolically expressed by~R9!. A total ef-
fective probability g50.8– 0.9 is used to describe the
mechanisms. As shown in Ref. 16,g is in fact close to one,
i.e., most excited metastable atoms are converted to
ground state. The remaining fraction of excited ato
N(2D,2P), corresponding to the probabilityg r512g, is as-
sumed to reassociate into N2(X 1Sg

1 ,n50) ~R10!.

B. Gas heating

In order to account for gas and wall heating, the g
thermal balance equation must be incorporated in the sys
of equations. In the present 1D formulation, under nea
isobaric conditions, neglecting axial transport and assum
heat conduction is the predominant cooling mechanism,
stationary gas thermal balance equation can be express
the form:19

8l~Tg!

R2 ~Tg2Tw!5Qin . ~3!

Here,Tg is the radially averaged gas temperature,Tw is the
wall temperature, andl(Tg) is the thermal conductivity.43

Qin accounts for the total net power transferred per unit v
ume into the translation mode from volume and wall sour
of heat. A parabolic radial profile of the gas temperature
been assumed. The wall temperature is introduced as a
put parameter as experimentally obtained~see below!. The
calculations of the total gas heating term~Qin in Eq. 3! take
into account all collisional processes that convert some
ergy into the gas translational mode, namely:

~i! V–V vibrational relaxation mechanisms of N2 mol-
ecules in N2– N2 collisions.

Qin
~V–V!5 (

n51

45

@N2~X,n!# (
w51

45

@N2~X,w21!#

3Pn,n21
w21,wDEn,n21

w21,w ,
~ii ! V2T relaxation mechanisms of N2 molecules in

N2– N2 collisions.

Qin
V2T5@N2# (

n51

45

$@N2~X,n!#Pn,n21

2@N2~X,n21!#Pn21,n%DEn,n21 ,
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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~iii ! V2T relaxation mechanisms of N2 molecules in
N2– N collisions.

Qin
N2–N

5@N# (
n51

45

@N2~X,n!# (
w51

45

Pn,w
N2–N

DEn,w ,

~iv! vibrational deactivation at the wall

Qin
wall5 (

n51

45

@N2~X,n!#nwDEn,n21j,

~v! pooling reactions20,44

N2~A 3Su
1!1N2~A 3Su

1!→N2~X 1Sg
1 ,n58!

1N2~B 3Pg!1DE1 ,

N2~A 3Su
1!1N2~A 3Su

1!→N2~X 1Sg
1 ,n52!

1N2~C 3Pu!1DE2 ,

DE152 eV; DE250.4 eV,
~vi! deactivation of metastable states on the wall

Qin
Y5@N2~Y!#

D

L2 DEYj,

Y5N2~A 3Su
1!,N2~a8 1Su

2!,N2~a 1Pg!,N2~w 1Du!,
~vii ! elastic collisions of electrons with neutrals

Qin
el5ne@N2#Pel .

Here,Pn,n21
w21,w , Pn,n21 , Pn,w

N2– N are the rate coefficients for th
corresponding processes;DEY is the energy of the excited
state;nw is the frequency of wall losses;16 L5a/2.4; Pel is
the average energy transferred from electrons to neutra
elastic collisions;j is the accommodation coefficient, whic
determines the part of the energy returned to the gas p
that dissipates into heat due to deactivation of metastabl
vibrationally excited species on the wall. It should be no
that in process~v! it is assumed that half of the availab
energy goes into gas heating.20,44

C. Wave-to-plasma power coupling

The self-consistent interplay between wave electro
namics and discharge balances results in inhomogen
power dissipation along the wave path, consequently in
axial variation of the discharge parameters. These param
are nonlinearly coupled to the absorbed power. The theo
ical treatment of the wave-to-plasma coupling in the mode
based on a simultaneous solution of the wave and the e
tron power balance equations.18 The mechanism of powe
transfer can be expressed quantitatively by introduc
u—the mean power needed to maintain an electron–ion p
The absorbed power in a plasma slice of thicknessDz at
position z is DP5u(z)Sne(z)Dz, S denoting the plasma
cross section. Under steady state conditions, the spatial
of wave power changedP/dz is equal to the power absorbe
by the electrons per unit discharge length. The local po
balance equation is therefore

u~z!Sne~z!52
dP

dz
52a~z!P~z0!

