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Abstract
Number densities of oxygen atoms, nO, in Ar-O2 mixtures with small initial O2 fractions, 
x
O

2

 < 1%, flowing through a dielectric-barrier discharge (DBD), are calculated using a 
plug-flow reactor model, presuming that dissociation and excitation of oxygen species are 
solely driven by energy-transfer from long-lived excited Ar species, collectively denoted 
as Ar*. The rate by which Ar* species are generated is calculated from the volume den-
sity of power dissipated in the DBD. To obtain extended post-discharge (PD) regions with 
large nO, experiments were performed with x

O
2

 = 100 ppm. For such low O2 fractions, the 
time-dependence of nO in the DBD and the early PD can be calculated by a closed equa-
tion. Calculations are compared with optical emission spectroscopic (OES) results, utiliz-
ing the proportionality of O-atom emission intensity at 777.4 nm to nO. O-atom densities 
in the PD are made accessible to OES using a tandem setup with a second DBD as sensing 
discharge. Model testing by experiment is based on the functional dependence of nO on 
DBD-residence time and PD-delay time, respectively. Wall losses of O atoms in asymmet-
rical DBD reactors are calculated by an alternative to Chantry’s equation. The agreement 
between O-atom densities attained at the DBD exit and experimental results is generally 
good while the speed of rise of nO in the discharge is overestimated, due to the assumption 
of a constant wall-loss frequency, kW. Compared with literature data, kW is orders of magni-
tude higher in the DBD and at least one order of magnitude lower in the PD.

Keywords  Dielectric-barrier discharge (DBD) · Post-discharge · Atomic oxygen · Argon

Introduction

The conspicuous bright afterglows of electrical discharges in molecular nitrogen (“active 
nitrogen” [1]) have been studied, since the first scientific paper appeared in 1865 [2], in 
thousands of experimental and theoretical investigations until today. In contrast, “active 
oxygen” has found much less interest until recently, in parts due to the lack of strong 
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optical emission. The large recombination energy of N atoms (9.75 eV) results in a variety 
of excited states, some of which are strongly emissive, while there are no allowed tran-
sitions from excited O2 molecules resulting from recombination of O atoms (recombina-
tion energy 5.1 eV) [3]. For this reason, the application of optical emission spectroscopy 
(OES) for the determination of atom concentrations in post-discharge regions of O-atoms-
producing discharges from the emission of excited oxygen species has not become a stand-
ard method. An alternative method to measure number densities of oxygen atoms, titration 
with nitrogen dioxide, NO2, which has frequently been applied at low pressures (typically 
below 1 mbar) is no longer applicable beyond about 10 mbar, due to the difficulty of rapid 
mixing of the gases [4].

In recent years several optical methods have been developed to measure densities of 
ground-state oxygen atoms. Aside from absorption measurements in the vacuum-ultravi-
olet (VUV) wavelength region, using the transition O(2p4 3P → 2p33s 3S) at 130 nm (see 
references in Ref. [5]), fluorescence from the O(3s 3S) state in the VUV [5] or more often 
from the O(3p 3P) state in the near infrared region [6–10], excited by absorption of two UV 
photons (two-photon absorption laser-induced fluorescence, TALIF), has frequently been 
utilized for measurements on various kinds of discharges and flames [11]. However, the 
equipment required for such studies is quite costly and the calibration, generally by adding 
known quantities of suitable noble gases, is not a trivial task.

The experiments reported here emerged within the context of studies of metal oxidation 
by O2-containing gas mixtures in dielectric-barrier discharges (DBDs) and post-discharges 
thereof,1 on which we will report separately. In these studies, we generally use O2 fractions 
well below 1%, in order to achieve a large O-atom number density and a low recombina-
tion rate in the post-discharge, i.e., a large usable length downstream from a discharge were 
substrates can be placed. The ability to provide a continuous variation of O-atom number 
density along a substrate region exposed to the discharge effluent is of high interest for the 
preparation of “continuous libraries” of oxidized surfaces for high-throughput combinato-
rial investigations [12].

For such investigations the knowledge of absolute O-atom number densities in the 
DBDs and the DB-PDs are highly desirable. In the present contribution we report on a 
simplified chemical-kinetic model in which the discharge volume is regarded as a uniform 
source of long-lived excited argon species, Ar*, generated at a rate gAr* (number per vol-
ume and time).

We also present a method to measure atom number densities in DB-PDs, utilizing a 
tandem-DBD configuration with a second discharge to sample the optical emission from 
excited atoms. In case of atmospheric-pressure discharges producing oxygen atoms in 
a large excess of argon, the sensing discharge serves to excite ground-state O atoms by 
energy transfer from Ar* species, namely Ar atoms in metastable (1s5 and 1s3)2 and reso-
nant (1s4 and 1s2) states with excitation energies between 11.55 and 11.83 eV [13], as well 
as excited argon dimers (excimers), Ar2(3Σu

+) (9.8 eV [14]), formed from Ar(1s5) atoms 
in three-body reactions with two ground-state Ar atoms. Singlet Ar excimers, Ar2(1Σu

+), 
formed from Ar(1s4) atoms, play virtually no role in this respect, due to their small radia-
tive lifetime. In contrast to the situation at low pressures, the fraction of energy transfer 
reactions with Ar(1s5) atoms is relatively unimportant, due to the rapid reaction of the 

1  We use abbreviations “PD” and “DB-PD” for “post-discharge” and “dielectric-barrier post-discharge”, 
respectively.
2  Paschen notation.
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latter to Ar2(3Σu
+) [15]. Energy transfer from the listed species to molecular oxygen and 

ozone (Ediss = 1.13 eV [16]), respectively, results in dissociation. By energy transfer from 
metastable Ar(1s5) and Ar(1s3), probably also from Ar(1s4) and possibly from Ar(1s2), oxy-
gen atoms are excited to the state O(3p 3P) [17], responsible for the emission at 844.6 nm 
(3 s 3S0 ← 3p 3P) and, via collisional deactivation to O(3p 5P), for the emission at 777.4 nm 
(3s 5S0 ← 3p 5P) [18]. With an energy of 10.99 eV [13], O(3p 3P) cannot be produced by 
dissociative excitation from O2, O2(a), or O3 upon energy transfer from Ar(1s2…5) states. 
Therefore, the emissions at 777.4 and 844.6 nm do not depend on the number densities of 
these molecular oxygen species. Energy transfer from argon excimers (9.8 eV) to oxygen 
atoms directly populates O(3s 3S0) (9.52 eV) but it does not contribute to emission at 777.4 
or 844.6 nm [19].

