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Modeling of Wave Driven Molecular (H2, N2, N2–Ar)
Discharges as Atomic Sources
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Mário Pinheiro

Abstract—Microwave H2, N2, and N2–Ar discharges driven by
traveling surface waves are investigated as sources of ground state
N(4S), H(1s) atoms. The dissociation kinetics is discussed in the
framework of theoretical models based on a self-consistent treat-
ment of the main discharge balances, wave electrodynamics and
plasma-wall interactions. It is shown that the number density of hy-
drogen H(1s) atoms depends heavily on the wall conditions at low
pressure conditions. The kinetics of N(4S) and metastable N(2D)
and N(2P) atoms and of the molecular N2(A

3�+)metastable state
in a pure N2 discharge are shown to be strongly coupled. One pos-
sible way to control and to enhance nitrogen dissociation is the use
of an N2–Ar mixture. The increase in dissociation degree of N2
molecules at high Ar fractional concentration can be attributed
to dissociative recombination between electrons and N+2 positive
ions. The predicted results for the atomic density are compared
with emission spectroscopy data.

Index Terms—Argon, dissociation, hydrogen, microwave dis-
charge, modeling, nitrogen, plasma-wall, spectroscopy.

I. INTRODUCTION

T HE INTEREST in nonequilibrium molecular plasmas
generated by traveling surface waves (large scale long

plasma columns or flat plasmas) is motivated by the advan-
tageous properties of these sources regarding plasma based
technologies [1]–[4]. Surface wave (SW) discharges oper-
ating at microwave frequencies have flexible operation and
are characterized by high number densities of active neutral
species. In fact, of major importance are long-lived species
such as ground state atoms. For example, nitrogen atoms are
important precursors in surface treatment processes while
hydrogen atoms constitute efficient etching species. Moreover
the design and development of nitrogen atom sources could
be essential for the synthesis of gallium nitride (GaN), a wide
bandgap semiconductor whose properties have revolutionized
microelectronics and optoelectronic industries. Some peculiar
plasma devices involve remote plasmas; such setups use the
energy transferred in a tubular discharge which is carried by
the flow to the processing reactor [3], [4]. In this case, nitrogen
atoms are present in the postdischarge mainly due to their
axial transport. Therefore, the optimization of such a system
is inevitably coupled to the discharge source operation since
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the conditions at the end of the source determine the initial
conditions for the postdischarge.

The degree of molecular dissociation strongly influences
the whole discharge kinetics, thus the study of dissociation
kinetics is important on a fundamental basis too. Furthermore,
the volume and surface kinetics in discharges operating in
molecular gases are strongly coupled. As is well known [5],
the surface reactions, particularly those involving dissociated
atoms, play a crucial role in the whole discharge kinetics. Wall
reactions determine the probabilities of atomic reassociation
and of destruction of metastable species, and thus affect the
concentration of atoms and other species in the plasma bulk.
For example, wall reassociation of H(1s) appears to be an
important surface process at low-pressure conditions [6],
[7]. Concerning nitrogen discharges, the kinetics of atoms
is usually oversimplified in the theoretical models insofar as
the kinetics of the atomic metastable is not included even
though metastable and ground state atoms are strongly coupled.
Previous theoretical models describing SW discharges have
disregarded this important problem [8]–[11].

This paper is concerned with the modeling of surface wave
driven discharges in hydrogen, nitrogen and N–Ar mixtures
having in view a detailed analysis of the processes of molec-
ular dissociation, and the establishment of theoretical models,
which may be instrumental for discharge optimization regarding
the production of atomic species. The basic point of interest
here is the analysis of the collisional and transport processes
responsible for the balance between creation and loss of atoms
as well as the influence of the wall on this balance. In wave
driven discharges, all the balances governing discharge produc-
tion (such as the ionization, heavy particle and thermal balances)
are strongly correlated and inevitably coupled with the wave
electrodynamics [8]. For this reason, the processes of molecular
dissociation must be analyzed taking into account these inherent
interdependences along with the effects of plasma-wall interac-
tions.

In the present work, molecular dissociation is studied on the
basis of self-consistent models, which include coupled equations
for the plasma bulk describing the kinetics of free electrons,
the vibrational kinetics of electronic ground state molecules
N X H X , the kinetics of excited electronic
states of molecules H a c d B
c N A a B a w
and atoms [H(1s), N(S)], the chemical kinetics of ions
N N H H Ar , the gas thermal balance and the
charged particle balance (the latter determines discharge
sustaining field). The equations for wave dispersion and
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Fig. 1. Experimental setup.

wave power balance are further incorporated in the system of
equations.

A detailed analysis of the dissociation kinetics in H, N , and
N –Ar discharge is presented. In particular, the important as-
pect of plasma-wall interaction is addressed. It is shown that the
concentration of H(1s) atoms in pure Hdischarges is strongly
influenced by the wall loss probability, which in turn depends
heavily on the wall conditions, in particular on the wall temper-
ature. It is further shown that, the volume kinetics of metastable
atoms and their interactions with the wall have a significant in-
fluence on the dissociation processes in nitrogen discharges. In
the N –Ar discharge, Ar atoms strongly influence the dissoci-
ation processes of nitrogen molecules as a result of the contri-
bution of dissociative recombination between electrons and N
ions. The theoretical predictions for the ground state atom den-
sity are compared with emission spectroscopy data.