3expS 2Ez

2a~x!dxD . ~4!

z0
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This equation linking the wave power flux to the power a
sorbed by the electrons in the discharge provides the a
description of the discharge structure. By differentiating E
~4!, the following equation is readily obtained for the axi
gradient of the electron density:

dne

dz
52

2ane

12
ne

a

da

dne
1

ne

u

du

dne

. ~5!

As usual, the attenuation coefficienta is derived by solving
the local wave dispersion equation.45,46 As far as wave
propagation is concerned, the plasma response can be
scribed by the frequency dependent dielectric permittiv
«pl :

«pl~z!512
vpl

2 ~z!

v~v1 ineff!

wherevpl(z)5(neff(z)e
2/me«o)

1/2 ~e and me are the electron
charge and mass, respectively, and«o is the vacuum dielec-
tric permittivity! andneff andneff arev-dependent effective
values of the electron density and electron-neutral collis
frequency. As pointed out in Ref. 7, considering these eff
tive parameters is essential since the electron-neutral c
sion frequency for momentum transfernem(u) in nitrogen is
strongly energy dependent. Under the assumption of a s
variation of the plasma permittivity along the wave pa
‘‘local’’ field equations with a ‘‘local’’ dispersion equation
are used to obtain the spatial rate of wave power losses.
coupling structure generates an azimuthally symmetric
mode and the wave field components in cylindrical geome
areEz , Er andHw . The expressions for the fields are we
known and can be found elsewhere.18 The wave dispersion
characteristics can be obtained as usual by considering
continuity of the field tangential components across the
terfaces. This provides the local dispersion equation~LDE!
which can symbolically be expressed as:45,46

D@v/vpl~z!,va/c,neff~z!/v,«d ,k#50. ~6!

According to the experimental situation, solutions for co
stantv and variableneff(z)/v andneff(z) along the wave path
are searched for.

III. METHOD OF SOLUTION

A flow chart of the model and solution algorithm used
depicted in Fig. 1. The input parameters of the model are
wave frequencyv/2p, tube radiia and b ~inner and outer,
respectively!, pressurep, electron density at the position o
the SW launcherne(z0) and the axial profile of the wal
temperatureTw(z).

The procedure starts with arbitrary values of the elec
field E, vibrational (Tn

o) and gas (Tg
o) temperatures. The

electron Boltzmann equation is solved by iterations. In
calculations of the EEDF, the accuracy achieved in the e
tron power balance equation~1! ~yielding the value ofu! is
better than 1025. By using the rate coefficients for electro
impact processes, the nonlinear set of equations for he
particles and ions is solved by applying the Newton
Rapshon method. The electric field is varied to satisfy
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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2654 J. Appl. Phys., Vol. 91, No. 5, 1 March 2002 Guerra et al.
electron continuity equation~2!. For the electric field~E!
determination, an accuracy better than 1025 is achieved. As a
result of the first~1!, second~2!, and third~3! iterative loops
convergent solutions for the vibrational temperatureTn and
the electric field maintaining the discharge is achieved fo

FIG. 1. Flow chart of the model.
Downloaded 06 Mar 2002 to 193.136.134.45. Redistribution subject to A
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given value of the electron densityne(z). Then, the gas ther
mal balance equation~3! is solved and a new iteration pro
cedure~loop 4! determines a self-consistent value ofTg .
Using the self-consistently calculated values ofneff(z) and
neff(z), the LDE is solved in complex algebra. The integr
tion of Eq.~5! yields the new value of the electron density
the positionz1Dz. Then the entire loop~5! is repeated
for the next axial position. So, point by point, the dischar
and the wave characteristics are calculated along the pla
column until ne reaches the critical valuencr@v
5(nee

2/me«o)1/2#, where it is assumed the discharge sto
The calculated results include the axial variation of t

EEDF and its integrals,u(z), ne(z), the VDF of the elec-
tronic ground statedv , the population densities of th
electronically excited states N2 (A 3Su

1 ,a8 1Su
2 ,B 3Pg ,

C 3Pu ,a 1Pg ,w 1Du) and nitrogen atoms in ground sta
N(4S), electric fieldE, gas temperatureTg , and wave at-
tenuation coefficienta.

