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Abstract. This work proposes a set of electron scattering cross sections for molecular and atomic oxygen,
with interest for the modelling of oxygen-containing plasmas. These cross sections, compiled for kinetic
energies up to 1 keV, are part of the IST-LISBON database with LXCat, being used as input data to
the LoKI (LisbOn Klnetics) numerical code. The cross sections for ground-state molecular oxygen de-
scribe elastic and inelastic collision mechanisms, the latter including rotational excitations/de-excitations
(treated using either a discrete or a continuous approach), vibrational and electronic excitations (including
dissociation), dissociative attachment and ionisation. This set yields calculated swarm parameters that re-
produce measurements within 5-20% (transport parameters) and within a factor of 2 difference (Townsend
coefficients), for reduced electric fields in the range 1073-10% Td. The cross sections describing the kinetics
of atomic oxygen by electron-impact comprise elastic mechanisms, electronic excitation and ionisation from
O(®P) ground-state, dissociation of O2(X,a,b) (including dissociative ionisation and attachment) and of
O3, and detachment. These cross sections are indirectly validated, together with other elementary data
for oxygen, by comparing the densities of O((*S®)3p °P) obtained from the self-consistent modelling and
from calibrated optical emission spectroscopy diagnostics of microwave-sustained micro-plasmas in dry air
(80% Na: 20% O2), produced using a surface-wave excitation (2.45 GHz frequency) within a small radius
capillary (R = 345 pm) at low pressure (p = 300 Pa). The calculated densities are in good qualitative

agreement with measurements, overestimating them by a factor ~1.5.

1 Introduction

Oxygen-containing low-temperature plasmas, often pro-
duced in combination with other molecular gases and/or
with noble gases, are the focus of a wide-range of inter-
ests spanning from fundamental studies to applications in
various fields, such as material processing and functional-
isation [1,2], biomedical purposes [3-6] and environmen-
tal/energy applications [7]. The modelling of these plas-
mas requires reliable basic data, namely for the accurate
description of the electron kinetics in a plasma environ-
ment where molecular dissociation is often important.
This work proposes a set of electron scattering cross
sections for both molecular and atomic oxygen, which has
been used in the modelling of oxygen-containing plasmas
by the Group of Gas Discharges and Gaseous Electron-
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ics of Instituto de Plasmas e Fusdo Nuclear with Insti-
tuto Superior Técnico (IST) in Lisbon. These cross sec-
tions, compiled for kinetic energies up to 1 keV, are (or
will be shortly) part of the IST-LISBON database with
LXCat [8,9], being used as input data to the LoKI (LisbOn
Klnetics) numerical code [10].

The LXCat project is an open-access website for
collecting, displaying, and downloading electron and
ion scattering cross sections for binary encounters
(swarm-derived, measured or calculated using quantum
mechanical theory), electron and ion swarm parameters
(measured transport parameters and rate coefficients), in-
teraction potentials, optical oscillator strengths and other
data essential for modelling low-temperature plasmas.
LXCat is organised in databases, contributed by mem-
bers of the community around the world and indicated by
the contributor’s chosen title.

The LoKI code is an in-house simulation tool that
couples two main calculation blocks to solve: (i) the ho-
mogeneous two-term electron Boltzmann equation (for a
pure gas or a gas mixture, including first and second-kind
collisions, as well as electron-electron collisions); (ii) the


http://www.epj.org
http://dx.doi.org/10.1140/epjd/e2016-70102-1

Page 2 of 9

system of zero-dimensional (volume averaged) rate bal-
ance equations for the most relevant charged and neutral
species in the plasma.

The cross sections proposed here for electron collisions
with O ground-state constitute a complete and consis-
tent set of elementary data. The set is complete because
it is able to describe the main electronic processes respon-
sible for momentum and energy losses, including those
yielding changes in the number of electrons, such as ion-
isation and attachment. The set is consistent since it is
able to reproduce measured values of swarm parameters
when used as input data to evaluate the electron energy
distribution function (EEDF) from a Boltzmann solver
or Monte Carlo/Particle-in-Cell codes. The complete and
consistent set of cross sections proposed in this work is
defined adopting a swarm-based procedure [11,12], very
popular in gaseous electronics. The procedure starts with
the collection of a set of cross sections from the litera-
ture, whose magnitudes are adjusted (within experimen-
tal error or theoretical uncertainty, if possible) to improve
the agreement between calculated and measured swarm
data. Such procedure works only as a global consistency
criterion for macroscopic electron parameters, considered
highly meaningful for plasma modelling, but it does not
validate the cross section of each individual process nor
it ensures the uniqueness of the whole cross section set.
Conversely, adopting very reliable cross sections for some
individual mechanisms, obtained from key references such
as the compilation by Itikawa [13] or the works of Laporta
et al. [14,15], is not a relevant alternative because: (i) these
works do not provide complete cross section sets and (ii)
the updating of individual cross sections jeopardises the
consistency check with swam parameters.