The organization of this paper is as follows. In Section II we
review some aspects related to the basic features of traveling
wave sustained discharges and the self-consistent modeling of
such systems. Sections III is devoted to the detailed analysis of
the molecular dissociation of discharges operating in H, N ,
and N –Ar. Finally, in Section IV we discuss the basic results
and conclusions of this work.

II. BASIC FEATURES AND SELF-CONSISTENTMODELING OF

TRAVELING SURFACEWAVE SUSTAINED DISCHARGES

Surface waves are guided waves, which travel along the inter-
face between two media, for example a plasma and a dielectric.
The waves are called surface waves because their field ampli-
tudes have a maximum at the plasma-dielectric interface and
decay both in the plasma and the air away from the boundary
(see Fig. 1). Discharges driven by surface waves have an ex-
tended active zone of operation outside the launcher because
the plasma is sustained by a wave which simultaneously propa-

gates and creates its own propagation structure [12]. The wave
power is progressively absorbed by the free plasma electrons,
which dissipate this power in collisions with the gas particles.
Thus the wave power decreases along the discharge and this
causes a decrease of the electron density and a change in the
wave propagation characteristics along the wave path. The en-
ergy transferred from the electrons to the gas particles is subse-
quently redistributed by numerous elementary processes among
the translational (gas temperature) and internal (vibrational, ro-
tational and electronic) degrees of freedom of the heavy parti-
cles. Thus, there is a strong coupling between bulk plasma ki-
netics, wave electrodynamics and wall conditions. Inhomoge-
neous wave-to-plasma power transfer results in axial variation
of all discharge quantities.

The following situation is considered in the present article.
The plasma column is sustained by an azimuthally symmetric
(TM mode, ) surface wave at a microwave frequency

(500 MHz and 2.45 GHz) in a cylindrical dielectric
tube with permittivity and internal radius (Fig. 1). The
wave field components in cylindrical geometry are , and

. The expressions for the field components are well known
and can be found elsewhere [8]. Thecoordinate is directed
along the tube axis and the wave propagates alongwith wave
vector ( and are the axial wave number and the
attenuation coefficient, respectively). As the wave propagates
and creates its own propagating structure, the wave power flow
decreases since its power is progressively absorbed by the
electrons. Therefore, the gas is excited, ionized, dissociated
and heated. Three important interrelated aspects of discharge
physics must be investigated self-consistently, namely [9], [10]:

1) axial variation of different steady-state discharge bal-
ances—electron and heavy particle balances, electron
energy balance, gas thermal balance, etc.;

2) characteristics of the surface wave propagation along the
generated inhomogeneous plasma column, i.e., axial vari-
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ation of wave dispersion characteristics and wave power
balance;

3) plasma-wall interaction resulting in an axial change of the
interface conditions, i.e., the conditions at the wall.

For a self-consistent modeling, the input parameters are the
usual externally controlled ones: gas pressure, wave frequency,
tube radius, and the power delivered to the launcher or the elec-
tron density at the position of the launcher.

It is beyond the scope of this paper to discuss all the pro-
cesses occurring in the molecular plasmas considered. In this
section we will only address a number of important issues for
the understanding of the discharge basic workings and in order
to briefly describe the set of equations used. These equations
are strongly coupled and have been solved altogether in a con-
sistent way. Since only the axial variations in the discharge prop-
erties, and not the radial ones, are of concern here, the plasma
column is assumed to be radially homogeneous for simplicity.
Under the conditions considered, the wave electric field pene-
trates into the whole plasma cross section (see Fig. 1), therefore
there is power absorption across the whole plasma. Although the
approach used is likely to introduce some errors in the descrip-
tion of wave propagation and electron kinetics, it nevertheless
enables one to deal self-consistently with the coupling between
kinetic and electrodynamic aspects. The above system of equa-
tions is discussed below.

A. Particle Kinetics

1) Kinetics of Plasma Electrons:The electron energy distri-
bution function (EEDF) of free plasma electrons is determined
by solving the homogeneous, quasistationary electron Boltzman
equation. The range of applicability of this approximation for
surface wave produced molecular plasma is discussed in [12].
The quasistationary approach is valid inasmuch as the frequency
of the applied HF field is much higher than the characteristic fre-
quency of electron energy relaxation. Further, under the present
conditions, the electrons are not radially in equilibrium with the
local reduced electric field at each radial position; the EEDF is
rather determined by some radially averaged value of the re-
duced electric field —at a given axial position .
This radially averaged value is called the maintaining field at
a given , which is determined by the charged particles balance
(see below). Assuming the anisotropy caused by spatial inho-
mogeneities and the field to be sufficiently small, the electron
velocity distribution is approximated by the usual two-term ex-
pansion in spherical harmonics [13]. Inelastic electron collisions
of the first and the second kind and electron–electron collisions
are accounted for. Since vibrationally excited molecules in N
and H discharges constitute an appreciable fraction of the total
molecular population, the EEDF is generally a functional of the
vibrational distribution function (VDF) of the electronic ground
state of H X and N X molecules. The explicit
form of electron Boltzmann equation used for calculations can
be found in [14]. The electron cross sections used are the same
as in [6], [7], and [15] for H and as in [8]–[10], [14] for N
and Ar. The reader should refer to these works for more details
concerning electron kinetics description.