IV. RESULTS AND DISCUSSION

This section presents an application of the model to t
different cases of SW discharge operation. Experimental
sults that aim at checking some basic physical trends
dicted by the model have been obtained in microwave d
charges operating at the frequenciesv/2p5500 MHz (a
52.25 cm, b52.5 cm, p50.5 Torr) andv/2p52.45 GHz
(a50.75 cm,b50.9 cm, p50.6 Torr).

Considering the discharge at 500 MHz, Fig. 2 shows
variation of the EEDF along the discharge length. In order
unify all the results, the distance toward the endDz is nor-
malized to the total discharge lengthLt . As noted, the
electron–molecule energy exchange processes significa
influence the EEDF shape. The observed decrease in the
ergy interval 1.5–3 eV, as is well known, reflects the rap
rise of the vibrational cross sections in this energy range.11,12

This effect of ‘‘vibrational barrier’’ is well-pronounced clos
to the end (Dz/Lt→0), but is partly attenuated by superela
tic collisions toward the SW launcher (Dz/Lt→1) due to the
higher degrees of ionization, and thus higher vibratio
excitation17 in this region. The degree of ionization, for th
conditions considered, varies from approximately 1025

FIG. 2. Axial variations of the calculated EEDFs~v/2p5500 MHz, p
50.5 Torr!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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2655J. Appl. Phys., Vol. 91, No. 5, 1 March 2002 Guerra et al.
(Dz/Lt→1) to about 1026 close to the plasma column en
(Dz/Lt→0) ~see Fig. 3!. The predicted values ofne(z) com-
pare satisfactorily with experimental results obtained b
probe diagnostic technique17 as shown in Fig. 3.

The axial variation of the VDF of the electronic groun
state N2(X 1Sg

1 ,n) is depicted in Figs. 4~a and b!. Different
regimes of population and depopulation of the vibratio
levels can be identified from the shape of the VDFs. T
VDF shape results as usual from the combined effects ofe-V
and V-V exchanges at low vibrational levels, of near res
nant V-V exchanges at intermediate levels, which tend
form a plateau in this region, and to the simultaneous effe
of vibrational dissociation andV-T exchanges at the highe
levels.11,12,15,16As can be seen from Fig. 4~a! for a low de-
gree of ionization, the regions corresponding to the ab
mentioned mechanisms can be clearly identified. A small
crease in the population of the high vibrational levels~n.35!
toward the column end should be noted.

At higher degrees of ionization (1024– 1025) @Fig.
4~b!#, the calculated VDFs are considerably ‘‘excited’’ an
exhibit significant changes along the discharge length. In
der to characterize the degree of vibrational excitation,
vibrational temperatureTn , defined as the characteristic v
brational temperature of a Treanor-like distribution that b
fits the calculated fractional populations for 0<n<3, is
introduced.11,12 The corresponding axial variations ofTn are
shown in Fig. 4~c!. The higher degrees of ionization an
reduced fields achieved in the discharge at 2.45 GHz ca
higher vibrational excitation of the lower vibrational leve
i.e., higher vibrational temperatures. Further, as compare
the case of lower degrees of ionization@Fig. 4~a!#, a consid-
erable reduction of the plateau region occurs as show
Fig. 4~b!. The effect is more pronounced close to the S
launcher (Dz/Lt→1) due to the higher degrees of ionizatio
and higherTg .