In this work, the set of e-O5 cross sections is vali-
dated by using the two-term Boltzmann solver embedded
in LoKI to calculate swarm parameters over a large range
of reduced electric fields E/N = 1073-10% Td (E is the
electric field; N is the gas density; 1 Td = 10717 V ecm?),
checking the agreement between the results obtained and
the experimental data available. This analysis is done in
Section 2, where we also address the need for a proper
description of rotational excitation/de-excitation mecha-
nisms in order to reproduce measured swarm data at very-

low E/N values.

The study of electron-scattering cross sections for oxy-
gen presented here involves also a comparison between
the populations of atomic oxygen species obtained from
the self-consistent modelling and from calibrated optical
emission spectroscopy (OES) diagnostics of microwave-
sustained micro-plasmas in dry air (80% Na: 20% Os),
produced using a surface-wave excitation (2.45 GHz fre-
quency) within a small radius capillary (R = 345 pm)
at low pressure (p = 300 Pa). These extreme small-
radius, low-pressure working conditions require very-high
reduced electric fields for plasma maintenance, contribut-
ing to stimulate the electron kinetics, namely in the dis-
sociation of oxygen, and thus providing an ideal testbed
for the validation of electron-impact cross sections. Ob-
viously, the study contributes to indirectly analyse the
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quality of the e-Os cross-sections, but primordially it gives
a direct assessment of the e-O cross-section set proposed
in this work. This analysis is presented in Section 3, where
we briefly introduce the zero-dimensional (0D) kinetic
model adopted, namely in what concerns the description
of charged-particle transport. The paper closes with some
final remarks in Section 4.

2 Electron cross sections for O,

The IST-LISBON complete set of electron-scattering cross
sections with ground-state molecular oxygen is repre-
sented in Figures la—lc, and it includes the following
14 mechanisms [16,17]: effective (elastic and inelastic)
momentum-transfer, dissociative attachment and ionisa-
tion (see Fig. 1a); excitations to 4 vibrational levels (see
Fig. 1b; note that the resonance structures with these cross
sections were smoothed, since they have negligible effect
on the electron kinetics calculations); and excitations to
7 electronic levels (a 'Ag; b 'SF; A 3%F, C *A, and
¢ 'Y bound states; A *%F, A’ 3A, and ¢ 'Y yielding
dissociation into 20(*P) and continuum Herzberg bands;
B ?%,, yielding dissociation into O(*P)+O(!D) and con-
tinuum Schumann-Runge bands; and radiative levels with
thresholds at 9.97 eV and 14.7 eV (see Fig. 1c).

