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Abstract. A self-consistent kinetic model based on a set of coupled equations
consisting of the local electron Boltzmann equation and the rate balance equations
for the most important excited species (vibrationally and electronically excited
molecular states) and charged patrticles in a nitrogen discharge has been
developed. The system under analysis is a plasma column produced by a
travelling, azimuthally symmetric surface wave. Electron collisions of first and
second kind with nitrogen molecules and electron—electron collisions are accounted
for in the Boltzmann equation. Therefore, this equation is coupled to the set of
equations for electronic and vibrational populations through both inelastic and
superelastic collisions. The field strength necessary for the discharge steady-state
operation is obtained from the balance between the total rate of ionization
(including associative, direct and step-wise ionization) and the total rate of
electronic losses (due to diffusion to the wall and bulk recombination). The model
determines, as a function of the discharge operating parameters (pressure, tube
radius, wave frequency, degree of ionization), the electron energy distribution, the
populations of the vibrational levels of the electronic ground state and the most
important electronic states No(A3x!, a'1x;, B3I, alll,, C3I1,) as well as the
concentrations of N; and Nj ions, consistently with the discharge maintaining
electric field. Theoretical results for the electron energy distribution function and
some of its moments are compared with experimental ones obtained in a
low-pressure surface-wave-sustained discharge at a wave frequency of 500 MHz.

1. Introduction maintaining the discharge may be considered as radially
homogeneous [2, 3].
Among the variety of high-frequency-produced discharges, Regarding present knowledge on SW sustained
a plasma column sustained by a travelling, azimuthally discharges, it is noteworthy that SW plasma physics has
symmetric electromagnetic surface wave is certainly one reached a modelling stage (in the case of inert gases) far
of the most well behaved HF plasmas [1]. The surface above that for any other HF plasmas. But, despite the good
wave field heats the electrons which ionize the gas ensuringdeal of theoretical and experimental work [2-17] which
in this way the wave propagation; the plasma column so has been done in recent years, the more complicated cases
generated acts as a self-supporting waveguide. This mean®f molecular gases, important for applications, have been
that the surface wave (SW) plasmas do not require anMmuch less investigated. The principal reason for this is that
accompanying waveguide structure placed all the way alongthe elementary processes in molecular gases are complex
the plasma column because the wave generates its owrnd depend on many, strongly coupled parameters.
propagation structure. Aside from the technological aspects ~ Nitrogen is widely used in gas discharge physics
which make SW plasmas attractive for applications [1], the |nves_t|gat|ons and applications, one of the reasons being
SW plasmas exhibit some properties which considerably that it has a number of states that store energy and make
simplify theoretical calculations. For instance, in the It @vailable for specific processes [18]. These states,
limit of the ‘long-wavelength approximation’, valid in a

which include vibrationally and electronically excited
given range of discharge conditions, the SW electric field states of nirogen molecules, atoms, efc, are essential

for applications. Theoretical investigations of nitrogen
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Maxwellian, its form reflects important features of the populations of the vibrational levels of the electronic
electron—-molecule energy exchange processes. Superelastiground state and the most important electronic states
collisions between electrons and vibrationally excited Np(A3x}, d 1%, B3M,,all,, C3M,) as well as the
molecules in the electronic ground statez(NlE;r) concentrations of @ and l\[iF ions, consistently with the
play an important role in enhancing the electron energy discharge maintaining electric field. Theoretical results for
spectrum at high energies [19]. Knowledge of the the EEDF and some of its moments are compared with
distribution of vibrationally excited molecules is therefore experimental ones obtained in a surface-wave-produced
essential to estimate the influence of these collisions. nitrogen discharge ab/27 = 500 MHz.

Loureiro and Ferreira [20-22] have reported self-consistent  The paper is organized as follows. Details on the
calculations based on the Boltzmann equation with model and input data are presented in section 2. Results
inelastic and superelastic collisions coupled to vibrational describing electron and heavy-particle kinetics are given in
rate balance equations including electron-vibration (e— section 3. The comparison with experimental data is made

V), vibration-vibration (V-V) and vibration—translation in section 4. Section 5 is devoted to the main conclusions.
(V-T). Capitelli, Winkler and co-workers [23—-26] have

investigated the problem of the time evolution of the
coupled electron energy distribution function (EEDF) and
vibrational distribution function (VDF) for the bulk plasma

in RF discharges. The solution to the coupled electron
and vibrational kinetic equations in ;Ndischarges has

provided detailed qualitative insight into the discharge S
energy balance and the relative importance of various 2-1. ‘Long-wavelength approximation’

electron and heavy-particle collisional processes. However, 5, azimuthally symmetric surface wave possesses both
the basic point of interest in modelling nitrogen discharges o 4ial . and axial. E.. electric field components with

(keeping in mind technological purposes) is to correctly g yariations in their amplitudes. Since in the bulk
predict the population densities of all heavy particles, plasma|E.(r)| > |E,(r), the E. field component is the
consistently with the electron energy distribution and the o contributor to the total surface wave electric field.
electric field sustaining the discharge, as a function of the Concerning the electric field radial profile we assume
discharge operating conditions (pressure, wave frequency,the validity of the long-wavelength approximationalso
vessel geometry, degree of ionization or absorbed power)'calledthin-cylinder approximatior27]. As pointed out in