The significant increase in the population density of
highest vibrational levels~n.30! @Fig. 4~b!# toward the
plasma column end (Dz/Lt→0) is a consequence of the hig

FIG. 3. Axial variation of the electron density~curves: calculations; •: ex-
periment! ~a! v/2p5500 MHz, p50.5 Torr; ~b! v/2p52.45 GHz, p
50.6 Torr!.
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V-T depopulation rates of the VDF by N2– N collisions. To
understand this, one should note that theV-T rates for N2– N
collisions increase with then-th quantum number by severa
orders of magnitude at constant gas temperatureTg and in-
crease also asTg increases,47 as shown in Fig. 5. For highe
vibrational levels, theV-T relaxation processes in N2– N col-
lisions cause therefore a rapid falloff of the VDF. The o
tained results clearly demonstrate that the simultaneous
fects of the decrease in degree of ionization (ne /N) and gas

FIG. 4. Axial variation of the calculated VDFs~a! v/2p5500 MHz, p
50.5 Torr; ~b! v/2p52.45 GHz,p50.6 Torr; ~c! axial variation of the vi-
brational temperature.
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2656 J. Appl. Phys., Vol. 91, No. 5, 1 March 2002 Guerra et al.
temperature~see below!, cause a decrease in the populati
of the lower vibrational levels,~i.e., Tn! toward the end. At
the same time, the decrease of the nitrogen atom density~see
below! andTg toward the end causes an increased popula
of the higher vibrational levels (n.30) close to the dis-
charge end (Dz/Lt→0) as a result of the decreasing infl
ence ofV-T depopulation mechanisms in N2– N collisions.

Calculated and measured axial distributions of the
temperature are shown in Figs. 6 and 7. Also shown on th
figures for completeness is the axial distribution of the m
sured wall temperature. An infrared sensitive nonperturba
measurement, using an electro-optical thermometer, prov
experimental results for the axial variation of the wall te
perature during the discharge operation. Note that the wa
cooled by natural convection only. The experimental g
temperatures were determined, as usual for nitrogen, by m
suring the rotational distribution of the second positive s
tem of nitrogen N2(C 3Pu ,n8)→N2(B 3Pg ,n9) in the
375.5–379 nm wavelength range~i.e., 0–0 vibrational tran-
sition! assuming that the rotational and translational mo
are in equilibrium.18 As observed, the gas temperature d
creases nonlinearly from the position of the SW launc
toward the plasma column end as a consequence of the
uniform wave power absorption along the wave path~see
Fig. 8!. The larger wave power absorption at 2.45 GHz
sults in a higher gas and wall temperatures. The experime
results clearly demonstrate that, to a first approximation,
gas temperature at a given axial position is a function of
power absorbed per unit length by the plasma electron
that position.

At lower degrees of ionization@Fig. 6~a!#, a good agree-
ment between measured and calculated values ofTg is ob-
tained. It is usually considered that gas heating in nitrog
discharges comes mainly from theV-V and V-T relaxation
processes of the vibrationally excited N2 molecules.48 This is
confirmed by the results presented in Fig. 6~b!, where the
relative contribution of the different gas heating chann
along the discharge length is depicted. The excitation of
brational levels by electron impact followed byV-T relax-
ation in N2– N multiquantum processes is the dominant g

FIG. 5. Rate coefficients forV2T exchanges in N2– N collisions~Ref. 47!.
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FIG. 6. ~a! Axial variations of the gas~* ! and wall ~•! temperatures
~v/2p5500 MHz, p50.5 Torr!; ~b! Relative contribution of the different
heating channels to the total gas heating;~c! Relative contribution of the
vibrational levels of the electronic ground state to the channel associ
with V2T relaxation processes in N2– N collisions.
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2657J. Appl. Phys., Vol. 91, No. 5, 1 March 2002 Guerra et al.
heating mechanism for the conditions considered. This re
is a consequence of the highV-T depopulation rates of the
VDF by N2– N collisions. These effects are extremely impo
tant, even for the relatively small atomic concentrations

FIG. 7. ~a! Axial variations of the gas~* ! and wall ~•! temperatures
~v/2p52.45 GHz,p50.6 Torr!; ~b! Relative contribution of the different
heating channels to the total gas heating;~c! Relative contribution of the
vibrational levels of the electronic ground state to the channel assoc
with V2T relaxation processes in N2– N collisions.
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about 1022 obtained for these conditions~see below!. It
should be noted that including the contribution of the ex
thermic reactions at the wall, i.e., wall deactivation of t
molecules in metastable states@channel~vi!#, just results in
slightly higher gas temperatures at the beginning of the
charge (Dz/Lt→1) where the population of these species
higher.