In order to correctly describe the swarm parameters
at very-low E/N, the set is further completed with the
cross sections for the J «—— J 4+ 2 (J = 1,3,5,...,29)
rotational excitation/de-excitation mechanisms. Here, we
adopt the rotational cross sections proposed by Gerjuoy
and Stein [18], deduced using the Born and the Born-
Oppenheimer approximations in a multipole expansion of
the electrostatic interaction integral, that retains only the
quadrupole term. The choice for (long-range) quadrupole
interactions is adequate for describing the electron scat-
tering by non-dipolar molecules such as O, but the de-
duction of these cross sections assumes that the inter-
actions occur at very-low kinetic energy (u < 0.6 eV),
which might pose problems on the validity of the ap-
proach. On the other hand, the analytical expression of
Gerjuoy and Stein is very convenient for carrying out a
mathematical treatment of the collisional operator for ro-
tations with the electron Boltzmann equation (see below),
which justifies our choice of these cross sections. However,
we have considered also the alternative set of rotational
cross sections proposed by Oksyuk [19], deduced using the
Born-Oppenheimer approximation. In this case, the in-
elastic scattering amplitudes are obtained from the elastic
scattering amplitude calculated by Fisk [20]. The latter
is based on the exact solution to Schrodinger’s equation
using an ad hoc potential separable in ellipsoidal coor-
dinates. The approach is valid over a wide energy inter-
val provided that Fisk calculations give reasonable results,
which in practice corresponds to maximum kinetic ener-
gies of 1-10 eV. The quality of these collisional data is
assessed not only by comparing calculations and measure-
ments for several swarm parameters, but also by analysing
the predictions given by the different cross sections for
the electron power lost in the various collisional channels.
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Fig. 1. Electron-neutral cross sections with the electronic
ground-state of Os. (a) Effective momentum-transfer (black
solid line), dissociative attachment (black dashed), ionisation
(black dotted), and J = 1 — J' = 3 rotational excitation
from Gerjuoy and Stein [18] (blue solid) and from Oksyuk [19]
(blue dashed). (b) Vibrational excitation from v =0 to v’ =1
(solid line), v' = 2 (dashed), v = 3 (dotted), and v' = 4
(dashed-dotted). (c) Electronic excitation to a *A, (blue solid
line), b 'S} (blue dashed), A *Sf + C %A, + ¢ 'S, bound
(blue dotted), A *T} + A’ 3A, + ¢ 'Z, dissociative (black
solid), B *%; dissociative (black dashed), and radiative levels
at 9.97 eV (red solid) and 14.7 eV (red dashed).

As an example, Figure 1a plots the most intense electron-
neutral rotational cross section, for the J =1 — J' =3
excitation, as proposed by Gerjuoy and Stein [18] and by
Oksyuk [19].

As mentioned, the e-O cross sections can be used as
input data in the two-term Boltzmann solver with LoKI,
to check their consistency by comparing calculation results
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with measurements available for swarm parameters. Be-
cause the study spans a large range of reduced electric-
fields, the inclusion of rotational excitation/de-excitation
mechanisms is needed in order to correctly account for the
energy and momentum exchanges at very-low E/N. These
mechanisms can be described simply by using the discrete
form of the inelastic/superelastic collisional operator for
rotations

2e
Jrot = N\/m EJ: 07 [(uEugri2)

xoggr2(u s yre) f(uE£uss+2) —uogsro(u)f(u)].

(1)

In this equation, e and m are the electron charge and mass,
respectively; u is the kinetic energy in eV; f is the EEDF
satisfying the normalisation condition fooo f(w)y/udu = 1;
04,42 are the inelastic/superelastic rotational cross sec-
tions for the J — J £ 2 excitations/de-excitations;
uy = BJ(J + 1) is the excitation energy of rotational
level J, with B the rotational constant; and 6; = ny/N is
the relative density of the rotational level J with absolute
density nj, assumed to follow a Boltzmann distribution
at gas temperature T, (kp is the Boltzmann constant)

5y = nj _ pjexp [—euy/(ksT,)] @)
N Z ’
with Z = )", pyexp[—eus/(ksT,)] the rotational parti-
tion function and p; = gn(2J + 1) the total multiplicity
of level J (gn = 1 being its nuclear multiplicity).

The summation in equation (1) must include a suffi-
ciently high number of rotational excited levels, so as to
ensure the adequate description of the energy exchanges
between their populations. For oxygen, the number of lev-
els required is around 30, which implies managing a large
volume of data, and at small energy step for accuracy pur-
poses, thus corresponding to a significant computational
burden. The problem can be circumvented by replacing
the discrete collisional operator (1) by a convenient con-
tinuous approximation for rotations (CAR), including a
Chapman-Cowling (CC) corrective term proportional to
the gas temperature. The CC-CAR expression, deduced
considering the analytical expression of Gerjuoy and Stein
cross sections, writes [21]

2 T
sgg-ean o 4 lN\/ oo (147108 )] ®

where 09 = 87Q%a3 /15, with Q the quadrupole moment
constant in ea% units and ag the Bohr radius. For O4, we
take here B = 1.8 x 107* eV and Q = 1.4 [22], the lat-
ter corresponding to an effective value of the quadrupole
moment constant that adjusts the Gerjuoy and Stein
cross sections in order to best fit the measured elec-
tron swarm parameters. Equation (3) can be used as
an alternative approach to describe electron-neutral rota-
tional excitations/de-excitations with minimal numerical
complications.