The electron transport parameters and the rate coefficients, as
calculated from the EEDF, are functions of the reduced HF elec-
tric field ( is the total density of the neutrals
and where and are the
radially averaged wave electric field components in the plasma
at a given axial position) sustaining the discharge.

2) Heavy Particle Kinetics:The population of
H X and N X vibrational levels have
been determined from the usual coupled system of master
equations taking into account (i) vibrational excitation and
de-excitation by electron collisions (e-V processes); (ii)
vibration-vibration (V-V) exchanges; (iii) vibration-translation
(V-T) exchanges in collisions of NX with N , N and
Ar, and of H X with H , H; (iv) one-quantum energy
exchange in collisions of NX and H X
with the wall. Note that only single—quantum transition,
which are the most likely ones, are usually considered in
the (V-V) and (V-T) collisional exchange processes. The
sole exception concerns V-T exchanges in N-N and H -H
collisions for which multiquantum transitions are known to be
important. For hydrogen there exists an efficient vibrational
excitation mechanism (especially for upper vibrational levels

) through electron impact excitation of the H
and H states followed by fast decay to excited
vibrational levels of the electronic ground state HX
[6]. A detailed list of processes and corresponding rate
coefficients is given in [6]–[11], [14], [16]. A large number of
collisional-radiative processes involving electronically excited
states of N and H molecules and Ar atoms was taken into
consideration in the models developed. A list of the major
processes with the corresponding rate coefficient was given in
recent works [9], [10], [14].

B. Charged Particle Balance and Maintaining Field

For the self-consistent determination of the electric
field maintaining the discharge a balance between the
rates of charged particles production and loss has to be
obeyed. For example, in order to determine the electric field

maintaining a steady-state N–Ar
discharge the continuity equations for electrons and positive
ions N N Ar Ar together with the quasineutrality con-
dition N N Ar Ar are solved consistently. In
fact, the field strength necessary for the steady-state discharge
operation is obtained from the balance between the total rate of
ionization including direct, associative ionization [between the
metastables NA and N a ], pooling ionization
[involving Ar P P P P ] and step-wise ionization
processes [from N a B ] and the total rate of
electronic losses due to diffusion to the wall and electron–ion
bulk recombination (see Table I; here the symbol is
used to note that the electron rate coefficients for the corre-
sponding processes are calculated from the electron Boltzmann
equation. Data for recombination coefficients are taken from the
literature as a function of the electron “temperature”, i.e.,
of the electron mean energy for the present non-Maxwellian
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TABLE I

EEDF’s). Taking into consideration the processes mentioned
above, the electron continuity equation reads:

N N N N

Ar Ar Ar

N N N

N N Ar

(1)

where A a B denote the states NA a B , re-
spectively, is an ambipolar diffusion coefficient for elec-
trons in the presence of several types of ions and is an
effective diffusion length (which is determined assuming that
all types of ions reach the corresponding ion sound speed at
the plasma-sheath boundary) [14]. The expressions for the am-
bipolar diffusion coefficients of the different types of ions and
for the electrons are given in [1], [14]. Note that the electron
continuity (1) is strongly nonlinear in due to the strong de-
pendence of the electron rate coefficients on the electric field.
Small changes in the field result in large changes in the high-en-
ergy part of the EEDF, and thus in the electron rate coefficients
for excitation and ionization.

C. Gas and Wall Heating

The gas and wall temperatures influence strongly the rate co-
efficients for numerous bulk and surface reactions. Thus, their

values must be incorporated self-consistently into the models.
Under nearly isobaric conditions, neglecting the axial transport
of the particles and assuming a parabolic gas temperature radial
profile in agreement with experimental evidence [25], the sta-
tionary gas thermal balance equation can be written in the form
[6]:

(2)

Here, is the radially averaged gas temperature,is the wall
temperature and is the gas thermal conduction. Thermal
conduction to the tube wall usually is the main gas cooling
mechanism. The wall temperature is introduced as an input pa-
rameter, either determined experimentally [8], [9] or by semi-
empirical formulas [10], [15]. It was found that the measured
axial distribution of the wall temperature for the hydrogen dis-
charge can be well fitted by the semi-empirical formula [15]

Here, is the room temperature in K, (in Watt/cm ) is the
specific discharge power, is the tube radius in cm, and
and are fitting parameters. The axial variations of the wall
temperature in N–Ar mixtures is calculated by the formula

as obtained by a fit to experimental data (Fig. 2) [11]. Here,
the dependence on the wave power absorbed per unit discharge
length is introduced. The position of the wave launcher
is at .
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Fig. 2. Axial variation of the wall temperature in N–Ar discharge (p = 2

torr,!=2� = 2:45 GHz,R = 0:7 cm;�z is the distance from the end of the
discharge).