The main plagma processes depend.on the properties of th"f2,3, 28], in this approximation the electric field is nearly
discharge which, in turn, are determined by the externally constant over the whole radius

controllable system design and operating parameters. It

2. Theoretical formulation

The situation to be considered here is that of a plasma
column of radiusk sustained by a travelling surface wave.

should be emphasized that to optimize plasma processes |E(r)| = |E.(r)] = constant
the knowledge of general trends is more important than a )
‘specific solution’ to a particular case. which considerably simplifies the kinetic modelling of

For the above reasons, a self-consistent kinetic model syrface-wave-produced plasmas in this case. The criterion

based on the set of coupled equations consisting of the localfor validity of this approximation may be formulated as [3]
electron Boltzmann equation and the rate balance equations

for the most important excited species (vibrationally k.R| <1

and electronically excited molecular states) and charged

particles in the discharge has been developed in thewhere k; is the transverse wavenumber, a com-
present work. The system under analysis is a plasmaplex/imaginary quantity which determines the ‘reciprocal
column produced by a surface wave (in the azimuthally radial decay length’ of the electric field. For the collision-
symmetric mode) in the limit of the ‘long-wavelength less case (when, < » with v,, being the electron—neutral

approximation’. Electron collisions of first and second kind elastic collision frequency)

with nitrogen molecules and electron—electron collisions

are accounted for in the Boltzmann equation which is k.| = [ﬂz—(a)/c)zs,,l]l/2
therefore coupled to the set of equations for electronic _ -
and vibrational populations through both inelastic and Where e, = 1 — (w,./w)? is the plasma permittivity,

superelastic collisions. The field strength necessary for @, and g are the electron plasma frequency and the
a steady-state operation of the discharge is obtained fromaxial wavenumber respectively. Estimations show that
the balance between the total rate of ionization, including for electron number densities, < 1010 m=3,
associative (from BA3SF) and Ny(al%;) metastable ~ wavenumbersp e 60-80 m' (w/2r = 200 MHz,
states), direct and step-wise ionization (from(N3%;), R = 2 cm) the ‘long-wavelength approximation’ is
N2@1%,), and N(B 3I‘[g) states), and the total rate of valid. However, for densities, > 10" m=3, due to
electronic losses (due to diffusion to the wall and bulk large values ofe, this approximation is violated. As
recombination). A boundary condition for the ion speed emphasized in [3], the range of validity of the ‘thin-cylinder
is applied in order to account for the sheath formation at approximation’ towards higher densities is considerably
the wall. extended if collisional effects are accounted for. In
The model determines, as a function of discharge fact, it has been shown that collisions yield a significant
operating parameters, the EEDF, the radially averagedflattering in the E, radial profile even for low values
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of the ratiov,,/w. For this reason, in order to study

Self-consistent model of a surface-wave discharge

Herein, N is the total neutral number densityy) is the

basic trends, the numerical calculations in the presentmean electron energy, is the elementary electric charge,
investigation are extended to electron densities of the orderandk = 2m/M, wherem and M denote the electron and

of 10 m=3. Thus, we assume that the surface wave
electric field maintaining the discharge may be considered
radially homogeneous and directed along the plasma axis
E = 2E exp(iot).

2.2. Boltzmann equation

Calculations were made by numerically solving the steady-
state electron Boltzmann equation using the classical two-
term expansion in spherical harmonics.
following:

(i) the field amplitude and the diffusion gradients are
sufficiently small that the anisotropy of the electron velocity
distribution remains low and the latter distribution can
be well represented by a two-term expansion in spherical
harmonics;

(i) the wave frequencyw is sufficiently high so that
the electrons do not lose appreciable energy in collisions
during a cycle of the field oscillation and the EEDF can be
assumed stationary;

(i) the space charge field is small and can be
neglected, i.e. the electron energy distribution is essentially

We assume the

molecular mass respectively. The total momentum transfer
cross-sectio,,, (1) includes the contributions of electron—

smolecule and electron—ion collisions [29].

The first term on the right-hand side of (1) accounts
for collisions of the first kind in which an electron gives
internal energy to a nitrogen moleculg;; is the cross-
section for excitation from théth to the jth state,u;;
denoting the corresponding energy threshold; @and=
N;/N is the relative concentration of Nmolecules in the
ith level. The second term accounts for collisions of the
second kind (superelastic collisions) in which an excited
molecule supplies energy to the colliding electrag; is
the electronic cross-section for de-excitation from jtie
to theith state.