http://www.epj.org

Page 4 of 9
k=
>
k=
10'F (b) /]
_ 10°F 1
>
L
SN ¢
10"E 1
1072 l . . . .
10° 10" 10" 10°
E/N (Td)

Fig. 2. Electron transport parameters in oxygen, as a function
of the reduced electric field, for 7, = 300 K. The lines are cal-
culation results obtained using the two-term Boltzmann solver
with LoKI. For E/N < 10 Td, calculations include rotational
encounters described according to the following approaches:
discrete collisional operator, for rotational transitions up to
level J = 30 with the Gerjuoy-Stein [18] (blue solid line) or
the Oksyuk [19] (blue dashed) cross sections; CC-CAR (blue
dotted); no rotational transitions (red). The points are ex-
perimental data, retrieved from the LXCat databases DUT-
TON [23] (open symbols) and LAPLACE [24] (crossed sym-
bols). (a) Reduced mobility. The points are from the following
authors: Nielsen and Bradbury [25] (O); Doehring [26] (O);
Herreng [27] (A); Frommhold [28] (57); Schlumbohm [29] ({);
Pack [30] (<1); Naidu and Prasad [31] (>); Fleming et al. [32]
(0); Nelson and Davis [33] (%); Brose [34] (g); Crompton and
Elford [35] (@); Reid and Crompton [36] (A); Roznerski and
Leja [37] (¥); Jeon and Nakamura [38] (¢); Lisovskiy et al. [39]
(41). (b) Characteristic energy. The points are from the follow-
ing authors: Huxley et al. [40] (O); Rees [41] (O); Naidu and
Prasad [31] (A); Fleming et al. [32] (7).

Figures 2a and 2b plot the reduced mobility u/N and
the characteristic energy uy = u/D. (with D, the elec-
tron free-diffusion coefficient), respectively, as a function
of E/N, calculated and measured in O9 at T, ~ 300 K.
Note that the various descriptions adopted for the rota-
tional transitions yield similar results, depicted by almost
coincident lines irrespectively of the fact that the simu-
lations use the discrete approach, with the Gerjuoy and
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Fig. 3. Electron reduced Townsend coefficients in oxygen,
as a function of the reduced electric field. The lines are
calculation results, obtained using the two-term Boltzmann
solver with LoKI, for the ionisation coefficient o/N (blue
solid line) and the attachment coefficient n/N (dashed).
The points are experimental data, retrieved from the LX-
Cat databases DUTTON [23] (open/crossed (+) symbols)
and LAPLACE [24] (filled/crossed (x) symbols). For /N,
the points are from the following authors: Harrison and
Geballe [42] (O); Frommbhold [43] (O); Prasad and Craggs [44]
(A); Dutton et al. [45] (v7); Freely and Fisher [46] ($); Schlum-
bohm [29] (<1); Price et al. [47] (8); O’Neill and Craggs [48]
(#); Price et al. [49] (4); Corbin and Frommhold [50]
(¥). For n/N, the points are from the following authors:
Huxley et al. [40] (M); Chatterton and Craggs [51] (@);
Griinberg [52] (A); Hake and Phelps [30] (X); Price et al. [49]
(®); Lakshminarasimha et al. [53] (&).

Stein or the Oksyuk cross sections, or the CC-CAR, ap-
proach with a quadrupole moment constant ) = 1.4. Note
further that the inclusion of rotational transitions is es-
sential to reproduce the experimental values of the trans-
port parameters for E/N < 1 Td. The results show that
the set of cross sections proposed here yields good pre-
dictions of the electron transport parameters, when used
as input data in a two-term Boltzmann solver. Indeed, the
relative difference between calculations and measurements
is below 20% for E/N < 10 Td and between 5-20% for
E/N > 10 Td, against ~40% dispersion in the experimen-
tal data.

Figure 3 plots calculations and measurements of the
reduced Townsend coefficients in Og, for ionisation a/N
and for attachment n/N, as a function of E/N. Simula-
tions differ from the measurements by a factor of 2, for
n/N in the region 10-100 Td, and by a factor of 1.5, for
a/N in the region 100-400 Td, again being found within
the experimental uncertainty observed.