The right-hand-side of (2) , accounts for the net power
transferred per unit volume to the translational modes from
volume and wall sources of heat. The bulk excitation processes
of vibrational states of H and N followed by vibrational
relaxation via N-N , N -N, N –Ar, H -H, H -H collisions
constitute important gas heating sources [9], [10], [15]. At the
high degrees of ionization peculiar for discharges operating at
microwave frequencies, exothermic pooling reactions between
N A metastables should also be taken into account [9].

N A N A N X N

N A N A N X N B

Moreover, ion acceleration in the sheath with consequent gen-
eration of “hot” neutrals, gas phase species interactions with the
surface (such as de-excitation of metastable particles and vibra-
tionally excited states of molecules on the wall) and wall reas-
sociation of atoms also contribute significantly to the total gas
heating.

D. Wave Power Transfer

The theoretical treatment of the wave-to-plasma power
transfer is based on a simultaneous solution of the wave and
the electron power balance equations [8]–[10]. Consider a
plasma slice of thickness at the axial position z. The
amount of wave power locally absorbed by this plasma slice is

, ( denoting the plasma cross-section
and is the mean power needed to maintain an electron–ion
pair [8], [9]). Under steady-state conditions, the spatial rate of
wave power change is equal to the power absorbed by
the electrons per unit discharge length. The local power balance
equation is therefore

(3)

By differentiating (3), the following equation is readily obtained
for the axial gradient of the electron density:

(4)

This ordinary differential equation, stemming from basic elec-
trodynamical relations, correlates in a self-consistent way the
axial variation of the wave characteristics and the discharge pa-
rameters. Under the assumption of a slow variation of the plasma
permittivity along the wave path, “local” field equations with a
local dispersion relation are used in order to describe the dis-
charge electrodynamics. The wave dispersion properties, i.e.,
the attenuation coefficient and wave number are derived
as usual by considering the equations expressing the continuity
of the field tangential components across the plasma-glass and
glass-air interfaces (for details see for example [26] and refer-
ences therein). This yields a set of homogeneous equations, with
respect to the electric field components. The corresponding de-
terminant must vanish in order that a nontrivial solution exists.
The latter relation provides a local wave dispersion equation
(LDE), which can symbolically be expressed as [26]:

k (5)

where ( are the electron
charge and mass respectively,is the vacuum dielectric per-
mittivity) and and are -dependent effective values
of the electron density and total electron–neutral collision fre-
quency [26]. The numerical calculations are made in complex
algebra. The (5) is solved locally for any positionwithin the
geometrical optics approach i.e., the plasma is assumed locally
homogeneous in axial direction [26]. According to the experi-
mental situation, solutions for constantand variable
and along the wave path are searched. For each value of

the two real parameters and vs
are obtained.

E. Method of Solution

An example of the flow-chart of the solution algorithm used
in order to solve self-consistently the system of equations is de-
picted in Fig. 3. The input parameters of the model are the wave
frequency , the tube inner and outer radii and , re-
spectively, the pressure, the electron density at the position of
the SW launcher (or the total power needed to sustain the
discharge) and the initial value of the wall temperature
at the position of the launcher.

The procedure starts with arbitrary values of the electric field
maintaining the discharge, the vibrational (introduced

as a measure of the degree of vibrational excitation [14]) and
the gas temperature. The electron Boltzmann equation is
solved by iterations. In the calculations of the EEDF, the ac-
curacy achieved in the electron power balance equation (ob-
tained as a third moment of the electron Boltzmann equation
and yielding the value of) is better than . By using the
rate coefficients for electron impact processes, the nonlinear set
of equations for heavy particles and ions is solved by applying
the Newton-Raphson method. By iterations, convergent solu-
tions for the VDF and the vibrational temperature are ob-
tained for given value of the field. The electric field is then
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Fig. 3. Flow-chart of the model.

varied to satisfy the electron continuity (2). For the electric field
determination, an accuracy better than is achieved. As a
result of this iterative loop, convergent solutions for the heavy
particle density, the VDF and the electric field maintaining the
discharge is achieved for a given value of the electron density

. Then, the gas thermal balance (3) is solved and a new it-
eration procedure (loop 2) determines a self-consistent value of

. Using the self-consistently calculated values of and
the local dispersion equation (LDE) is solved in complex

algebra. The integration of (5) yields a new value of the electron

density at the position . Then a new value of the wall tem-
perature is obtained from the semi-empirical formula used. The
entire loop (3) is then repeated for the next axial position. So,
point-by-point, the discharge and the wave characteristics are
calculated along the plasma column untilreaches the critical
value , where it is assumed that the
discharge stops.