In the following section we first report experimental details. In Section  "Calculation 
of oxygen-atom number density profiles along the gas-flow direction", a plug-flow model 
of a DBD in Ar-O2 with a small O2 content, x

O
2

 ≤ 1%, is presented. For the very small 
O2 fractions used in this study, x

O
2

 = 0.01%, an analytical equation for the spatial number 
density profile of oxygen atoms is derived, covering the discharge and the early post-dis-
charge region. This equation enables an automatic non-linear curve fitting of experimental 
results. To calculate the wall-loss frequency for a parallel-plate DBD and afterglow reactor 
bounded by two different materials with significantly different loss coefficients we intro-
duce an alternative to Chantry’s formulation [20] (3.2). Numerical and analytical solutions 
are compared in Section "Comparison of numerical and analytical calculations". In Sec-
tion "Optical emission from excited O atoms as a measure of ground-state O number den-
sity", the use of the 777 nm OES line for the determination of nO is justified. Then results 
of experiments are reported and discussed. The final section summarizes conclusions and 
gives an outlook.

Experimental Section

Materials

Process gases were mixed from argon and oxygen with 6.0 and 5.0 purity, respectively, 
obtained from Linde AG, Germany. Borosilicate glass (Borofloat®) was from Schott AG, 
Germany.

Instrumentation

Experiments reported in this paper were performed at ambient pressure using two types 
of DBD configurations: Parallel-plate setups with an asymmetric electrode arrangement 
from a grounded aluminum base plate and a 0.2-cm thick borosilicate glass dielectric 
(configuration “AG”), as shown schematically in Fig. 1, as well as reactors with two die-
lectrics from borosilicate glass (configuration “GG”), obtained by placing glass strips 
on the Al base plate. The basic construction is a flat flow channel with inner dimensions 
of 18 cm length and 2.05 cm width (to accommodate 2.0-cm-wide samples in oxidation 
experiments to be reported separately). In the AG setups, gas-gap heights, h, of 0.11 or 
0.25 cm are defined by side walls from borosilicate glass strips with the corresponding 
thickness placed between the Al base plate and the glass top plate. With a 0.25-cm high 
side wall and 0.175- or 0.11-cm thick and 2-cm wide glass strips placed on the metal 



288	 Plasma Chemistry and Plasma Processing (2023) 43:285–314

1 3

base plates, GG configurations with h = 0.075 or 0.14 cm were obtained. Symbols like 
“AG-0.25” to denote a configuration, e.g. in the first column of Table 1, are also used to 
refer to series of measurements run with this setup. It is important to note that an alu-
minum oxide film is present on the aluminum base plate. This oxide film has a thickness 
of at least 3 nm and reaches 5–10 nm thickness after longer use of the reactor in Ar-O2 
mixtures, as seen in oxidation experiments to be reported separately.

To power the main DBD shown in Fig. 1, a high-voltage generator is connected to a 
rectangular metal electrode with a length LM (in gas-flow direction) of 1 or 4 cm, and 
2.05 cm width, glued onto a rectangular 0.07-cm-thick piece of borosilicate glass as a 
carrier that can be slid on the borosilicate top plate of the flow reactor in order to vary 
the distance Δ between the discharges, see below.

The first 5  cm of the flat channel have the purpose to provide a laminar gas flow; 
the afterglow or post-discharge region downstream of the DBD with length LM is used 
for studies of the interaction of oxygen atoms with surfaces, for example the oxidation 
of metal films. The average residence time tres of an Ar-O2 gas mixture in the main 
DBD is controlled by the average gas flow velocity, vav, and LM: tres = LM/vav. In order 
to study the number density of atomic oxygen in the post-discharge region a second 
DBD (“sensing DBD”) is generated at a distance Δ from the main DBD, using another 
movable metal electrode, with a length, LS, of 1  cm, glued onto a borosilicate carrier 
plate of 0.07  cm thickness, attached to the 0.2-cm-thick borosilicate wall. The after-
glow delay time is controlled by vav and Δ: tdel = Δ /vav. For the present studies, we used 
the same high-voltage (HV) generator to power the main DBD and the sensing DBD, 
but, in order to decrease the power density in the sensing DBD relative to the main 
discharge, a 0.3 MΩ resistor was installed between the voltage source and the sensing-
DBD electrode.

A model 7020 UZ generator from SOFTAL electronics GmbH (Hamburg, Germany) 
was used to power the DBDs. For electrical characterization of the discharge the sinusoidal 

Fig. 1   Scheme of the DBD-reactor with an aluminum base plate as ground electrode and borosilicate die-
lectric as top boundary of the flow channel. The sensing DBD may be run simultaneously with the main 
discharge to quantify the oxygen-atom number density at different positions in the post-discharge of the 
main DBD. By inserting 0.11-cm- or 0.175-cm-thick glass strips on the bottom of the reactor channel with 
a gap of h = 0.25 cm, the configuration was changed from aluminum-glass (“AG”) to glass-glass (“GG”) 
with 0.14 and 0.075 cm gap widths, respectively
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voltage applied to the discharge arrangement, Ua(t), as well as the transferred charge 
q(t) were measured using a high-voltage probe (Tektronix P6015A) and a series capaci-
tor CM (560  pF), respectively. An oscilloscope (LeCroy WR604Zi) was used to monitor 
Ua(t) and the voltage drop UC(t) at the capacitor to calculate the dissipated power P. The 
measured frequency was between 15.8 and 16.2 kHz. The power density, P/V, (plasma vol-
ume V = 2.05 cm × LM × h) was applied to calculate the generation rate of Ar* species, gAr*, 
using results of a calculation with Bolsig + [21]3 for a reduced field typical for a filamen-
tary discharge in argon [22], see Section "Calculation of oxygen-atom number density pro-
files along the gas-flow direction".

Optical emission spectra were recorded using a QEPro spectrometer from Ocean 
Insights (Duiven, The Netherlands), equipped with a 10  µm slit and a grating with 
600 lines/mm, covering the spectral range from 530 to 900 nm with an optical resolution of 
0.4 nm. As shown in Fig. 1, spectra were measured (i) at the trailing edge of the main-DBD 
electrode to study the dependence of the emission from excited O atoms on tres or (ii) at 
the leading edge of the sensing-DBD electrode to investigate the emission as a function of 
tdel. An optical fiber from Ocean Optics, type P400-2-SR, was used for the measurements. 
It was oriented at an angle of 30° relative to the normal with a distance of 5 mm from the 
discharge edge. The acquisition time for a single scan was between 0.3 and 1 s, 10 scans 
were averaged. According to general experience with OES on DBDs the resulting intensi-
ties (band areas) may vary, under nominally identical conditions, within about a range of 
± 5%. Spectral line intensities reported here were obtained by importing the spectra into 
OriginPro (Additive, Friedrichsdorf/Ts., Germany) and numerical integration. The 1130-
nm emission from atomic oxygen (see Section  "Optical emission from excited O atoms 
as a measure of ground-state O number density") was recorded under typical conditions 
during a single test measurement using an OceanFX spectrometer (10-µm slit, grating with 
600 lines/mm), kindly provided by Ocean Insights.