The excitation of electronic states was treated as a
single energy loss process assuming that all molecules are
in the ground vibrational level NX 12;,1; = 0), ie.
no discrimination has been made in this case between
individual vibrational levels of the ground and the final
electronic states. Further on, (1) treats the ionization
process similarly to an excitation with a single energy loss,
equal to the ionization energy, and neglects the production

determined by the external HF field and the energy l0ssesof new electrons by direct ionization. In the calculations,

associated with inelastic and elastic collisions, thus the local
approximation is valid;

(iv) the effects of secondary electron production can be
neglected.

superelastic collisions of electrons with electronically
excited states were neglected since, in geneyakg 1

for these states. Thus, only excitation and ionization from
the ground state are considered. In this case, on the right-

Under the above assumptions, the fundamental equationhand side of equation (1) the contribution of excitation to

obtained for the EEDF is [2,21,29-31]:

HIHER w

_a é W Qen E
+[ernu2 + 3Fee%h(u)]fo(u)}

+ 2Fw%g<u>}

= 251‘{(14 + uij)qij(u + uij) folu + u;j)
ij

—uqi; () fo)}y + Y 8;{( — u;j)qji(u — uiy)

Jst
X fo(u — uij) — ugji (u) fo(u)}
where fp(u) is normalized as

1)

/ " oty du = 1
0

Here,u is the electron energy in eVEex is the effective
electric field

E E Ven (1)
ff=—"=——"— i3
T V202, ) + w?)?
and
2
F,. = ¢ InA A =127 (%(u)soe)s/z e73n;l/2

247'[88
o) = / 2 fo ) dx + 12 / folx) dx
0 u

hu) = /uxl/zfo(x)d.x.
0

electronic states reduces to

9
D 1+ u)qy(u + uy) folu + uy) — ugy ) fo(u)}
s=1

with the subscripts referring to various states. Conse-
quently, thes;’s appearing in the remaining terms refer
only to the fractional populations in the vibrational levels
of the electronic ground staté, = N,/N, N, denoting
the number density of vibrationally excited molecules in
thevth level. Vibrationally excited molecules in an electric
discharge may constitute an appreciable fraction of the total
molecular population. Thus the EEDF is strongly affected
by their presence, as is well-known.

On inspection of equation (1) is seen that the EEDF
depends on the set of parametef§N, w/N, n./N,
N,/N. The degree of ionizatiom,/N can be obtained
from measurements and be considered as an independent
parameter, since it can be externally controlled by changing
the power supplied to the discharge. In genefaly) is a
function of the vibrational distribution functio®, = N,/N
and the electric field maintaining the discharge, so a self-
consistent determination is of particular importance. The
inelastic and superelastic processes included in the electron
Boltzmann equation as well as the sources of data are given
in table 1. The cross-section for direct electron impact
ionization, with appropriate shifts in the energy scale, was
used for step-wise ionization processes.
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Table 1. Inelastic and superelastic electron collisions.

Process Rate constant Reference

e+No(XIZH v=1i) > Np(XIZt v=j)+e

with /,j = 0-8, i < j [32]
e+ N2(X12;, v=j) - Nz(xlzg, v=i+e
with /,j = 0-8, i < j [32]
e+Na(X'Z;, v=0) = Na(Y) +e
for Y =(A%%}, a'lx,, B3, alll,, C°M,, B 3%, W3A,, E32§) [32]
e+N2(X12;,v=O)—>N§+e+e Z, [32]
e+Ny(A%Z)) > Nj +e+e Z, [32]
e+Ny(B3ly) > N; +e+e Z3 [32]
e+Ny@'z,;) > N;+e+e Z4 [32]
2.3. Heavy-particle kinetics transition from the N(B3I1,), No(alll,) and Ny(C3I1,)

states. They are lost by diffusion to the wall (the diffusion
coefficientD,, is given by 49x 104/p m? s™1, where the
pressurep is in Torr [42]) and by transitions to other levels.
Another important loss mechanism for2M3):u+) comes
from collisions with nitrogen atoms. The relative density
of nitrogen atoms is not determined from our model and
has been assumed to be 1%, which is a typical value under
present conditions.

2.3.1. Vibrational distribution function é,. Since the
EEDF is a function of the vibrational distribution function,
the latter must be obtained consistently wifp(u) by
coupling (1) to the set of rate balance equations for the
vibrational population of the electronic ground state. The
vibrational master equations can be written in a symbolic
form as [20-26, 33, 34]

(dNU ) (de ) (dNU ) (de )NZ—N
— 5 +\ = . L
dr /.y dar J,—y dr /¢ dr /¢ 2.3.3. Density of positive ions. In the present work we
dn, dn, dn, consider three species of charged particles: electrons and
o wo Uar ), a ooy two kinds of positive ion, I and Nj, respectively. The
dN. ¢ charged particle concentrations are assumed to obey the
+ ( dt") =0. (2) guasineutrality condition
R
The various processes accounted for in equation (2) are 2
listed in table 2. We note that only single quantum e = ZNf