It is also instructive to analyze the relative contributio
of the different vibrational levels to the main heating cha
nel, i.e.,V-T relaxation in N2– N collisions. This contribu-
tion is presented in Fig. 6~c!. The correlation between th
increased population in higher vibrational levelsn
525– 35) close to the end (Dz/Lt→0) @Fig. 4~a!#, and the
increase in their relative contribution to gas heating sho
be emphasized.

A different situation occurs at higher degrees of ioniz
tion, reduced effective electric fields, and molecular dissoc
tion degrees~see below!. Taking into account only the heat
ing mechanisms associated with vibrationally excit
molecules@processes~i!, ~ii !, ~iii !, and ~iv!# and the contri-
bution of exothermic pooling reactions between N2(A 3Su

1)
metastable species@channel~v!# results in significantly lower
~about twice! Tg values than experimentally obtained@Fig.

ed

FIG. 8. Axial distribution ofdP/dz ~A! andu ~B!.
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7~a!#. Additional sources must therefore contribute to the
tal gas heating in this case. Plausible sources can be exo
mic reactions at the wall involving long-lived species, su
as N2 metastable molecules@channel~vi!#, or channel~v!.
Due to the high degrees of ionization and reduced effec
electric fields, high populations of N2 molecules in meta-
stable states can be reached~see Fig. 9 below!. The meta-
stable molecules N2(A 3Su

1), N2(a8 1Su
2), N2(a 1Pg), and

N2(w 1Du) are lost due to the diffusion to the wall. Ther
fore, wall deactivation of metastables may contribute to
gas heating mechanism even if, for instance, only 10% of
available energy returns to the gas phase and dissipates
heat as the calculations show@Fig. 7~a!#. However, the pos-
sible contribution of other heating mechanisms should
also kept in mind.

The competitive interplay of the different gas heati
mechanisms along the discharge length, depicted in
7~b!, demonstrates that the channel involving metastable
ticles can play an important role in gas heating for high
grees of ionization and reduced fields of the order of 1024

and 17310215 (V/cm2), respectively. As a consequence
the decreasing density of the metastables close to the end
contribution of the processes involving metastable spe
decreases. At the same time the relative contribution of
V-T relaxation processes in N2– N collisions sharply in-
creases as (Dz/Lt→0). As can be seen from Fig. 7~c!, this
fact is strongly correlated with the increase in population
the higher vibrational levels of the electronic ground st
N2(X 1Sg

1 ,n) @Fig. 4~b!# and the increased relative contrib
tion of these levels to heating byV–T processes in N2– N
collisions.

The above analysis is only intended to show that e
thermic processes involving long-lived metastable spe
can contribute significantly to total gas heating and provid
better explanation of the measured gas temperature pro
However, due to the existing uncertainties in collisional da
particularly those concerning plasma–wall interactions,
quantitative conclusion can yet be drawn about the predo
nant heating mechanisms.

FIG. 9. Axial distribution of N2(A 3Su
1) and N2(a8 1Su

2) metastable par-
ticles.
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The variation ofu, self-consistently calculated on th
basis of the electron energy balance~Eq. 1!, is plotted in Fig.
8 ~dotted lines!. As seen,u follows a different behavior than
dPabs/dz ~Eq. 4!. Due to the sharp decrease of the electr
density~see Fig. 3!, u exhibits a sharp increase close to t
plasma column end (Dz/Lt→0).

An important problem in N2 discharges is the kinetics o
nitrogen atoms N~4S!. At the pressures of interest here, th
main source channel for N atoms is electron impact disso
tion ~reactions R1, R2! and one of the main loss channels
N(4S) re-association at the wall~R8!, with probabilityz. As
previously discussed, we assume that most excited at
N(2D,2P) are converted into the ground state N(4S) through
collisions at the wall and quenching with a total effecti
probability g50.8–0.9. Due to the lack of data and for th
sake of simplicity, a constant~i.e., temperature independen!
probability for atomic re-association (z5531024) at the
wall has been assumed. Thus, as a first approximation
assumed that the axial variation ofz does not significantly

FIG. 10. Axial distribution of the relative number density@N(4S)#/N of
nitrogen atoms.