Table 1   Parameters used for experiments reported in 5.2 and 5.3

Configuration ↓ Variation of tres Variation of tdel

LM = 1 cm LM = 4 cm, LS = 1 cm, vav = 400 cm/s
23 cm/s < vav < 800 cm/s 0.5 cm < Δ < 8 cm

Electrodes-h/cm Ua,0 / kV (P/V)M / W cm−3 Ua,0 / kV (P/V)M / W cm−3

GG-0.14 3.8 2.2 3.1 2.6
GG-0.075 3.9 6.3 4.5 6.6
AG-0.25 4.0 1.1 3.3 0.8
AG-0.11 3.1 1.3 3.0 1.4

3  Version from March 2016 with cross sections from LXcat, http://​www.​lxcat.​lapla​ce.​univ-​tlse.​fr, down-
loaded on 4 Jun 2013.

http://www.lxcat.laplace.univ-tlse.fr
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Experiments

Experimental parameters used for the series measurements reported in Section  "Model 
testing using residence-time variations" (variation of residence time tres in the main DBD) 
and 5.3 (variation of the delay time tdel in the DB-PD) are summarized in Table 1:

Ua,0 is the amplitude of the applied voltage, (P/V)M the power density in the main dis-
charge. For each configuration denoted in the first column, the same primary voltage and 
frequency settings at the HV generator were applied for series with varying tres and series 
with varying tdel, attempting to achieve similar power densities in the main discharge, 
regardless of its length, the gas velocity and the presence of the sensing discharge. The 
electrical parameters in Table 1 are averages obtained from data measured and stored dur-
ing the OES measurements, but evaluated after the experiments. That is, why the numbers 
in the 2nd and the 4th columns as well as the 3rd and the 5th column are not the same, as 
they should be ideally. Power densities in the main DBD were measured with the sensing 
DBD off. Power densities in the sensing DBD, (P/V)S, were not measured separately.

Numerical and Analytical Results

Calculation of Oxygen‑Atom Number Density Profiles Along the Gas‑Flow Direction

Outline of the Applied Model

Oxygen-atom number density profiles nO(x) in the DBD and downstream of the discharge 
were calculated using a plug flow reactor (PFR) model, based on spatially zero-dimen-
sional kinetics of the relevant chemical reactions. We assume that the DBD represents a 
uniform source of long-lived excited argon species Ar* which are “driving” the chemical 
reactions in the gas mixture, flowing through the DBD with a gas velocity independent of 
the height coordinate (z). Diffusion along the gas flow direction (x) is neglected. Species 
number densities n considered in this section are averages over z, while the z-dependence 
itself is considered separately in Section "O-atom number density profiles nO(z) across the 
gas-flow direction, wall losses" in which wall losses in asymmetric DBDs with AG con-
figuration are considered.

In Ar-O2 mixtures with small fractions of molecular oxygen ( x
O

2

 ≤ 1%) the dissociation 
of O2 by electron impact via reactions RI and RII [23] is negligible compared with dissocia-
tion via energy transfer from Ar atoms in any of the long-lived Ar(1si) states (2 < i < 5) or 
from Ar2(3Σu

+) excimers, i.e. (RIII) followed by (RIV):

e + O2 → O2

(

3Σ+
u

)

+ e → 2O(2p4 3P) + e
(

RI

)

e + O2 → O2

(

3Σ−
u

)

+ e → O(2p4 3P) + O(2p4 1D) + e
(

RII

)

e + Ar → Ar∗ + e
(

RIII

)

Ar∗ + O2 → Ar + O(2p4 3P) + O(2p4 3P,1D,1 S)
(

RIV

)
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“Ar*” in (RIII) and (RIV) represents any element of the set containing Ar atoms in one 
of the four 1si states as well as triplet Ar2 excimers (later abbreviated as “Ar2*”), indirectly 
formed mainly via three-body collisions of Ar(1s5) with two Ar atoms. With an effective 
reduced electric field E/n of 200 Td, taken as characteristic of a filamentary DBD in Ar 
[22], a calculation with Bolsig + [21] gives rate coefficients kRI, kRII, and kRIII of 0.14, 0.18, 
and 0.78 × 108 cm3 s−1, respectively. With an energy loss fraction of 58%, reaction RIII con-
sumes a major part of the dissipated electrical energy; using a composite decay frequency 
for Ar* of 2.4 × 105 s−1 [15] and a rate coefficient of 2.1 × 10–10 cm3 s−1 for (RIV) [24], it 
becomes evident that O2 dissociation via generation of Ar* followed by reaction (RIV) is a 
much more efficient way to generate atomic oxygen, in Ar-O2 mixtures with small O2 frac-
tions, than via reactions RI and RII. In 52% (2%) of reactions between O2 and a 1:9 mixture 
of metastable Ar(1s3) and Ar(1s5) one O atom is formed in the excited 1D (1S) state, along 
with a ground-state 3P atom, according to Balamuta and Golde [25]. In a more recent paper 
by Fiebrandt et al. [26] the same percentages were assumed to hold for Ar(1s2) and Ar(1s4), 
too. For low-pressure surface wave discharges in Ar-O2 mixtures, to take another example, 
dissociation by electron collision and dissociation by energy transfer from Ar* are about 
equally frequent at a molecular-oxygen fraction x

O
2

 of 10% [27]. Therefore, and in view of 
the kinetic data specified above in this section, the direct electron-collision contributions to 
the dissociation of O2 can be neglected in Ar-O2 mixtures with less than about 1% O2 with-
out introducing an error beyond a few percent.

Model calculations were performed with a set of reactions including, in addition to Ar 
and Ar*, three ground-state oxygen species: Oxygen atoms in the ground state, O(2p4 3P) 
(in the following usually abbreviated as “O”), molecular oxygen (dioxygen), O2, and ozone, 
O3. In addition, excited oxygen atoms in the O(2p4 1D) state, the set of atoms in O(3s 3S0), 
O(3p 3P) or O(4s 5S0) states (summarized as “O*”), and excited metastable O2 molecules, 
O2(a  1Δg) and O2(b  1Σg

+), are included. (See the diagram with excited states of atomic 
oxygen in the range from 9 to 12.5 eV in Fig. 5, Section "Optical emission from excited 
O atoms as a measure of ground-state O number density"). In the following, abbreviated 
names O(1D), O2(a), and O2(b) are applied in this section while the names of individual 
atoms in the O* set are retained in Section "Optical emission from excited O atoms as a 
measure of ground-state O number density" in order to preclude confusion. The reactions 
considered in the present work and kinetic data are shown in Table 2.