The calculated results include the axial variation of the
EEDF and its integrals, , the VDF of the electronic
ground N X state , the population densities of the
electronically excited states NA a B
a w Ar P P P P , positive ions N N
Ar Ar and nitrogen atoms in the ground state N(S),
electric field , gas temperature , and wave attenuation
coefficient and wave number .

III. D ISSOCIATION KINETICS IN H , N ,
AND N –Ar DISCHARGES

A. Molecular Dissociation in H Surface Wave
Sustained Discharge

In a pure hydrogen discharge, the H(1s) atom density is deter-
mined by the mechanisms listed in Table II. Dissociation of H
molecules with formation of two hydrogen atoms in the ground
state H(1s) results mainly from direct excitation of the repulsive
state H by electron impact of intermediate and high-en-
ergy electrons on Hmolecules as well as from the excitation
of bound triplet states H followed by fast
radiative decay into the H state. Therefore, the sum of
the rate coefficients for the excitation of these states appears as
a rate coefficient for the dissociation of Hby electrons. Dis-
sociation by electron impact yielding H H and
H H are further considered. Dissociative attach-
ment of slow electrons to vibrationally excited Hmolecules
and mutual neutralization of electrons and negative ions H
with positive ions are also sources of ground state hydrogen
atoms.

The ground state atoms are mainly destroyed through hetero-
geneous reactions on the wall. Such interactions are taken into
account in a one-dimensional bulk model by using radially-av-
eraged rates of wall losses (in ) expressed in the form

where is the diffusion coefficient, is the particle mean
velocity close to wall and is the probability of wall deacti-
vation, i.e., the fraction of wall collisions leading to losses of
the species. A pyrex wall is considered. The loss of H atoms at
low-pressure conditions is mainly controlled by wall reassocia-
tion, due to their fast diffusion to the wall and the small value
of . Thus the diffusion term can be ignored in determining the
total wall loss rate. According to the results in [7] the following
wall temperature dependence has been used for

(6)

where or . These two values
of and the wall temperature dependence (6) describe rather
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TABLE II
KINETICS OF THEGROUND H(1s) STATE ATOMS IN HYDROGEN DISCHARGE

well different experimental measurements which can be split
into two data sets. The difference in approximately a factor of
5 between the values of for these two sets can be connected
with different technologies for the production of Pyrex glass: i)
large difference in the roughness factors; ii) large differences in
the surface densities of chemically active sites, which control
the value of . This could be connected, for example, with
different surface densities of admixtures, defects, partial occu-
pation of active sites by chemically nonactive molecules, etc.

Wall reassociation is usually associated with chemisorbed
atoms, i.e., irreversibly adsorbed atoms at active sites on the
wall. The surface is covered with a small fraction of such active
sites. Chemisorbed atoms can recombine with atoms arriving at
the active sites either directly from the gas phase (Eley-Rideal
mechanism) or from physisorbed (reversibly adsorbed) atoms,
by diffusion along the surface (Langmuir-Hinshelwood mecha-
nism) [32]. The losses of gas phase atoms on a Pyrex surface in
the range of wall temperatures K may be attributed to
the Langmuir-Hinshelwood mechanism [7], [15]. This fact can
be recognized on Fig. 4 where the dependence of the degree of
dissociation on the wall temperature is depicted. An externally
forced “local” (at a fixed axial pozition in re-
spect to the plasma column end, cm) cooling/heating
of the tube wall of a surface wave sustained discharge operating
at 500 MHz has been performed. Clearly, the number density of
H(1s) atoms decreases when locally increases up to about
400 K, thus following the wall temperature dependence of the
wall reassociation probability (6).

The dissociation degree of hydrogen moleculeswas de-
termined by applying an emission spectroscopy method based
on the measurement of the ratio of the Hline intensity

Fig. 4. Wall temperature dependence of the degree of hydrogen dissociation.

of atomic hydrogen to the integrated intensity of the Fulcher
band system emission ( branch) of
molecular hydrogen (see Fig. 5) [33]–[35]

(7)

Here are the rate constants (aver-
aged over the electron energy distribution under assumption, in
this case, of Maxwellian electron energy distribution function
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Fig. 5. Emission spectrum of an hydrogen surface wave sustained discharge
(p = 0:15 torr,!=2� = 500 MHz, R = 2:25 cm, Pyrex tube).

Fig. 6. Axial variation of the hydrogen atom relative number.

of free plasma electrons) for excitation of Hd level, dis-
sociative and direct excitation of the line, respectively, and

is the electron thermal velocity. Data for cross sections, tran-
sition probabilities and radiative lifetimes are taken from [34].
Conventional probe diagnostic techniques described elsewhere
have been applied in order to obtain the electron temperature.