transitions, which are the most likely ones, have been
considered in the V-V and V-T collisional exchange Hereafter, the subscripty = 1, 2 will be used to
processes. The sole exception concerns V-T exchangesdentify data related to N (G =21andN (j =2
in No—N collisions in which the effects of multiquantum  correspondingly.
transitions are known to be important [33,34]. The V-D The Nj ions are created by electron impact ionization
reactions take into account dissociation by V-V and V-T of neutral molecules, step-wise ionization (table 1) and
processes which is modelled as a transition from the last gssociative ionization (table 4), while;Nions are born
bound levelv = 45 to a pseudo-level in the continuum majnly due to associative ionization processes involving
[23-25]. N2(A3TH) and No(a@ 'E;) metastable states. Due to the
The equations and mechanisms accounted for are in full |3ck of data, we assume the same branching ratio for
discussed in [33—35] and the reader Should I’efer to thesethe product|on Of [S[ and |\E’ by assoc|at|ve ionization.
papers for further details. Additional channels contributing to the appearance or
the removal of positive ions are also listed in table 4.
2.3.2. Electronically excited molecules. It has been The main processes of removal of charged particles are
found to be important to include in the model associa- the ambipolar diffusion to the wall and bulk dissociative
tive ionization involving N(A 3Z+) and Ny(a 1%,) states recombination (table 5). Electron rate coefficients for
and step-wise ionization fromAA 3% F), No(@ %), and dissociative recombination of N and N; have been
N2(B°I1,) states. Thus, in addition to all electron impact calculated using semi-empirical formulae reported in [37]
and vibrational kinetic processes the model includes reac-as a function of the electron temperatute
tions determining the population densities of five excited Assuming quasineutrality, ambipolar flow conditions
electronic states NA3xF, 1%, B3M,, C3M,, alll,). n.Ve = Y_N;V;, and proportionalityVn./n. = VN;/N;,
Assuming that the radial profile of excited particles is a we can express the transport of charged particles to
zero-order Bessel function, the rate equations are deducedhe wall in terms of ambipolar diffusion coefficients,
by taking into account the collisional and radiative pro- correspondingly given by [47]
cesses given in tables 1 and 3.
The metastable particles b3 F) and N(@'x;) D — D, Zj Njpj =+ e Zj N;D;
are mainly produced by direct excitation (table 1) and by “ Zj Njpj + nefte
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Table 2. Kinetics of Nz(xlzg) molecules.

Notation Process

e-V e+N2(X12;,v) ©e+N2(X125, w)

V-V No(X1ZH v) + No (XX, w) & No(X1ZH, v — 1) + Np(XIZH, w+ 1)

V-T N2(X12;,v)+N2@Nz(xlzg,v—1)+N2

V=T (No>=N)  No(X'Z! v)+N & No(X1Zi, w < v) +N
N2(X12;, V)+N & N+ N2(X1):5, W < V)

w No(X1Z* v) + wall - No(X1Z¥, v—1)

e-D e+N2(X12;,v)—>e+N+N

V-D Nz(xlzg, V) + Nz(xlz;, v =45) — Nz(xlzg, v—1+N+N
Ny + No(X1Zf v=45) - N, + N+ N

R N+N— No(X'Z;, v=0)

Table 3. Collisional-radiative processes involving electronically excited molecules.

Process k (m3s™) References
No(@ 1) + Na(X) = Np(B3TIy) + Na(X) 1.9 x 10719 [36,37]
N2(C311,) + N2(X) — Na@ ;) + Na(X) 1.0 x 1077 [35, 38, 39]
N2(@lMg) + Na(X) = Na(@ 12;) +Np(X) 2.0 x 10°Y7 [40]
Np(@y) — No(@ ;) + hf 1.91 x 10° s [41]

N, (C3I1,) — Na(B3Ily) + hf 13.9x 10% st [42]
N2(B3I1g) — No(A3Z)) + hf 6.25 x 10* s71  [42]
N2(B3I1g) + N — Na(X) + N, 3.0 x 107V [43]
N2(A3SH) + Ny(X) — 2N, 3.0 x 1022 [44]
N2(A3EH) +N — No(X) +N 5.0 x 107Y7 [45]
Np(@Ig) — No(X) + hf 1.8 x 10* st [40]

(D X Njpj — iy 255 NiDj) + ne(pj De + e D)

Zj Nj/“Lj +n. e '
Here, D; is the ion free diffusion coefficienjy; and . are
the ion and electron mobility respectively. The mobilities

w; are obtained from data for the reduced mobility of
nitrogen ions given in [48].

Dy;

2.4. Method of solution

For a self-consistent determination of the HF field, a

balance between the rates of charged particle production

and loss has to be obeyed. Thus, following [7, 35, 49] the

where the symbols A, ’a and B denote NASEI),
Nx@!=;), and NZ(B3I'[g) states respectively, and;
({ = 1, 2, 3, 4) are the corresponding rate coefficients
(see table 1). Aes is an effective diffusion length which
was determined assuming that ions of each type reach the
corresponding ion sound speed at the plasma-sheath bound-
ary. Although such an assumption is not fully correct in the
presence of several types of ion [50], it has little effect here
on the results since Nis largely dominant as compared to
N, in our case (see below).