The model was kept as simple as possible without losing predictive value. At low 
molecular-oxygen fractions ( x

O
2

 ≤ 1%), only Ar must be considered as a (third) partner in 
collisional deactivation and recombination reactions. As defined above, “Ar*” denotes any 
Ar species with enough lifetime to play a role in reactions R3…R10, including Ar2 triplet 
excimers. Regarding formation of the latter species, the equation for R1 is a short-hand 
notation. From the power density, P/V, the generation rate of Ar* species, gAr*, was calcu-
lated by multiplication with 3.15 × 1017 J−1 (= 1 per 19.8 eV). This figure was determined 
from the energy loss fraction of 0.58 as calculated using Bolsig + [21] for a reduced field of 
200 Td [22].

In view of the substantial share of O atoms among oxygen species obtained by dissocia-
tion it is required to include quenching by O atoms as a sink for Ar* in the model. So far, 
only the reaction between O atoms and a mixture of metastable Ar(1s5) and Ar(1s3) has 
been studied in detail, to the author’s knowledge. This process results mainly in excitation 
of O to O(3p 3P) [17]. For R3 in Table 2 it is assumed that the reported rate coefficient can 
also be applied, without introducing a too large error, for reactions of O with Ar2* as well 
as with Ar(1s4) and Ar(1s2), resulting in formation of O(4s 5S0) and O(3s 3S0), respectively. 
The three excited states are summarized by the symbol “O*”. As the only sinks for O*, 
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Table 2   Major reactions in a DBD in Ar-O2 mixture with x
O

2

 ≤ 1%

a O* is any element of {O(3 s 3S0); O(3p 3P); O(4 s 5S0)}, see text
b Rate constants and branching were assumed to be the same like in R4 and R5, as in Ref. [30]
c f determines the fraction of O2(a), see text

i Reaction Ri ki ki or ki × nAr at 293 K Ref.
cm3×(n−1)s−1 for an n-body reaction

Reactions involving Ar*
1 e + Ar → e + Ar* Generation rate gAr* = 3.15 × 1017 J−1 × P/V [28]
2 Ar* → Ar (+ hν) 2.4 × 105 2.4 × 105 [15]
3 Ar* + O → Ar + O*a 7.6 × 10–11 7.6 × 10–11 [17]
4 Ar* + O2 → Ar + O + O 0.47 × 2.1 × 10–10 9.8 × 10–11 [24, 25]
5 Ar* + O2 → Ar + O + O(1D) 0.53 × 2.1 × 10–10 1.1 × 10–10 [24, 25]
6 Ar* + O2(a) → Ar + O + O 0.47 × 2.1 × 10–10 9.8 × 10–11 b

7 Ar* + O2(a) → Ar + O + O(1D) 0.53 × 2.1 × 10–10 1.1 × 10–10 b

8 Ar* + O2(b) → Ar + O + O 0.47 × 2.1 × 10–10 9.8 × 10–11 b

9 Ar* + O2(b) → Ar + O + O(1D) 0.53 × 2.1 × 10–10 1.1 × 10–10 b

10 Ar* + O3 → Ar + O(1D) + O2 2.1 × 10–10 2.1 × 10–10 [32]
Reactions of O
11 2 O + Ar → (1 − f) O2 + f 

O2(a) + Ar
5.2 × 10–35 × exp(900/T) 2.8 × 10–14 [37] c

12 O + O2 + Ar → O3 + Ar 4.5 × 10–34 × (T/300)−2.7 1.2 × 10–14 [38]
13 O + O3 → O2 + O2 8 × 10–12 × exp(− 2060/T) 7.1 × 10–15 [39]
14 O + Wall → ½ O2 + Wall k14 = kW: see below see below
Thermal O3 decomposition
15 O3 + Ar → O2 + O + Ar 4.1 × 10–10 × exp(− 11400/T) 5.2 × 10–27 [40]
Reactions of O(1D)
16 O(1D) + Ar → O + Ar 5 × 10–12 5 × 10–12 [29]
17 O(1D) + O2 → O2(a) + O 1 × 10–12 1 × 10–12 [29]
18 O(1D) + O2 → O2(b) + O 2.56 × 10–11 × exp(67/T) 3.2 × 10–11 [29]
19 O(1D) + O3 → O2 + O2 2.4 × 10–10 2.4 × 10–10 [29]
20 O(1D) + O3 → O2 + O + O 1.2 × 10–10 1.2 × 10–10 [29]
21 O(1D) + O3 → O2 + O2(a) 1.2 × 10–10 1.2 × 10–10 [29]
Reactions of O2(a) and O2(b)
22 O2(a) + Ar → O2 + Ar 9.0 × 10–21 9.0 × 10–21 [41]
23 O2(a) + O → O2 + O 2 × 10–16 2 × 10–16 [42]
24 O2(a) + O2 → O2 + O2 3.0 × 10–18 × exp(− 200/T) 1.5 × 10–18 [39]
25 O2(a) + O3 → O2 + O2 + O 5.2 × 10–11 × exp(− 2840/T) 3.2 × 10–15 [39]
26 O2(b) + Ar → O2 + Ar 1 × 10–16 1 × 10–16 [29]
27 O2(b) + O3 → O2 + O2 + O 1.5 × 10–11 1.5 × 10–11 [29]
28 O2(a) → O2 + hν 3.7 × 10–4 3.7 × 10–4 [29]
29 O2(b) → O2 + hν 0.14 0.14 [29]
Reactions of O*a

30 O* + Ar → O + Ar 1.4 × 10–11 1.4 × 10–11 [43]
31 O* → O + hν 2.9 × 107 2.9 × 107 [43]
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quenching by collisions with Ar atoms (R30) and radiative decay (R31) are assumed, with 
a rate coefficient and frequency, respectively, as reported for O(3p 3P) in argon [43]. For 
the degree of dissociation resulting from the present model, the correct choice of this figure 
is not important. More details about states of oxygen atoms excited by Ar* are given in 
Section "Optical emission from excited O atoms as a measure of ground-state O number 
density".

For the important dissociation reactions of O2, O2(a), O2(b), and O3, (R4 to R10 in 
Table 2), a rate coefficient of 2.1 × 10–10 cm3s−1 was adopted, in agreement with other pub-
lications [27, 29, 30]. Originally this figure was reported by Velazco et  al. [24] for the 
quenching of Ar atoms in the metastable Ar(1s5) state (= Ar(3P2)) by O2 at 300 K. In low-
pressure plasmas, Ar(1s5) is generally the predominant Ar* species while in Ar-rich plas-
mas at atmospheric pressure its share of Ar* is the smallest, due to the already mentioned 
three-body reactions with ground-state O atoms to the triplet excimer Ar2*. Rate coeffi-
cients for quenching of other Ar(1s) species and of Ar2* by O2 are not very different from 
2.1 × 10–10  cm3s−1: In the cited paper one finds values of 2.5, 2.4, and 3.1 × 10–10  cm3s−1 
for Ar(1s4), Ar(1s3), and Ar(1s2), respectively. For the reaction of Ar2* with O2, Oka et al. 
report a value of 2.6 × 10–10  cm3s−1 [31]. The formation of O(2p4 1S) in 2% of reactions 
between Ar* and O2 [25] was neglected. In the reactions of Ar* with O2(a) and O2(b), 
respectively, the formation of O(3P) and O(1D) atoms is allowed for in Table 2, R6 to R9. 
However, due to the lack of kinetic data, the same branching ratios were assumed as for O2.