Figure 4 presents, as a function of E/N, the fractional
power (relative to the electron power gained from the elec-
tric field) transferred to the different electron-collision me-
chanisms in Og: elastic, rotational, vibrational and elec-
tronic. The results in this figure confirm the importance
of rotational mechanisms in Oy for E/N < 0.5 Td, where
they are responsible for the majority of the electron power
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Fig. 4. Fractional power (relative to the electron power gained
from the electric field), as a function of the reduced elec-
tric field, transferred to the following electron-collision chan-
nels in oxygen: elastic (green line), rotational (black), vibra-
tional (blue) and electronic (red). The lines are calculations
at Tg = 300 K, using the following approaches and data: for
E/N < 10 Td, the discrete collisional operator for rotational
transitions up to level J = 30, with the Gerjuoy-Stein [18]
(solid lines) or the Oksyuk [19] (dashed) cross sections; for
E/N > 10 Td, the CC-CAR operator.

losses, due to the very-low rotational characteristic tem-
perature Oyo; = (eB)/kp ~ 2.1 K <« T},. Vibrational col-
lisions are the dominant power-loss channel for E/N ~
0.5-5 Td, after which the electron energy is dissipated
mainly in electronic excitations. This result confirms the
importance of vibrational mechanisms in the electron en-
ergy-budget, justifying the investment in developing state-
resolved models including vibrationally excited O2 mole-
cules. The use of the Oksyuk cross sections (instead of
Gerjuoy and Stein’s) leads to negligible differences in the
power transfer results, except for F/N ~ 5-10 Td where
they yield a very small increase in the electron power lost
in rotational collisions.

3 Electron cross sections for O

The set of electron-scattering cross sections with ground-
state atomic oxygen O(2s22p* P) (represented in a more
simplified notation as O(°P)) is plotted in Figure 5a
and it includes the following 8 cross sections [54]: elas-
tic momentum-transfer; excitations to 6 electronic lev-
els and ionisation. The electronic excited levels are: (i)
0(2s%2p* D), O(2s%2p* 1S) and O(2s2p® *PY), repre-
sented as O(!D), O('S) and O(*PY), respectively; (ii)
the most important Rydberg states combined as follows:
35 °SY, 3p 5P, 45 389, 3d 2D, 4p 3P and 4d *D° with
core 2522p® 4S9 noted as O((*S°)nl); 3d 3S°, 3d 3P,
3d 3D°, 4d 2SPDY and 4s ®DY with core 25%2p? 2D,
noted as O((?D%)nl); 3s 3P°, 3d *P° and 4s *P° with
core 2s%2p3 2P% noted as O((®P)nl). In the simplified
notation, n < 5 and [ = s, p, d.
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Fig. 5. Cross sections involving oxygen atoms. (a) Electron-
impact collisions with the electronic ground-state of O: elas-
tic momentum-transfer (black solid line) and ionisation (black
dashed); electronic excitation to O(*D) (blue solid), O('S)
(blue dashed) and O(*P°) (blue dotted); electronic excita-
tion to Rydberg states O((*S°)nl) (red solid), O((*D°)nl) (red
dashed) and O((*P°)nl) (red dotted). (b) Collisions with elec-
tronic excited states, ozone and negative ion: e + Oz(a) —
e + O2(b) (black solid line), e + Oa(a) — 2e + OF (black
dashed), e + O2(a) — 2¢ + O" + O(*P) (black dotted), and
e + Oz(a) — O~ + O (black dashed-dotted); e + Oz2(a) —
e + 20 (blue solid) and e + O2(b) — e + 20 (blue dashed);
e+ 03 — e+ 0z 4+ O (red); and e + O~ — 2e 4+ O(*P)
(green).