The former set of equations was solved in a self-
consistent manner. Equation (1) is an ordinary nonlinear
differential equation. It is linearized by an iterative

field strength necessary for a steady-state operation of theprocedure and converted into a set of coupled algebraic

discharge is obtained from the balance between the total

rate of ionization, including direct, associative (involving
Nt (A3SH) and N(@!Z)) and step-wise ionization
(from No(A3ZH), No(@1E,), and N(B3I1,)) processes
and the total rate of electronic losses due to diffusion to
the wall and bulk recombination. Taking into account

the ionization and recombination processes described in

tables 1, 3, 4, 5 alongside corresponding rate coefficients
the electrons satisfy the following continuity equation:

neNZi+n,NAYZy +n,NB)Z3+n,N(@)Zs
+N@)NA) K51+ N @)Ky

ae
neAT + OlrlneNl + aaneNZ
eff

®)

equations by subdividing the electron energy axis imto
cells [31]. Starting the procedure with arbitrary values of
the electric fieldE, population densities for electronically
excited states, diffusion lengtihes, and a Treanor-like
distribution for the vibrationally excited states [51], the
Boltzmann equation is solved by iterations. Then, by using
rate coefficients for electron impact processes calculated
'from the solution to (1), the nonlinear set of equations for
electronically excited species and positive ions has been
solved by the Newton—-Raphson method. The unknown
field E and diffusion lengthAe¢ are varied to satisfy
simultaneously equation (3) and the boundary condition for
the ion velocity. As a result, a self-consistent solution for
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Table 4. Rate constants for reactions involving positive ions.

Reaction Rate constant (m® s7')  References
J N;+Nz+e
N2(A3SH) + Np(@ 13y) Kas1 = 1.5 x 10717 [35]
NON; e
J N;+N;+e
Na(@ts;) +Na (@ txy) Kasz = 1.0 x 1077 [35]
N\ N;+e
N + Ny — N3+ 2N, 2.1 x 102exp(T,/121) [35,46]
NS +N — N+ N, 7.2 x 10719 exp(T,/300)  [46]
Three-body collisions
NS + Ny + Ny — Nj + Ny 5.0 x 10729 cm*® s [35]

107N e n/N=5x10° 4

n/N = 1x107

T 102k i
>
L
H_O

103} ;

10° 10
10—4 1 1 1 N n /N
0 5 10 15 20 ©
u (eV) Figure 2. Influence of degree of ionization variations on

the average electron energy (p = 0.6 Torr).
Figure 1. Influence of the degree of ionization on the

EEDF (p = 0.6 Torr). Table 5. Rate constants for dissociative recombination of
ions.
the EEDF, the population densities of electronically excited Reaction Rate constant (m3 s—1) Ref.

states and positive ions, and the discharge maintaining " = 02
field is obtained. The set of nonlinear equations for the e+N3 — N+N ar =4.8 x 10 12(300/Te)1/2 [37]
vibrational population of the electronic ground state is then €% Ny > Na#+Np - app =2.0 x 1077%(300/Te) (37]
solved using the electron rates obtained from the EEDF.
The above entire cycle is then repeated until a convergent
solution is obtained. The final result is a fully self- for a pressure of @ Torr. For low degree of ionization,
consistent solution for the EEDF, population densities of the general shape of the distribution is mainly ruled by
all excited species, and discharge maintaining field. electron—-molecule energy exchanges. A decrease in the
As previously mentioned,n./N is taken as an EEDF in the energy range of.3-3 eV is observed. As
independent parameter since it can be externally controlledis well known, this behaviour reflects the rapid rise of the
by changing the power supplied to the discharge. The vibrational cross-sections which increase by approximately
neutral gas densityv is derived from the ideal gas law two orders of magnitude in this energy range. The
assuming a gas temperatufe = 1000 K, a typical value  effects of this vibrational barrier on the EEDF are however
under the present operating conditions. partly attenuated by superelastic collisions which further
contribute to enhance the high-energy tail. It should be
noted that the effects of superelastic collisions are not
determined by the whole vibrational distribution, for al
but only by the population in the lowest vibrational levels.
With increasingn./N not only superelastic collisions but
3.1.1. Influence of the degree of ionization. Figure 1 also electron—electron collisions ‘heat up’ the EEDF which
shows the influence of the degree of ionization on the EEDF results in an increase in the mean electron energy (figure 2)

3. Results and discussion

3.1. Electron kinetics
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prTTrTrr T T T T T T T T T T T T T T T T
LN e n/N = 1x107 ] 1200
-1
107 F ng/N = 1x107# (e-e) 3 1100
FON - n/N = 1107 (e-e) ] 1000
' T,=5000 K i —~
2L v i <
10 £ 3 g 900
< F : >
T i | w 800
> 3
o - 4
= 10 E 3 700
4= 3 . ]
- . 600} 3
10 ¢ 3 500 : |
- ] 10 10 10
I \ Y n_/N
10-5.....|.....|.....|....". e
0 S 10 15 20 Figure 4. Influence of the degree of ionization on the
u (eV) maintenance electric field strength (p = 0.6 Torr).
Figure 3. Influence of electron—electron collisions on the : :
EEDF (p = 1 Torr).
1023 L
and a decrease in the discharge maintaining field (see 1022 L
figure 4, below). < et
. . . . () 21 JUPEE
The comparison between various collision frequencies o 107 ¢ .-
which are important in the establishment of the electron 3 "
energy spectrum shows that for degree of ionization g 1077 e direct ionization 3
n./N > 107* the inequality v,, > v, holds (. [ER associative ionization
is the electron—electron collision frequency [13], is s 107 step-wise ionization
the frequency for vibrational excitation or de-excitation). T s
" N 10°F RS E
Thus, competitive processes of energy exchange between -2 B
electrons become important fag/N greater than 1¢* so ° 10"k e ]
the EEDFs calculated without and with electron—electron e
collisions (for a constant vibrational excitation & = 1016 . .
5000 K) start differing as seen from figure 3. The 10 10
differences increase with,/N as expected. Fai,/N = n /N