As a result of energy transfer from Ar* to O3 (R10), dissociation into ground-state O2 
and an O(1D) atom is assumed, following Gentile [32]. In this context it is interesting to 
consider product channels of O3 photolysis at 157.6 nm (7.8 eV) where the dissociation 
into three O atoms is about as frequent as the formation of (singlet) O2 and O(1D) [33]. 
In view of the about 4 eV higher energy of Ar* it would appear reasonable to assume that 
complete dissociation into atoms prevails under our experimental conditions. For the small 
O2 fraction used in the present experiments (100 ppm), however, the 3-atom channel gives 
just about 3% more O atoms in the discharge than the 1-atom alternative, if the steady state 
with a constant Ar* generation rate of 1018 cm−3 s−1 is considered, see below. With higher 
O2 fractions, however, this channel would result in increasingly larger overall O yields than 
the 1-atom channel.

Another still open question is the product branching following the recombination of two 
ground-state oxygen atoms. In mechanisms applied in published work the formation of O2, 
O2(a), and O2(b) from two O atoms with O2 as a third collision partner was in the ratios 
of 0.50:0.33:0.17 [27, 34], or  0.88:0.06:0.06 [30], or  0.88:0.10:0.02 [35]. In Ref. [36] a 
branching into the “Herzberg states” O2(c, A, A’) and into O2(a), respectively, in the ratio 
0.25:0.75 was deduced from experiments. In the present work a factor f in R11 of 0.33 is 
used, a value in agreement with the first two references and between the latter two. The 
choice of f has a relatively small effect on steady-state O atom densities calculated with 
parameters typical in the present context: With f = 0 and 1, respectively, these densities are 
decreased by 1.3% and increased by 3.3%, respectively, relative to the result with f = 0.33. 
O2(a) densities themselves increase about linearly when f is increased from 0.1 to 1. Any 
formation of O2(b) in R11 is neglected because its share in the more recently published 
models was only 2 or even 0%.

For the calculation of k14, the wall-loss frequency of O atoms, an equation was used 
which enables taking into account different loss probabilities γ on the two major walls of 
the flat channel, see Section  "O-atom number density profiles nO(z) across the gas-flow 
direction, wall losses". In addition to dissociation by Ar* in the discharge, reaction with O 
atoms (R13), thermal decomposition (R15), and reaction with O2(a) (R25) are major sinks 
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of ozone. Note that at room temperature, however, the contributions by R15 are negligi-
ble compared with others. Several reactions of O(1D) are included in R16 to R21 because 
O(1D) is a precursor of metastable O2(a) and O2(b) (R17, R18, R21). Under the present 
conditions, however, O(1D) number densities are very small, typically 109 cm−3, owing to 
rapid quenching by Ar (R16), and O2(a) is more efficiently formed via R11, unless f = 0. 
For O2(b) only collisional deactivation by Ar (R26) and by O3 (R27) are included, because 
of the large number density of Ar and the large value of k27. Quenching by O2 and by O 
atoms is much slower, with rate coefficients of 4.1 × 10–17 cm3 s−1 and 8.0 × 10–14 cm3 s−1, 
respectively [30], and therefore not taken into account. In R30 and R31, O(3p 3P) is taken 
as representative of excited states of O atoms, O*, which are formed by energy transfer 
from Ar* in R3. The decay of O(3p 3P) is dominated by the quenching reaction with Ar 
(R30), being, under the present conditions, about an order of magnitude faster than the 
radiative deactivation (R31).

The system of coupled rate equations derived from the reactions R1 to R31 was solved 
using the CVODE option of the freely available XPP software4.

Analytical Equation for nO(t)

A consideration of the rate coefficients for reactions involving Ar* and oxygen species, 
respectively, shows that it should be possible, as a good approximation, to separate genera-
tion and reactions of Ar* (R1…R10) from the major reactions of O atoms with O atoms 
(recombination), molecular oxygen, O2, and ozone, O3, (R11…R13) as well as the dif-
fusion-controlled wall loss of O atoms, assumed here to be a first-order reaction (R14). 
Therefore, an approach using a quasi-steady-state approximation (QSSA) is obvious to cal-
culate nAr* as a “fast variable”, rapidly adapting to the number densities of major oxygen 
species [44].

Analytical kinetic modelling of O2 dissociation and recombination is rendered more 
difficult, compared with other diatomic molecular gases, by the existence of a metastable 
excited state of substantial lifetime, singlet O2(a), as a major product of the recombination 
of O atoms, and ozone, O3, as product of the reaction of O atoms with O2 (with Ar as a 
third partner, R12). It can be shown, by considering the steady state for O3 in the discharge, 
that at sufficiently low input fractions of O2, xO

2

 , the fraction of O3 formed in the discharge 
stays substantially below that of O atoms, due to its dissociation by Ar* (R10).

Therefore we restrict the present analytical treatment of the dissociation process to O2 
fractions in the order of x

O
2

 = 0.01%, whereas the key assumption of the model outlined 
above, the negligibility of processes induced by direct collision of electrons with oxygen 
species, holds up to about x

O
2

 = 1%. However, in the present studies the fraction of molecu-
lar oxygen was always 0.01% because this choice provides substantial number densities of 
O atoms over several centimeters of the post-discharge region at moderate volume flows of 
the gas mixture.

Using the symbol ki,j for the sum ki + kj and making use of the presumed equalities of 
rate coefficients k4 = k6 = k8, k5 = k7 = k9, and k10 = k4,5, respectively, the number density of 
Ar* in the quasi-steady state, resulting from rapid formation with the rate gAr* and rapid 
quenching by O, O2, O2(a), O2(b), and O3 can be written:

4  http://​www.​math.​pitt.​edu/​~bard/​xpp/​xpp.​html

http://www.math.pitt.edu/~bard/xpp/xpp.html
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S2 is the starting number density of O2 at t = 0. It is calculated from the input molec-
ular-oxygen fraction x

O
2

 using the ideal gas law, S2 = x
O

2

 × NA × p/(RT). The simple 
final expression in Eq.  (1) is obtained by taking into account the conservation of the 
total number density of oxygen atoms contained in different oxygen species, 2 × S2, 
and replacing, in the initial expression, n

O
3

 with n
O

3

 × 3/2. The error resulting by this 
approximation, a lowering of nAr*(t), is generally below 3%, due to the smallness of n

O
3

 
in the discharge, unless (P/V)M < 0.8  Wcm−3, the smallest power density used in this 
study. The resulting error in steady-state oxygen-atom densities is even smaller, typi-
cally below 2%.