For the self-consistent modelling of air micro-plasmas
at low pressure, these collisional data are complemented
by the electron-impact cross sections represented in Fig-
ure 5b: excitation of b '¥ ¥ from a 'A, [55] e + Oz(a) —
e + Og(b); ionisation [17] e + Oz(a) — 2e + OF and
dissociative ionisation e + Oz(a) — 2e + OF + O(°P)
from a 'A,, the latter obtained by shifting the threshold
of the corresponding ground-state cross section; dissocia-
tive attachment from a 'A, [56] e + Oz(a) — O~ + O;
dissociation from the a A, and b 12; excited states
e + Oz(a,b) — e + 20, obtained by threshold shift of the
corresponding ground-state cross sections; dissociation of
ozone [17] e + O3 — e + Oz + O; and detachment [57]
e+ 0~ — 2e + O(P).
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The electron-scattering cross sections for oxygen
adopted in this work are in part validated by compar-
ing the absolute populations of atomic oxygen species,
obtained from the self-consistent modelling and from cal-
ibrated OES diagnostics of microwave-sustained micro-
plasmas in dry air (80% Na: 20% O3), produced using
a surface-wave excitation (2.45 GHz frequency) within
a small radius capillary (R = 345 pum) at low pressure
(p = 300 Pa) [58,59]. The model adopts the very com-
plete kinetic schemes presented in [60,61] for nitrogen and
in [17,62] for oxygen and for N3-O2 mixtures. Note that
the Rydberg species O((*P°)nl), with excitation energy
above the 13.61 eV ionisation threshold of O((*S%)nl),
is not included in the kinetic model, its creation being
considered only as an electron energy-loss channel in the
electron Boltzmann equation. In fact, O% is not the most
important ion under our working conditions (see below)
and moreover the electron-impact cross sections for the
excitation of O((*PY)nl) are found, near threshold, below
those of the other Rydberg states. Note finally that the
model has been further validated by comparing simula-
tion results with measurements for the absolute popula-
tions of molecular nitrogen in electronic states No(C,v')
and Nj (B) (agreement within factors of 2-3) and atomic
nitrogen in electronic state N(3p S%) (agreement within
the experimental error bar) [58].

The modelling results are obtained with the LoKI
code, using as input data the experimental values of the
electron density (n. ~ (1-4) x 10'2 cm~2) and the gas
temperature (T, ~ 600-1000 K) [58], in addition to the
excitation frequency, the tube radius and the gas pressure.
On output, calculations give the species densities and the
reaction rates, calculating also the self-consistent reduced
electric field E/N by imposing the quasi-neutrality condi-
tion, and adjusting the relative composition of the mixture
after the dissociation of molecular species, while ensuring a
constant pressure value. The code was originally designed
to cover values of the product “pressure x radius” typi-
cally between 1 and 760 Torr cm, whereas here we have
pR = 0.08 Torr cm, due to the small-radius low-pressure
conditions adopted. Therefore, the code was adapted to
correctly describe the transport of charged particles for
the present working conditions [63], using the bases of
the unified transport theory for dense plasmas at vari-
ous pressures proposed by Self and Ewald [64], and later
reinterpreted by Ferreira and Ricard [65]. The latter work
expresses the results of Self and Ewald under the form of
an effective diffusion coefficient D,. for electrons, which
coincides with the classical ambipolar diffusion coefficient
D,. at high-pressure only, and analyses the variation of
that coefficient with the gas pressure by plotting Ds./Dge
as a function of A/\; (with A the characteristic diffusion
length and Ay the ion mean-free-path). The main advan-
tage of introducing the effective diffusion coefficient is be-
cause it allows writing the frequency of charged-particle
transport losses as Dg./ /12, a very convenient form for
using in 0D kinetic models.

The theory of Self and Ewald, initially developed
for plasmas containing a single positive ion species, was

Eur. Phys. J. D (2016) 70: 124

10° — . : : ,
3 (2) ]
103[ 3
e B e e
‘g F - ITZc-z=====3
2.0 101[ !
S £ 1
% 101[\:
5 r
3
Q107 :
P T _____ 1
SE_ X , . :
095720 25 30 35
(b)
AIOO- ’,’/.
g —
[&] //
2
= ,
kS ,
= !
[
) \
10— . ,

1.5 2.0 2.5 3.0 3.5
n, (1012cm'3)

Fig. 6. Densities of oxygen species, as a function of the elec-
tron density, calculated using the LoKI code, for p = 300 Pa,
R = 345 um and a set of (n., Ty) values obtained from
measurements [58]. (a) Molecular and atomic neutral species:
02(X) (black solid line); Oz(a) (red solid) and Oz(b) (red
dashed); O3 (blue solid) and O3 (blue dashed); O(®P) (green
solid) and O('D) (green dashed). (b) Ion species: OF (black
solid line) and O (black dashed); O~ (red); NO™ (blue).