The experimental results for the axial variation of the relative
H(1s) number density along the plasma column and the model
predictions for two scaling values of are shown in Fig. 6. The
axial position is normalized to the total discharge length,, in
such a way that corresponds to the position of the
launcher and to the plasma column end. Due to
the strong dependence of the wall reassociation probability on
the wall temperature (which decreases toward the end) the H(1s)
density could be expected to increase toward the plasma column
end. However, the decrease in electron density reduces the rate
of dissociation, and the relative number of hydrogen atoms falls

close to the end. The theoretical results are in closer agreement
with the experimental ones when a higher reassociation proba-
bility is assumed. As seen, there is drastic dependence of the
degree of molecular dissociation on the wall conditions. De-
pending on the wall reassociation probability the relative atom
density [H(1s)]/[H ] can vary significantly [15]. Thus the ob-
tained results suggest that the external change of the wall tem-
perature can be used to achieve dynamic control of the molec-
ular dissociation in hydrogen discharges.

B. Molecular Dissociation in N Surface Wave
Sustained Discharge

The main source channel of ground state N(S) nitrogen
atoms in a microwave discharge at low pressure conditions is
electron impact dissociation according to the reactions

N X N S N S

N X N S N D

Dissociative recombination between electrons and Nions con-
stitutes another source channel

N N S N S

Atomic re-association on the wall is one of the loss channels of
N( S) ground state atoms:

N S wall N X

Here, is the probability of wall re-association whose value
depends on the surface conditions [32].

Other loss channels for ground state atoms are electron im-
pact excitation to atomic metastable states

N S N D P

and quenching by metastable NA molecules

N A N S N X N P

These reactions do not correspond to complete loss of ground
state atoms because the metastable atoms N(D, P) so formed
are partly converted back to the ground state N(S) by electron
superelastic collisions, destruction at the wall and quenching by
N molecules (see Table III). Therefore, the volume kinetics of
atoms excited in metastable states and their interactions with the
wall have a significant influence on the dissociation processes
in a nitrogen discharge. The kinetics of N(D, P) metastable
states is taken into account by considering the source and the
loss channels listed in Table III. When metastable atoms dif-
fuse to the wall they are destroyed by quenching or reassocia-
tion into N molecules. In the present model, we assume that
a certain fraction of metastable atoms arriving at the wall are
quenched to ground state N(S), while the remaining fraction

recombine into N molecules. In order to demonstrate
the sensitivity of the results to this parameter, the axial varia-
tion of the relative concentration of ground state atoms for two
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TABLE III
KINETICS OF THEN( D) AND N( P) ATOMIC METASTABLE STATES IN A

NITROGEN DISCHARGE

Fig. 7. Relative concentration of N(S): experimental measurements
(�;�); (���;—) calculations (N discharge,p = 2 torr, !=2� = 2:45
GHz,R = 0:7 cm).

different values of is shown in Fig. 7. As can be seen, the rel-
ative concentration of ground state atoms decreases toward the
column end, essentially as a consequence of the decrease in the
electron density along the discharge. The experimental results,
also shown in the figure, are close to the theoretical ones when
the is assumed, i.e., most metastable atoms reaching
the wall are converted back to the ground state.

The atomic concentration has been measured by applying an
actinometry technique [40] using Ar as actinometer. The exper-
iments are performed in a nitrogen microwave discharge oper-
ating at the frequency GHz and pressure
torr. Intense nitrogen atomic lines belonging to the transition

S s P have been detected in the emission spectrum
of the discharge as seen from Fig. 8. The intensity ratios of the
two nitrogen atomic lines nm and nm
to the nm argon atomic line (transition s )
have been detected as a measure of the relative concentration of

Fig. 8. Emission spectrum of the Ndischarge.

ground state nitrogen atoms [N(S)]/[N ]. In order to determine
the concentration of N(S) atoms it has been assumed that the
N(3p S ) and Ar excited states are principally populated
by direct electron impact excitation of the atomic ground state
and lost by radiative de-excitation or quenching by nitrogen
molecules and argon atoms.

The relative concentration of ground state N(S) atoms can
be calculated using the relation [11]:

N S
N

A
A

k
k

A KN N K Ar

A K N K Ar

Ar
N

I
I

(8)

Here, A A are the emission probabilities for all the
radiative de-excitation processes from the considered excited
levels (A s and A s ),

and represent the spectral response of the system
at 744 and 750 nm respectively, KN cm s
and K cm s are the quenching coefficients
of the N S state by Ar atoms and Nmolecules. The mean
values KN cm s and K
cm s are taken for the quenching coefficients of excited Ar
atoms [11], [40]. [N ] is the total nitrogen concentration. The
total nitrogen and argon concentrations and the ratio [Ar]/[N]
can be calculated from the measured gas temperatures (under
nearly isobaric conditions, by applying the ideal gas law

) and the flow rates of the gas components [8], [11]. The
variations of the ratio k k are accounted for by using the
experimentally obtained electron temperatures.

Fig. 9 shows the contribution of the different destruc-
tion channels of N(S) atoms: recombination at the
wall (full curve): electron impact destruction by the re-
action N S N D (broken curve) (R2
in Table III); electron impact destruction by reaction

N S N P (dotted curve) (R3); and destruction in
collisions with the metastable state NA through reaction
N A N S N X N P (R7, chain
curve). Close to the launcher, where the electron density is
higher, the destruction processes by electron impact dominate.
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Fig. 9. Percentage contributions of the various destruction processes of N(S)
atoms along the discharge length: N( S) + wall! (1=2)N (X; v = 0)(—);
reaction R2(���); R3 (� � �); R7 (� � �).