The steady-state expression for nAr*(t) is inserted into the rate equation for nO(t):

The intermediate formation of O(1D) by R5 is neglected in the present analysis, 
i.e., R5, R7, R9, and R10 are assumed to result directly in formation of ground-state 
O atoms only. This assumption is reasonable because, in atmospheric-pressure argon, 
O(1D) is rapidly quenched to the ground state (R16), resulting in average number den-
sities typically below 1010 cm−3. Therefore, O(1D) plays virtually no role in formation 
of O2(a), being much more efficient by R11 than by R17 and R21.

The non-linear dependence of nAr* on nO, see Eq. (1), generally precludes a straight-
forward closed solution of Eq.  (2). This dependence can, however, be neglected in a 
first approximation, if the degree of dissociation keeps small or, as it is the case here, if 
the rate coefficient for quenching of Ar* by the atoms is about half as large as that for 
the molecules: k3 ≈ k4,5/2: Therefore, and due to the presence of the term k2, account-
ing for losses by radiation, the denominator in Eq.  (1) decreases, upon full dissocia-
tion of O2, only from 7.7 × 105 s−1 to 6.2 × 105 s−1, i.e., by 20%, if S2 = 2.5 × 1015 cm−3 
( x

O
2

 = 100  ppm). This systematic error can be reduced further to about one third by 
appropriately transforming the denominator and using the well-known Taylor expan-
sion of the function f(x) = (1 + x)−1 into a binomial series, f(x) = 1-x + x2 + … Here, 
x ≡  (k3-k4,5/2) × n0(t)/(k2 + k4,5 × S2). The result was used up to the quadratic term for 
the first term in Eq. (3) while only the linear term can be used in the product k4,5 × nAr*, 
in order to avoid cubic terms.

The resulting differential equation for the time-dependence of the average number 
density of O atoms in a differential control volume travelling through the reactor chan-
nel is

(1)

nAr∗(t) =
gAr∗

k2 + k3nO(t) + k4,5
(

nO2
(t) + nO2(a)

(t) + nO2(b)
(t) + nO3

(t)
)

≈
gAr∗

k2 + k3nO(t) + k4,5
(

S2 − nO(t)∕2
)

with S2 ≡ nO2
(0) = nO2

(t) + nO2(a)
(t) + nO2(b)

(t) + nO3
(t) × 3∕2 + nO(t)∕2

(2)

dnO(t)
dt

= 2k4,5 nO2
nAr∗(t) −

(

k̃12 nO2
(t) + kW

)

nO(t) − 2 k̃11 nO(t)
2

= 2k4,5 S2 nAr∗(t) −
(

k̃12 S2 + k4,5 nAr∗(t) + kW
)

nO(t) −
(

2 k̃11 − k̃12∕2
)

nO(t)
2

with k̃11 ≡ k11 × nAr; k̃12 ≡ k12 × nAr; nO2
(0) ≡ S2
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Its solution is [45]:

At steady state, the oxygen-atom number density becomes nO(∞) = (w − b)∕(2c).

O‑Atom Number Density Profiles nO(z) Across the Gas‑Flow Direction, Wall Losses

The wall-loss frequency kW = k14 (see Table 2) is calculated from the first non-zero positive 
root, α1, of the equation

γj (j = 1 or 2) are the loss coefficients for the major walls in a flat reactor with rectangu-
lar cross section (height h <  < length l and width w), R and M are the universal gas constant 
and the atomic mass of the considered species, respectively. vth is the average thermal veloc-
ity, vth = [8RT/(πM)]1/2. In the present case, for T = 293 K, we have vth = 6.23 × 104  cm/s, 
D = DO,Ar = 0.38  cm2/s [46] and M = MO = 16 g/mol. With γ1 = γ2 = 2 × 10–4 for a symmet-
ric reactor with two dielectrics from a borosilicate glass [47], g1 = g2 = 8.20  cm−1 while 
γ1 = 0.05 (g1 = 2100 cm−1) is applied for the Al2O3 surface in a DBD reactor with one boro-
silicate dielectric and a metallic electrode, here being the aluminum base plate, carrying an 
ultrathin passivating oxide film [48].

Equation (5) follows from the solution of the diffusion equation for nO(z,t) in a flat chan-
nel with the height variable z, in analogy to heat conduction in solids bounded by two 
parallel planes [49]. Including a first-order decay reaction with the rate coefficient kr, the 
general solution for the concentration profile is

where the αi are calculated from Eq. (5). The coefficients Ai can be determined from the 
number density distribution at t = 0 by series expansion or by a non-linear fit procedure.

Equation (5) is an alternative to the frequently used approximation by Chantry for the 
wall-loss time, τW = 1/kW, calculated as the sum of surface-loss and diffusion-loss times, τS 
and τD [20] (see also [50]). For a flat channel with distance h between the two main walls, 
Chantry’s equation reads:

(3)

dnO(t)

dt
= a − b nO(t) − c n

O
(t)2, with a ≡ 2 S2 G, b ≡ G (1 + 2 S2 B) + k̃12 S2 + kW

c ≡ 2 k̃11 − k̃12∕2 − GB (2BS2 + 1), G ≡
gAr∗

(

S2 + k2∕k4,5
) , B ≡

(k3∕k4,5 − 1∕2)
(

S2 + k2∕k4,5
)

(4)
nO(t) =

1

2c

(w − b)K+E+(t) − (w + b)K−E−(t)

K+E+(t) + K−E−(t)
, with w ≡

√

b2 + 4 a c

K−
≡ (w − b) − 2 c nO(0), K+

≡ (w + b) + 2 c nO(0)

E−(t) ≡ exp(−(w + b) t∕2), E+(t) ≡ exp((w − b) t∕2)

(5)tan(�ih) =
�i
(

g1 + g2
)

�2
i
− g1g2

, with gj ≡
�j

(1 − �j∕2)
⋅

vth

4D
=

�j

(1 − �j∕2) ⋅ D
⋅

√

RT

2πM

(6)nO(z, t) =

∞
∑

i=1

Ai

[

sin
(

�iz
)

+
�i

g1
cos

(

�iz
)

]

⋅ exp(−D�2
i
t) ⋅ exp(−krt)
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Note that the correction factor (1 − γ/2) introduced by Motz and Wise [51] is an approxi-
mation; an improved correction function, depending on the wall-loss probability or sticking 
coefficient γ and the reactant mass fraction near the surface, can be found in Ref. [52]. It 
should be emphasized that, strictly speaking, Eq. (7) is not valid for the calculation of wall 
losses in situations where the volume reaction is not purely first order, such as the recombi-
nation reactions in post-discharges.