revised so as to consider the presence of several positive
ions and a negative ion with low density [63]. In partic-
ular, (i) the transport of the total positive charge in the
plasma is described using a single effective positive ion;
(ii) the model formulation is limited to low/intermediate
pressures, considering vanishingly small attachment/det-
achment rates, in which case the low-density negative ion
has negligible drift velocity and remains confined to the
plasma core. Under these hypotheses, it is possible to re-
trieve a system of equations formally identical to that
of [64], whose solution can be worked-out from the origi-
nal results of Self and Ewald, yielding a correction upon
the abacus Dge/Dge vs. A/ A4 given in [65].

Figures 6a and 6b present, as a function of the elec-
tron density, the calculated densities of the oxygen neutral
(molecular and atomic) and ion species, respectively. For
completeness, the very important density of NOT is also
shown in Figure 6b.

Figure 6a shows similar densities of ~10® cm ™3 for the
molecular and the atomic ground-states O2(X) and O(3P),
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hence revealing a high dissociation degree for oxygen
([0(3P)]/[02(X)] ~20%-70%). The excited species Oz(a)
and Oz(b) have densities ~ 10 ¢cm ™3, and the density
of Oz is 5-6 orders of magnitude below that of Oy(X).
The kinetics of the dominant molecular neutral species
is controlled mainly by electron-impact excitation, ion-
isation and dissociation, which explains the decrease in
the density of O2(X) when the electron density increases.
The creation/destruction channels of Oz(b) proceed also
via the quenching of O(*D) with O2(X), and by diffusion
and wall deactivation. The main creation channels of the
atomic species are electron-impact dissociation and excita-
tion, which explains the increase in their densities with n..
The main destruction mechanism for these species is by
diffusion and wall recombination/deactivation, for which
we have considered a destruction coefficient v = 0.1.

Figure 6b shows that O and NO?* are the most
abundant ion species, with densities of ~10'? cm ™3, fol-
lowed by the atomic ion O that can reach also a den-
sity of 10'2 em™? at high n.. Note that the population
of the negative ion O~ is ~10 times below the electron
density, in agreement with the assumptions made to de-
scribe the transport of charged particles in the multi-
component plasma. The positive ion species are created
mainly by electron-impact ionisation and are destroyed
mainly by diffusion and wall recombination. The main
creation/destruction mechanisms of the negative ion O~
are dissociative attachment and associative detachment,
respectively.

Model results are compared with measure-
ments of the absolute density of excited state
0(2s22p% (S")3p  °P) [58]. Results are obtained

from the triplet transitions at ~777 nm wavelength
(3.69 x 107 s~! emission frequency), emitted from the
three very-close sublevels of O(2s%2p® (*S°)3p 5P) to
0(2s%2p® (*S°)3s °S), represented in a more simplified
notation as O((*S%)3p °P) — O((*S%)3s 5S). The ex-
perimental setup corresponds to a classical surface-wave
discharge, produced within a capillary inserted into
a wave launcher (surfatron). The latter is especially
adapted to the system geometrical dimensions, ensuring
a maximum electric field at the surfatron gap [66]. Dry
air is introduced at negligible gas flow from the capillary
open-end near the surfatron. The system generates stable
plasmas with ~3 cm length, ensuring constant pressure
along the plasma column. Calibrated OES diagnostics are
used to determine the absolute intensities of several radia-
tive transitions (and also the electron density and the gas
temperature). The measured spectra are calibrated using
a standard tungsten lamp of known spectral radiance, and
they are compared with Specair-simulated [67] spectra to
obtain the absolute density of a particular excited state.

Figure 7 presents calculations and measurements of
the density of O((*S%)3p 5P) excited state, as a function
of the electron density. A corona model is used to estimate
the population of this atomic state, taking into account its
creation from the electron-impact excitation of O(3P) [54]
and the electron-impact dissociation of O9(X) [68], and
its destruction by electron-impact de-excitation [54],
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Fig. 7. Calculations (lines) and measurements (points) of the
absolute density of atomic excited state O((*S%)3p °P), as a
function of the electron density. The measured densities [58]
are multiplied by factor 1.54, becoming normalised to the cor-
responding calculated value at n. ~ 3.7 x 10'? cm™3.

quenching with O2(X) [69] and radiative decay. Model pre-
dictions are in good qualitative agreement with measure-
ments, overestimating them by a factor ~1.5 (note that,
in Fig. 7, the measured densities are multiplied by factor
1.54 for representation purposes), which in any case corre-
sponds to values at the lower boundary of the error bars.
In general, the model seems to embody the main features
of the electron kinetics in oxygen, despite the typical un-
certainties of its input data, namely those associated with
the electron-impact cross sections.