FIG. 11. Emission spectrum of the discharge operating at 2.45 GHzp
50.6 Torr).
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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affect the N atom axial profile. It should be noted that inclu
ing axial variations ofz ~as a result ofTw axial variation!
would require detailed consideration of N atom surface
netics, which is beyond present knowledge.

As expected, the higher electron densities and redu
fields for the discharge operating at 2.45 GHz lead to hig
dissociation degrees than in the case of the discharge at
MHz, as shown in Fig. 10. This result is confirmed by i
tense atomic lines~belonging to the 3p4S0→3s4P transi-
tion! detected in the emission spectrum of the discharg
2.45 GHz~see Fig. 11!, but which are not easily detected
the 500 MHz discharge. As far as the main product
mechanism of N atoms is electron impact dissociation,
decrease ofne andE/N along the discharge results in a d
crease of the N atom number density. If there were no c
relations with the populations of excited nitrogen ato
N(2D,2P), metastables and the wall-temperature-depen
surface kinetics, the atomic concentration would be nea
proportional to the electron density. However, the variat
of the relative density of N atoms is less than one order
magnitude along the whole discharge length, which indica

FIG. 12. Percentage contribution of the various loss channels of N4S)
atoms.
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that the nitrogen atom density does not simply followne as
can be seen from Figs. 3 and 10.

Figure 12 shows the percentage contribution of the f
lowing loss processes of N(4S) atoms: wall reassociatio
~R8!, effective destruction by electron impact as a result
the two-step reaction

e1N~4S!→e1N~2D 2P!,

N~2D,2P! →
~12g!

1
2N2~X 1Sg

1 ,n50!,

and effective quenching by the metastable N2(A 3Su
1) by the

two-step reaction

N2~A 3Su
1!1N~4S!→N2~X 1Sg

1,6<n<9!1N~2P!,

N~2P! →
~12g!

1
2N2~X 1Sg

1 ,n50!.

The competition between these channels results in
ferent predominant loss mechanisms at low and high deg
of dissociation and ionization as shown in Figs. 12~a! and
12~b!, respectively. Quenching of N2(A 3Su

1) by N(4S) at-
oms is the dominant loss channel at low ionization degr
@Fig. 12~a!#. At higher electron densities, electron impact d
struction dominates. It should be stressed, however, that
present results are to be regarded as merely indicative du
the large uncertainties in input data. Particularly, this co
cerns the values of the probabilities for wall reassociation
ground state atoms and wall destruction of metastable ato

The strong sensitivity to plasma–wall interactions, a
the coupling existing between the population densities
N(4S) and N2(A 3Su

1) is demonstrated in Fig. 13. Changin
the probabilityg for wall deactivation of N(2D,2P) from 0.9
to 0.8 results in a decrease in the N(4S) number density by a
factor of two and a corresponding increase in the N2(A3Su

1)
population density by a similar factor. The results obtain
clearly show that an accurate determination of the N(4S)
atom density is inevitably coupled to an accurate treatm
of the kinetics of plasma–wall interactions in correlatio
with the gas thermal balance~i.e., Tg! and the wave electro

FIG. 13. Correlation of nitrogen atoms relative density with N2(A 3Su
1)

density.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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dynamics. Future work should concentrate on this poin
order to get deeper insight into the discharge physics.

In order to test the spatial rate of wave power los
predicted by the model, the wave attenuation coefficient
been measured. The SW electric field outside the pla
column allows one to detect the radial electric field or t
associated power by using an antenna alignated normal
the tube wall and movable in the axial direction. Power s
sitive recording along the wave path provides measurem
of P(z) and of the local values of the spatial rate of wa
power loss, i.e.,a(z)52 1

2@1/P(z)#@dP(z)/dz#.
Theoretical and experimental values ofa(z) shown in

Fig. 14 are seen to be in good agreement. The gradua
crease ofa(z) along the major part of the column is fo
lowed by a sharp rise close to the end. This is a consequ
of the simultaneous decrease in electron density and incr
of neff towards the discharge end~note that under nearly
isobaric conditions, sinceTg decreases along the dischar
~Figs. 6~a! and 7~a!, the neutral density increases asDz/Lt

FIG. 14. Axial variation of the wave attenuation coefficienta.
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→0!. We can conclude that the electrodynamical descript
of the model accounts well for the wave power absorpt
along its path.