If γ1 = γ2, one can compare results of Eqs. (5) and (7) with each other, see Fig. 2.
In the “knee” of the blue curve at γ1 = γ2 = 7.6 × 10–4, where the deviation between 

results from the two equations is the largest, Chantry’s approximate equation results in a 
wall loss time which is about 5% larger than the exact value. However, the main advan-
tage of the transcendental Eq. (5) over its alternative, Eq. (7), is that it covers cases with 
unequal loss coefficients on the two main walls. Today it can be solved easily and with 
arbitrary accuracy with the aid of a suitable graphing software, by looking up the intersec-
tions of the graphs of its l.h.s. and its r.h.s. Alternatively a mathematics software or a web 
source5 may be used. In the present case the first three roots for h = 0.11 cm, γ1 = 0.05, and 
γ2 = 2 × 10–4, as an example, are α1 = 18.1  cm−1, α2 = 44.3  cm−1, and α3 = 72.1  cm−1. The 
corresponding loss frequencies are calculated from the equation kW,i = D �2

i
 (Eq. 6). For 

the fundamental diffusion mode with i = 1 the result is kW = kW,1 = 124  s−1; i. e., the wall 
loss time is 8.1 ms. The diffusion mode with i = 2 decays within 1.3 ms. For h = 0.25 cm, 
α1 = 9.2 cm−1 and kW = 32.2 s−1.

In cases where either (i) g1g2 >  > α1
2 or (ii) g1g2 <  < α1

2, the r.h.s. of Eq.  (5) can be 
approximated and two different averages γav can be calculated. As (i) α1

2/(g1g2) or (ii) g1g2/
α1

2 goes to zero, these averages approach an “effective” αeff, i. e., the loss coefficient which 
would be required on both walls of a symmetrical reactor in order to give the same wall 
loss time as in the asymmetric case:

(7)�
W
= 1∕kW = �

S
+ �

D
=

(1 − �∕2) 2h

� vth
+

h2

�2D

Fig. 2   Comparison of wall-
loss times for a flat rectangular 
channel with height h = 0.2 cm 
and a diffusion coefficient 
D = 0.38 cm2 s−1 as calculated by 
Chantry’s Eq. (7) and by Eq. (5), 
respectively, for equal values of γ 
for both walls
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5  See, for example, https://​www.​wolfr​amalp​ha.​com/

https://www.wolframalpha.com/
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γavh and γava are the harmonic and arithmetic averages of γ1 and γ2, respectively. The 
approximation used in Eq.  (8) can be applied for relatively large products γ1γ2: With 
h = 0.11 cm, γ1 = γ2 = 0.05 for example (two alumina dielectrics), the approximation results 
in an error of only 0.02%, if the harmonic mean is used. In Table 3, values of kW are com-
piled for a number of configurations with practical relevance at atmospheric pressure, 
with small h (0.075 up to 0.25 cm). Entries #4, 7, 10, 15, signified by italic, refer to the 
given situation in the DBD in experiments with the four different configurations run in this 
publication.

For low-pressure plasmas, on the other hand, for example in a situation at 1 mbar with 
h = 5  cm, DO,Ar = 380  cm2/s, γ1 = 5 × 10–4 and γ2 = 1 × 10–4 (g1 = 0.0205, g2 = 0.0041) the 
first positive root of Eq. (5) is α1 = 0.069 while α1 = 0.070 is calculated with the arithmetic 
mean value γava = 3 × 10–4 (Eq. 9).

Comparison of Numerical and Analytical Calculations

As shown below (Fig.  3), the solution of Eq.  (4) for a set of parameters, typical of the 
experiments reported here, agrees within a few percent with a numerical calculation, 
including the full set of reactions in Table 2.

(8)
𝛼1
(

g1 + g2
)

𝛼2
1
− g1g2

g1g2>>𝛼
2
1

⟶

−𝛼1
(

g1 + g2
)

g1g2
= −𝛼1

2

gavh
; 𝛾avh = 2

(

𝛾−1
1

+ 𝛾−1
2

)−1

(9)
𝛼1
(

g1 + g2
)

𝛼2
1
− g1g2

g1g2<<𝛼
2
1

⟶

(

g1 + g2
)

𝛼
1

=
2gava

𝛼1
; 𝛾ava =

1

2

(

𝛾1 + 𝛾2
)

Table 3   Wall-loss frequencies 
from Eq. (5) (293 K, 
D = 0.38 cm2s−1)

$ γ‘s in units of 10−4, *γavh ≡ 2
(

�−1
1

+ �−1
2

)−1 , #from kW, using Eq. (7)

# h/cm γ1
$ γ2

$ α1/cm−1 α2/cm−1 kW/s−1 γavh
* $ γeff # $

1 0.075 1 1 10.2 44.3 39.5 1 1.0
2 0.075 2 2 14.1 46.5 75.5 2 2.1
3 0.075 500 2 25.0 64.1 237 4 8.9
4 0.075 500 500 41.4 82.7 651 500 640
5 0.11 2 2 11.4 33.0 49.4 2 2.1
6 0.11 500 2 18.1 44.3 124 4 7.3
7 0.11 500 500 28.3 56.6 304 500 544
8 0.14 1 1 7.30 24.8 20.3 1 1.0
9 0.14 2 2 9.89 26.7 37.2 2 2.1
10 0.14 500 500 22.3 44.5 189 500 650
11 0.20 500 2 11.0 25.1 46.0 4 5.8
12 0.25 1 1 5.3 14.7 10.7 1 0.77
13 0.25 2 2 6.9 16.3 18.1 2 2.1
14 0.25 500 2 9.2 20.3 32.2 4 5.6
15 0.25 500 500 12.5 25.0 59.4 500 470
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Equation (4) is used below for nonlinear curve-fitting of the OES measurements. Once 
the temporal dependence of nAr*(t) and nO(t) is known, one can attempt to calculate number 
densities of excited O*, O2(a) and O3, using steady-state assumption for these species: The 
red curve for the excited O atoms, O*, shown in Fig. 3 agrees very well with the numerical 
result, as expected in view of short time scales involved, cp. Equation (10).

The two interdependent Eqs. (11) and (12) for O2(a) and O3 are calculated using only 
leading reactions of these species, i.e., neglecting R22, R23, and R24 in Eq. (11) and R15, 
R19, R20, R21, and R27 in Eq. (12). They can be used to calculate n

O
2
(a) and n

O
3

 separately 
as functions of nAr* and nO. The comparison with the numerical calculation reveals that for 
these two species the steady state number densities are lower than the numerical results 
by factors approaching 1.1 and 1.3, respectively, for long residence times. At least a rough 
estimate of these number densities seems possible but this point has not been investigated 
in greater depth, due to the availability of a numerical alternative. Note that the number 
density of Ar* is virtually independent of the degree of dissociation, an important pre-
requisite in the argument outlined in Section "Optical emission from excited O atoms as a 
measure of ground-state O number density".

nO(t) in the Post‑discharge, Approximation for Small Delay Times

For the special case, that gAr* = 0 (w = b), Eq.  (4) represents the decrease of nO(t) in the 
post-discharge region, due to first- and second-order volume and first-order wall losses. It 
can be rewritten as