4 Final remarks

This work has proposed a set of electron scattering cross
sections for both molecular and atomic oxygen, with in-
terest for the modelling of oxygen-containing plasmas.
The cross sections for ground-state molecular oxygen
describe elastic and inelastic collision mechanisms, the lat-
ter including rotational excitations/de-excitations, vibra-
tional and electronic excitations (including dissociation),
dissociative attachment and ionisation. When these cross
sections are used as input data in a two-term Boltzmann
solver, such as the one embedded in the LoKI (LisbOn
Klnetics) numerical code, they yield calculated swarm
parameters that reproduce measurements within 5-20%
(transport parameters) and within a factor of 2 differ-
ence (Townsend coefficients), for reduced electric fields
in the range 1073-10% Td. Results show that the in-
clusion of rotational transitions is essential to reproduce
the experimental values of the transport parameters for
E/N < 1 Td. For this purpose, the rotational collision
operator can be written using either a discrete description
(e.g. considering the rotational cross sections proposed by
Gerjuoy and Stein [18]) or a continuous approximation
for rotations, duly corrected by a Chapman-Cowling term
proportional to the rotational/gas temperature [21].
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The cross sections describing the kinetics of atomic
oxygen by electron-impact comprise elastic mechanisms,
electronic excitation and ionisation from O(*P) ground-
state, dissociation of O2(X,a,b) (including dissociative
ionisation and attachment) and of Os, and detach-
ment. These cross sections, complemented with other
collisional data for oxygen (e.g. cross sections for
excitation/de-excitation from Oz (a,b) and wall recombi-
nation/deactivation coefficients), were used in the LoKI
code to model microwave-sustained micro-plasmas in dry
air (80% Na: 20% O3), produced using a surface-wave
excitation (2.45 GHz frequency) within a small radius
capillary (R = 345 pm) at low pressure (p = 300 Pa).
The code was adapted to correctly describe the trans-
port of charged particles under the present small-radius
low-pressure extreme conditions [63], using the bases of
the unified transport theory for dense plasmas at various
pressures proposed by Self and Ewald [64], and later rein-
terpreted by Ferreira and Ricard [65]. The update was ex-
tended to multi-component plasmas, composed by several
positive ions and one negative ion with low density, and
it yields a correction of ~20% upon the charged-particle
effective diffusion coeflicient, for negative ion densities as
low as 10~2n,. The model (and the elementary data within
it) was validated against measured values of the abso-
lute intensities of several radiative transitions with O*,
N5 and N*, obtained using calibrated OES diagnostics.
Model results for the density of the triplet excited state
O((*S°)3p 5P) (~777 nm wavelength transitions) are in
good qualitative agreement with measurements, overesti-
mating them by a factor ~1.5.

The present work reveals that the current knowledge
of electron scattering cross sections in oxygen already en-
ables the modelling of oxygen-containing plasmas, to con-
clude about some aspects of their kinetic behaviour.

Model results can surely be improved by using up-
dated elementary data for oxygen, namely e-Os cross
sections for the vibrational excitation from ground-state
e + 02(Xw) <« e + 02(X,0') [14], electronic excitation
from electronically [70] and vibrationally excited states,
and state-specific dissociation from vibrationally excited
O2(X,v) molecules [15]. The references proposing these
data can provide invaluable contributions also in the as-
signment of cross sections to individual processes, for use
on a Boltzmann solver. Work is in progress to update these
data and assess their validity.

This work was partially supported by Portuguese FCT - Fun-
dagdo para a Ciéncia e a Tecnologia, under Project UID/FIS/
50010/2013. M.A. Ridenti acknowledges support from Coor-
denacdo de Aperfeicoamento de Pessoal de Nivel Superior un-
der Grant CAPES/ITA 005/2014.
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