VI. CONCLUSION

In the present work, a self-consistent numerical mo
for a microwave nitrogen discharge sustained by a trave
surface wave has been developed and applied to invest
the discharge structure under different operation conditio
The model is based on the solution of a coupled system
equations including the electron Boltzmann equation, p
ticle balance equations for all relevant charged and neu
species, the gas thermal balance equation, and the equa
describing wave propagation and power dissipation. The
lution provides the axial distribution of all discharge quan
ties and properties of interest such as the EEDF and its
ments, excited and charged species population dens
@N2(X 1Sg

1 ,n), N2(A 3Su
1 , a8 1Su

2 , B 3Pg , C 3Pu , a 1Pg ,
w 1Du),N2

1 ,N4
1#, gas temperature, degree of dissociati

@N(4S)#/N, mean absorbed power per electronu, wave at-
tenuationa, etc.

Due to the inhomogeneous wave power absorption al
the wave path, the main discharge parameters, nonline
coupled to that power, also present axial variations. A
tailed analysis of the energy exchange pathways am
translational ~gas heating! and internal ~vibrational, elec-
tronic! modes of the heavy particles is presented. To achi
an accurate description of the discharge kinetics, the a
distribution of gas temperatureTg must be taken into consid
eration, because the variation ofTg results in changes in the
neutral density and some rate coefficients have a strong
perature dependence~for instance, those forV-T energy ex-
changes!. It is usually considered that gas heating in nitrog
discharges is determined byV-V andV-T energy exchanges
between vibrationally excited molecules and molecules
atoms. This is confirmed by experimental and theoretical
sults for SW discharge operation at 500 MHz. For these c
ditions of low degrees of ionization (1025– 1026), the exci-
tation of vibrational levels by electron impact followed b
V-T and V-V relaxation in N2– N and N2– N2 collisional
processes is in fact the dominant gas heating mechan
However, for a SW discharge operating at 2.45 GHz, hig
degrees of ionization and reduced effective electric fields
obtained, which results in higher populations of nitrog
molecules in electronically excited metastable states. Co
quently, gas heating channels involving these states can
an important role in the total gas heating. The trip
N2(A 3Su

1) metastable state plays the role of an energy ‘‘r
ervoir’’ for translational modes of gas particles. It was furth
shown that the simultaneous N(4S) atom density decreas
and the increase in the population density of the higher
brational levels N2(X 1Sg

1 , n520–35! toward the plasma
column end cause an increase in the relative contribution
high vibrational levels (n520– 35) to heating byV-T mul-
tiquantum energy exchanges in N2– N collisions.

The creation of ground state atoms N(4S) is mainly due
to electron impact dissociation, and the contribution of vib
tional dissociation is negligible, contrary to what has be
considered in many recent works. This is because the ef
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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tive depopulation of the higher vibrational levels of the ele
tronic ground state byV-T energy exchanges in N2– N col-
lisions causes a strong decrease in the vibratio
dissociation contribution. The loss channels for ground s
atoms are atomic reassociation at the wall, electron imp
excitation and quenching of N2(A 3Su

1) in collisions with
N(4S) atoms. At different frequency of discharge operati
different loss mechanisms of ground N(4S) state atoms are
predominant. The results demonstrate a crucial influenc
the N(2D,2P) metastable kinetics on the N(4S) density.
Small variations in the deactivation probabilityg for
N(2D,2P) atoms result in significant changes in the N(4S)
density. The strong coupling existing between t
N2(A 3Su

1) and N(4S) population densities should also b
pointed out.

In conclusion, a deeper physical understanding of nit
gen discharges sustained by a traveling surface wave req
further theoretical and experimental investigation. The
sults clearly show that an accurate determination of
N(4S) density in traveling wave driven discharge require
reliable treatment of the kinetics of plasma–wall intera
tions, including surface and bulk N(2D,2P) metastable atom
kinetics in correlation with the main discharge balanc
Work in this direction is in progress and will be reported
the future.
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