However, as one moves along the discharge axis toward the
plasma column end, the reaction with NA metastables
starts to dominate. Destruction of ground state atoms at the
wall seems to be a minor loss channel. Nevertheless, there
exists large uncertainties in the collisional data in particular in
the value of the recombination probability of nitrogen atoms at
the wall. Here, we consider [9], [32]. A larger
value of would lead to a higher contribution of wall losses. It
should be emphasized that reactions R2, R3, and R7 do not de-
stroy effectively ground state N(S) atoms because most atoms
excited in metastable states trough these reactions subsequently
give back N(S). This can be seen in Fig. 10 where the per-
centage contribution of the different source channels of N(S)
atoms is presented: electron impact dissociation of N(full
curve); electron superelastic collisions with metastable atoms

N D P N S (R2, R3 broken curve); deactivation
of metastable atoms at the wall ND P wall N S
(R12 and R13 dotted curve); quenching of N(D) by N
molecules N D N N S N (R5 chain curve);
quenching of N(P) by vibrationally excited molecules
N P N N S N (R11 double
chain curve). Other processes not shown here have negligible
contribution for the conditions considered. The calculations
show that approximately 90% of the created metastable atoms
give back N(S). Furthermore R7 is the main reaction for N(S)
destruction but it is practically cancelled by the reverse reaction
R11 which constitutes the main source of ground state atoms.
Thus, these two reactions ensure a strong correlation between
the atom kinetics and that of the NA metastable. In this
way, the detailed kinetics of metastable atoms and NA
molecules is essential to determine the concentration of ground
state atoms as the results demonstrate.

C. Molecular Dissociation in N–Ar Discharge

At the high degrees of ionization of the present situation, the
production of N(S) by dissociative recombination N

Fig. 10. Percentage contributions of the various creation processes of N(S)
atoms along the discharge length: dissociation of Nby electron impact,e +
N ! N( S) + N( S) ande + N ! N( S) + N( D)(—); reaction R2 and
R3 (���); R12 and R13(� � �); R5 (� � �); R11(��).

Fig. 11. Percentage variation of the positive ion density in N–Ar discharge
as a function of the mixture composition (p = 2 torr, !=2� = 2:45 GHz,
R = 0:7 cm;n = 1:2� 10 m = const).

N S N S plays a significant role and provides an increase
in the dissociation degree of Nmolecules in N–Ar discharge.
This is related to the fact that Nions are the dominant pos-
itive ions even at high Ar fractional percentages in the mix-
ture (Fig. 11). In addition to a number of source channels con-
tributing to N creation in a pure Ndischarge (see Table I), i.e.,
electron impact ionization, associative ionization and step-wise
ionization, fast charge transfer processes

Ar N N Ar

contribute also to N production in N–Ar mixture. It should be
emphasized the charge transfer rate increases with vibrational
excitation. Here, the mean values cm s and

cm s have been used for the corresponding
processes [41]. The relative contribution of the different source
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Fig. 12. Relative variation of N ion source channels with Ar percentage (p =

1 torr, n = 1:5� 10 m = const).

channels to the total N production depends on the pressure
and mixture composition (see Fig. 12). At lower pressure the
contribution of the charge transfer Ar N N Ar
is dominant while at higher pressures associative ionization
prevails. Collisional quenching of NB a a
states with Ar atoms enhances the relative population in the
N A state. The radiative and collisional coupling be-
tween N A N B and N states is strongly
influenced by the presence of Ar atoms in the N–Ar discharge
due to the following chain of reactions [10], [11]:

N a Ar N a Ar N B Ar

N A Ar

Quenching of N a and N a in collisions with Ar
atoms populates NB and the subsequent quenching of
this state in collisions with molecules (N) and atoms (Ar)
along with radiative decay effectively populate NA .
As a result, the contribution of associative ionization through
N A also increases.

The emission of the N B X
391.4 nm band is indicative of the Npresence in the discharge
[8]. The N B state is excited from N X
both by direct electron impact and by energy exchange re-
actions in collisions of N X ions with vibrationally
excited N X molecules. When the condition

is nearly fulfilled, one can
assume thatN I N B X .
The variation of the 391.4-nm line intensity I(391) versus the
Ar percentage in the mixture is shown in Fig. 13. The measure-
ments are performed close to the launcher in a
microwave surface wave sustained discharge operating at the
frequency GHz in an N –Ar mixture (
cm) at constant pressure and nearly constant electron density.
For the purposes of comparison, the predicted variation of the
N density as the Ar percentage changes (two different cases
are considered) is also shown. As seen, discarding the contribu-
tion of the fast charge transfer processes ArN N Ar

Fig. 13. Dependence of Nion relative number on Ar percentage. The dashed
and solid curves are theoretical calculations with and without charge exchange
processes(Ar + N $ Ar + N ) taken into account, respectively.