e

1072 the EEDF is almost Maxwellian.
Figure 4 shows the changes in the maintaining field as gjq e 5. variations of different channels of ionization as a
a function of the ionization degree. Owing to superelastic function of the degree of ionization (p = 0.6 Torr).
and electron—electron collisions, lower values Bf are
needed at higher,/N as a consequence of the increase
in the ionization rate. The increase in the latter is due,
in particular, to the onset of associative ionization as
the electronic metastable populations increase. Figure 5
shows that the ionization for low pressures and degree of

ionization (highE/N) is controlled by the direct electron lower reduced maintaining fieléf /N. As E/N decreases,

impact while forne_/N > 3x10 the_as_souatwe lonization 4, power input per electron decreases and so does the mean
becomes predominant. As shown in figure 6, the losses are

v d diffusi | but b lled electron energy as shown in figure 9.
mainly due t.o fusion f"lt O,W"’/N ut become csontro € The calculated rates of ionization through different
by dissociative recombination far,/N > 8 x 107>,

channels are shown in figure 10. The results reveal that for
the gas discharge operating conditions considétgtV =
3.1.2. Influence of the gas pressure. In figure 7, the 3 x 1075 the ionization rate is primarily determined
EEDF is plotted for two different pressures intended for by associative ionization collisions involving,BA 3=+)
experimental studies. Here, the degree of ionization is and Ny(@ !X, ) metastable states, for pressures above
kept constanty,/N = 3 x 107°. Note that in order 0.7 Torr. The associative ionization increases nonlinearly
to keepn,/N = constant at various pressures, different with pressure (figure 10) due to the absolute increase
powers supplied to the discharge are necessary. The selfin the population of NA3Z") and Ny(@'x;). Since
consistently determined values of the maintaining electric n,/N = constant here, the increase in electron density as

field vary from 782 V mi! to 1442 V nt! when the
pressure (respectively) is changed in the range 0.3—
2 Torr (figure 8). Consequentlys /N varies from 2769 x
10719V m? to 0.465x 10-2° V m2. Despite the increase in
E with increasing gas pressure, the increas¥ iresults in a
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Figure 7. EEDFs at various pressures (ng/N =3 x 1075).

the pressure increases has been taken into account.
The step-wise ionization flux (involving A3 1),

N2@12;), and N(B 31‘Ig) states) increases with pressure,

but its contribution to the total ionization flux is negligible.

1400

1200
=
b
w 1000
800
0.5 1.0 1.5 2.0
p (Torr)

Figure 8. Maintenance electric field strength versus gas
pressure variations (n./N = 3 x 1075).
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Figure 9. Average electron energy versus gas pressure
variations (ne/N =3 x 107°).

N2 (X 12;) self-consistently determined with the electron
energy distribution functions shown in figures 1 and 7,
respectively. The results illustrate the changes in the
VDFs (8,) for various degrees of ionization (figure 12) and
pressures (figure 13). For a higher degree of ionization
(n./N = 10~% the VDFs are considerably ‘excited’. In
order to characterize the degree of vibrational excitation

The processes of direct electron impact ionization are (as in [20-22]) we define the vibrational temperatdie

competitive only at lower pressurep (< 1 Torr), when
E/N is sufficiently high. For pressurep > 1 Torr,

as a characteristic vibrational temperature of a Treanor-
like distribution that best fits the calculated fractional

the recombination losses start to dominate over those bypopulations for O< v < 3. As pointed out in [20], although

ambipolar diffusion (figure 11).

3.2. Heavy-particle kinetics

3.2.1. Vibrational distribution function.
and 13 depict the vibrational

Figures 12
distribution functions

the definition of7, involves only populations in the lowest
three levels, oncd, is given the entire VDF becomes
in fact uniquely determined. The vibrational temperature
of No(X lE;)-molecules increases with,/N and reaches
unusually high values~19 000 K) for the highest degrees
of ionization considered. This is partly a consequence of

of nitrogen molecules in the electronic ground state the large V-V pumping rates obtained for a gas temperature
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of 1000 K. Due to this high gas temperature, the shape of \

the VDF is also considerably different from that typically Figure 13. Vibrational distribution function of the Np(X* %)
observed at lower temperatures as, for example, under DCstate for different pressures (ne/N = 3 x 107%).
discharge conditions (see below).

A decrease of the vibrational temperature from by near-resonant V-V exchanges to the V-T depopulat-
16000 K to 14500 K is registered as the pressure is ing regime. This is a consequence of the high value of
increased up to 2 Torr, due to the decrease in the electron7, = 1000 K used here in comparison to previous works,
rate coefficients for vibrational excitation. which leads to higher depopulation rates by-N colli-

Usually, different regimes of population and depopu- sions (note that these rates strongly increase with the gas
lation of nitrogen vibrational levels can be clearly identi- temperature). These effects are extremely important, even
fied from the shape of the VDF. This shape results from for relative atom concentrations as small as3Gausing
the combined effects of e~V and V-V exchanges at low a rapid fall-off in the VDF forv > 20. Figure 14 shows
v levels, of near-resonant V-V exchanges at intermediatethat the V-T rates for M-N collisions increase with the
levels, which tend to form a plateau in that region, and vth quantum number by several orders of magnitude at the
to the simultaneous effects of vibrational dissociation and considered temperature. As a result, the typical plateau
V-T exchanges at the highest levels. However, the VDFs for intermediatev levels does not occur here and the VDF
calculated in this work show a distinct change in slope sharply falls off due to V-T deactivation in collisions with
at aboutv = 20, with no apparent plateau being formed, nitrogen atoms [33, 34]. The dissociation by V-V and V-T
which indicates a transition from the population mechanism processes is negligibly small due to this sharp fall-off.
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collisions. Figure 16. Relative population of electronically excited

states as a function of the pressure (n./N =3 x 107%).
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Figure 15. Relative population of electronically excited e
states as a function of the degree of ionization . . . T
(p = 0.6 Torr) Figure 17. Fractional concentrations of positive ions as a

function of the degree of ionization (p = 0.6 Torr).

3.2.3. Positive ions. Two kinds of positive ion are
considered in the present worksNand Ni. The N} ions

are principally created by electron impact and associative
ionization, while associative ionization is the main source of
N, ions. The greater recombination coefficient (see table 5)
determines a faster bulk destruction of NThe variations

; P X ‘ in the relative ion densities (normalized to the electron
this mechanism is the main source for producing electron- yengityy with the degree of ionization (figure 17) and the
ically excited species, the excited relative populations in- pressure (figure 18) depend on the predominant ionization
crease withn,/N. The decrease in these populations as ang |oss channels under our conditions (see figures 5,
the pressure increases is caused by the decrease in the rg5, 10 and 11 for various ionization and loss channels).
duced fieldE/N and, hence, in the excitation rate coeffi- \When the associative ionization flux increases, the relative
cients. The stronger decrease in the relative population ofconcentration of Iyl increases too. However, since bulk
N2(A3%F) observed in figure 16 is due to quenching by recombination becomes the dominant loss channel at high
nitrogen atoms, whose concentration was assumed to grows, /N, the faster recombination of ;N makes that its
with pressure (recall that a constant degree of dissociationconcentration always keeps small as compared to that of
has been assumed in the calculations). N2+. Remember that, due to the lack of data, we have

3.2.2. Electronically excited molecules. The depen-

dence of electronically excited particle densities on the
degree of ionization and gas pressure is plotted in fig-
ures 15 and 16 respectively. The enhancement of the high-
energy part of the EEDF due to superelastic and electron—
electron collisions favors electron impact excitation. Since
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Figure 18. Fractional concentrations of positive ions as a
function of the pressure (ne/N =3 x 107°).

assumed the same branching ratio for the productionjof N
and N; by associative ionization, so that figures 17 and 18 Y
should be regarded as merely indicative. 107 B

theory (T, = 10234 K) |
experiment E

4. Experimental details r
102 ¢
4.1. Experimental conditions and procedures E

The experiment has been performed in a stationary high-
frequency discharge created by a travelling azimuthally
symmetric surface wave of frequeney2r = 500 MHz.
The surface wave is excited by a surfatron whose design
is described in detail in the review paper by Moisan and
Zakrzewski [52]. The plasma column is sustained in
nitrogen at pressures of3-1 Torr, in a cylindrical Pyrex
tube with relative permittivitye;, = 4.4 and a 25 cm -
inner radius. The power applied from the generator is 1009 L e
P € 80-250 W. A Langmuir probe technique has been used 0 5 10 15 20
for determining the EEDF and related integral quantities. u(eV)
With regard to the fact that the surface-wave discharge is (b)
electrodeless, the probe circuit consists of a small tungstencigyre 19. Comparison of experimentally determined
probe (with lengthl, = 3.2 mm and radiut, = 0.05 mm) EEDFs (w/27 =500 MHz, R = 2.25 cm) with the theoretical
and a large-area electrode (used as an emissive probenes: (a) p=0.3 Torr, n./N =1 x 107°; (b) p = 0.5 Torr,
[53]). The large electrode is placed inside the surfatron Me/N =6 x 107°.
[14]. Following the results in [14], in order to reduce the
perturbation caused by the probe as an inhomogeneity inis taken at the zero-cross-point position of the second
the waveguide, the measuring probe as well as its SUpplyderivative 55]
line are directed perpendicular to the discharge axis.