(solid line in the Fig. 13) results in a different behavior of the
N density when the mixture composition is changed. The
predicted behavior of the Nrelative number density follows
the experimental one only when the above charge transfer
processes are taken into consideration (dashed line on the
figure). These results are indicative of a significant contribution
of charge exchange between Nand Ar to the creation of N
at higher Ar percentages for the present conditions [11].

The variation of the relative density of ground state atoms
versus the Ar percentage when the electron density and the pres-
sure are kept constant is shown in Fig. 14. As seen, the change
in Ar percentage in the mixture results in a peculiar behavior
of the N dissociation degree. The experimental (i.e., from rela-
tion 8) and the theoretical dependences (solid curves) of the N
dissociation on the Ar percentage show a good agreement as-
suming that 90%–95% of atoms in metastable states give back
ground state N(S) atoms (due to the bulk and wall quenching).
At low pressure ( torr, Fig. 14(a)) the N(S) relative den-
sity first drops but then increases as the Ar percentage grows. At
higher pressure ( torr, Fig. 14) it remains approximately
constant for Ar fractional percentages between 20% and 80%.
The relative number density of the ground state atoms varies be-
tween 5 and 10% for the conditions considered. The competition
between source channels, presented in Fig. 15, determines the
dissociation degree dependence on the Ar percentage. At lower
Ar percentage, electron impact dissociation has a dominant con-
tribution to the production of ground state atoms, while for Ar
fractional percentages higher than 50% dissociative recombi-
nation starts to dominate. For the higher pressure considered
here (4 torr) this channel dominates for Ar percentages between
5% and 95%. The observed increase in the relative number of
ground state N(S) atoms at high Ar percentage % , for
all the pressures considered, can be attributed to the increasing
contribution of recombination as shown in the figure. At lower
Ar fractional percentages, the dissociation degree variation fol-
lows the changes in the high energy part of the electron energy
distribution function [10]. In conclusion, these results clearly
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Fig. 14. (a), (b) Variation of ground state atom relative number [N(S)]/[N ]
with Ar fractional concentration for various percentages of destruction of
metastable atoms back to N(S) ground state.

Fig. 15. Relative contribution of the N(S) source channels (!=2� = 2:45
GHz,R = 0:7 cm).

show that changes in the Ar percentage can be used to control
and enhance the degree of Nmolecular dissociation.

IV. CONCLUSION

We have presented an investigation of the dissociation
processes in low pressure H, N , and N –Ar microwave
discharges sustained by traveling surface waves in which
the coupling between electron, vibrational and chemical
kinetics, wave electrodynamics and plasma—wall interactions
is consistently taken into consideration. By applying emission
spectroscopy, experimental validations of the model predictions
have been performed. From the comparison between theoretical
and experimental results, the following main conclusions about
H and N molecular dissociation in surface wave sustained
microwave discharges can be drawn:

1) The dissociation kinetics in a pure Hdischarge is mainly
determined by electron impact dissociation and wall re-
association of H(1s) atoms into Hmolecules for the low
pressure conditions considered. Molecular dissociation of
H molecules is strongly influenced by the value of the
wall loss probability, which depends heavily on the wall
conditions, in particular on the wall temperature. This de-
pendence can be used to achieve an external dynamic con-
trol of hydrogen dissociation.

2) The results for pure Ndischarges demonstrate the exis-
tence of strong correlation between the kinetics of N(S),
N( D), and N( P) atoms and N A metastables
through the reactions:

N S N D

N S N P

N S N A N X N

N X N P N S N A

3) Ar atoms strongly influence the dissociation processes
of N in N –Ar discharges at the high degrees of ion-
ization achieved in microwave discharges. Positive N
ions are the dominant positive charged particles over a
wide range of Ar percentages. This is a consequence of
the contribution of the charge transfer processes between
Ar and N and of the effective associative ionization in-
volving N A metastables. The increase in the rela-
tive number of ground state N(S) atoms at high Ar frac-
tional percentages can be attributed to dissociative recom-
bination of N with electrons.

In conclusion, surface wave sustained discharges operating
at microwave frequencies are promising sources of ground state
atoms [N( S), H(1s)] as the results demonstrate. However, the
kinetics of gas discharges in molecular gases is a complex sub-
ject due to the highly nonlinear reaction processes occurring si-
multaneously that strongly affect the nonequilibrium discharge
kinetics. For this reason, it is essential to combine theoretical
and experimental investigations in order to reveal the main ki-
netics mechanisms, in particular those of the dissociation ki-
netics. Unfortunately, the predictions of the models rely heavily
on the data used for different processes and in many cases data is
still not known with sufficient accuracy. This lack of knowledge
is particularly crucial for plasma-wall interactions, a major dif-
ficulty being that such interactions depend heavily on the wall
conditions. For this reason, much theoretical and experimental
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work still needs to be done in order to improve knowledge on
atom wall interactions.
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