The isotropic part of the EEDFfy(u), is related
to the second derivative of the current-voltage probe
characteristic via the Druyvesteyn formula [54]

107 |

10 |

A passive method of compensation (like in [14]) has
been applied to avoid the high-frequency field influence on
the probe measurements. The measuring system and the
method for numerical differentiation of the current-voltage

I characteristic are discussed in detail in a former work by
folu) = constant(ﬁg with U = U; — U, Dias [56].

where U, is the potential applied to the prob#; is the

plasma potential and, is the electron current collected
by the probe. The value of the plasma potential, which The experimental results presented in this section are
is necessary to obtain the zero point in the energy scale,intended to test the general trends of the EEDF and its

4.2. Comparison between theory and experiment
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— peak or to its broadening. The relative error due to the

10 ] neglect of plasma resistance is approximatelR 10.. [14].
' For a Maxwellian distribution, this error is estimated to be
of the order of 60% in the energy interval of 0-2 eV.
0.8 4 As emphasized in [14] and [55], the voltage gap
between the maximum and the zero cross-point of the
= second derivative is a sensitive indicator for the overall
> 06 T quality of the experiment. For a good quality experiment
=~ this gap should not exceed.P3-0.3){(u). In our case, due
ia 04 . to the convenient probe arrangement used, a voltage gap
’ less than B V was obtained. Accordingly, a possible shift
e experiment in the energy scale of the measured distributions of about
02} theory (u = 2.2) 1 eV may be expected.
Another possible source of discrepancy may be the
assumption of7, = 1000 K used in calculations.
0-%_0 0?2 0_'4 0?6 0.I8 10 A higher/lower gas temperature at the probe location
F/R c_orresponds to a lower/higher neutral density, which would_
yield differences between the measured and calculated tail
Figure 20. Comparison of experimentally obtained electron of the EEDF.
density profile (w/27 =500 MHz, R = 2.25 cm) with the Figure 20 shows the radial profile of the electron density
theoretical one (p = 0.5 Torr). for p = 0.5 Torr, n,/N = 6 x 1078, These results were
obtained at various radial positions from the ion saturation
moments as predicted by the model. probe current for.Iargg applied .negative voltage. Also
In figure 19, typical experimentally determined EEDFs Plotted for comparison is the profile
are compared with model calculations. The scattered ne(r) = ne(0)Jo(r/Ae) = ne(0)Jo(ur/R)

measured values at low and high energies indicate the limits
of accuracy of the technique, but a dynamic range of nearly for a value ofu = 2.2 derived from the model under our
three orders of magnitude was reached as seen from thalischarge conditions. It is seen that the latter profile agrees
figure. quite well with the measurements.
As predicted, the experimental EEDFs deviate from
a Maxwellian distribution.  An important experimental 5 conclusion
result is that the shape of the low-energy part of the
measured distribution seems to confirm the important |n this paper, we have presented a self-consistent kinetic
influence of electron collisions of the first and second kind model of a surface-wave-sustained nitrogen plasma. The
with vibrationally excited nitrogen molecules, as well as model is based on a set of coupled equations consisting of
the existence of a high degree of vibrational excitation the electron Boltzmann equation in the well known Lorentz
in the electronic ground state. The predicted vibrational approximation and the rate balance equations for the most
temperatures are 12113 K and 10234 K for the conditions important excited species—vibrationally »{X 12;, v)
of figures 19(a) and 19(b) respectively. and electronically MA 3+, a *x, B3I,, a'll,, C°Il,)
Qualitatively, the predicted and measured EEDFs agreeexcited states—and charged particles;(NN;) in the
well and are similar in shape, apart from deviations discharge. Electron collisions with nitrogen molecules of
observed in the low-energy part of the distributions. It the first and second kind and electron—electron collisions
should be stressed that there are no fitting parameters inare accounted for in the Boltzmann equation. The field
the theory. For instance, the electric field, which has a strength necessary for a steady-state operation of the
great influence on the shape of the EEDF, was determineddischarge is obtained from the balance between the total
self-consistently. The degree of ionizatiep/N, an input  rate of ionization, including associative, direct and step-
parameter of the model, is obtained from measurements. wise processes, and the total rate of electron losses due to
The observed discrepancies at low energies may bediffusion to the wall and bulk recombination. The basic
attributed to various experimental draw-backs, the well set of equations is solved in a self-consistent manner by an
known uncertainty in the choice of plasma potential being iterative procedure.
the most serious problem. The experimental determination The model determines, as a function of the dis-
of the EEDF is sensitive to distortions in the vicinity charge operating parameters, the EEDF, the radi-
of the zero-cross-point of the second derivative. Many ally averaged populations in the vibrational levels of
causes, such as the effects of plasma depletion causedhe electronic ground state K 123), the popula-
by electron sinks on the probe (which occur for finite tion densities of the most important electronic states
R, /%e, Ao denoting the electron mean free path), the high- N,(A3xf, &'y, B3M,, all,, C3M,), and the concen-
frequency field influence, the neglect of plasma resistance,tration of N; and N{ ions, self-consistently with the dis-
the existence of low-frequency fluctuations etc, can affect charge maintaining electric field. Furthermore, a quantita-
the accuracy of probe diagnostics in the considered energytive comparison between experimental data and theoretical
range, leading to a suppression of the second derivativepredictions has been performed.
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