(10)nO∗ =
k3nOnAr∗

k30nAr + k31

(11)nO2(a)
=

f k̃11 n
2
O

k28 + k6,7nAr∗ + k25nO3

(12)nO3
=

k̃12nO(S2 − nO∕2)

k10nAr∗ + k13nO + k25nO2(a)

Fig. 3   Comparison of Ar* and 
O number densities as calculated 
from Eqs. (1) and (4) (blue lines), 
and number densities of O*, O3, 
and O2(a) (red lines) obtained 
by assuming validity of QSSA, 
Eqs. (10), (11), and (12), respec-
tively, with results of numeri-
cal calculations (dot-dashed 
black lines). The parameter set 
is typical for the experimental 
conditions
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S1 is the number density at the downstream end of the discharge, where the afterglow 
delay time is zero, S1 ≡ nO(tdel = 0). For small delay times tdel, approximate expressions may 
be used which are helpful for the evaluation of experimental data. Figure 4 shows graphs of 
nO(tdel)/S1 as well as of the inverse, S1/nO(tdel), together with linear approximations, which 
can be used during the first few milliseconds, nO(tdel)/S1 = 1–(β + κS1) × tdel, and S1/nO(tdel) = 
1 + (β + κS1) × tdel. The latter approximation works slightly better, up to about 3–4 ms under 
typical conditions. Please note, however, that Eq.  (4) was based on the neglect of reac-
tions with O3. In the DBD region this approximation can be justified by its relatively small 
number densities, due to dissociation by Ar* (R10). In the DB-PD, the validity of Eq. (13) 
is generally limited to the early post-discharge region, under the conditions used in the pre-
sent paper typically up to tdel = 5 or 10 ms.

Optical Emission from Excited O Atoms as a Measure of Ground‑State O 
Number Density

In this section we present an argument why the emission from excited O atoms, O(3p 5P), 
at 777.4 nm can be used to derive a relative measure of the number density, nO, of ground-
state oxygen atoms, O(2p4 3P). Figure 5 shows a diagram with energies of long-lived states 
of argon and of oxygen, respectively, in the energy range from 9.0 to 12.5  eV [13, 18]. 
Optical emissions at 777.4 and at 844.6 nm from discharges in oxygen-containing gases 
have their origins in the O(3p 5P) and O(3p 3P) state, respectively. In the frequently applied 
actinometric determination of O-atom densities in plasmas, where trace concentrations of 
Ar or other noble gases are added to an oxygen-containing gas under study (see, e.g., Ref. 
[53] and citations therein), excitation processes are, in general, predominantly due to direct 
electron impact. For Ar-O2 mixtures with very small fractions of O2 at atmospheric pres-
sure, like in the present study, excited states of oxygen species are virtually exclusively 

(13)
nO(tdel) =

exp
(

−𝛽 tdel
)

S−1
1

+ (𝜅∕𝛽)
(

1 − exp
(

−𝛽 tdel
))

with 𝛽 ≡ k̃12 × S2 + kW , 𝜅 ≡ 2k̃11 − k̃12∕2

Fig. 4   Graphs of nO(tdel)/S1 
and of S1/nO(tdel), calcu-
lated from Eq. (13) with 
typical values of β, κ and S1: 
80 cm−1, 5 × 10–14 cm3 s−1, and 
1 × 1015 cm−3, respectively (black 
and red bold curve, respectively). 
The thin straight lines are linear 
approximations, valid for small 
tdel, see text (Color figure online)
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populated by energy transfer from long-lived Ar(1si) states and Ar2 excimers, Ar2*, for 
similar reasons as outlined above for the dissociation of O2. Possible energy pathways from 
Ar* to O are indicated by the blue arrows in Fig. 5. Among the states of O shown, Ar2* 
populates O(3s  3S0), resulting in emission of three VUV lines between 130 and 131 nm 
[19]. As noted already in Section "Introduction", Ar* species cannot generate O(3p 3P) by 
dissociative excitation of O2, O2(a), or O3.

Under the conditions used here, for an undissociated mixture of Ar with 100 ppm O2, 
Ar2* is the species with the highest time- and space-averaged fraction within the Ar* set, 
with a share of about 0.35, while the fraction of Ar(1s2) is 0.25. These figures are results of 
calculations, using a simple analytical model which was developed for the plasmachemical 
kinetics of Ar(1si) states and Ar2 excimers in mixtures of argon with hexamethyldisiloxane, 
HMDSO [15]. The approach gives also reasonable results, e.g., for the fractions of the five 
individual Ar* species in Ar-TMS (tetramethylsilane), as seen in a comparison with pub-
lished model results [54].

Using the 777.4-nm line for a relative measure of the ground-state O-atom number den-
sity was motivated by its larger intensity and better separation from neighboring Ar lines 
than the 844.6-nm alternative. While Ar2* is able to dissociate O2, it does not contribute to 
emission in the visible or near-infrared region: The emission at 844.6 nm originates from 
O(3p 3P) which is generated by energy transfer from metastable Ar atoms in Ar(1s5) and 
Ar(1s3) states [18] and presumably also from resonant Ar(1s4). The O(3p 5P) state respon-
sible for the emission line at 777.4 nm is populated from O(3p 3P) in 28% of collisional 
quenching processes with Ar [55], (green arrow in Fig. 5). With this number, a radiative 
lifetime of 35 ns, and a quenching rate coefficient by Ar of 1.4 × 10–11 cm3 s−1 for O(3p 3P) 
[43], it can be seen that quenching from O(3p 3P) to O(3p 5P) is more frequent than radia-
tive transition to O(3s 3S0). In addition to processes driven by species Ar(1s3,4,5), near-reso-
nant energy transfer from Ar(1s2) to O(4s 5S0) and radiative cascade to O(3p 5P) appears as 
a plausible, additional pathway. In fact, the emission at 1130 nm from O(4s 5S0) has been 
observed in one preliminary experiment, with a different spectrometer as normally used, 
under typical conditions of this study. Attempts to relate the intensity of this emission to 
the 777-nm line were not made. Unfortunately there is a lack of data concerning energy 
transfer rate coefficients from the resonant Ar states to O atoms as well as of quenching 

Fig. 5   Excited states of argon 
and atomic oxygen with energies 
in the range from 9 to 12.5 eV 
[13, 18]
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and branching data for O(4s 5S0). That is, why a quantitative kinetic model of the involved 
processes is not possible as yet.

For the present study it is sufficient that a strictly linear relation between the 777-nm 
emission from O(3p 5P) and nO is maintained while the Ar-O2 mixture passes the DBD. 
Therefore, it is required that the fractions of Ar2* and Ar(1s2) within the set of Ar* species 
remain constant while the gas composition changes due to dissociation. In general, chang-
ing the number density of a quenching species changes the fractions of individual Ar* 
species [15]. In the present case, however, this effect is relatively small: Reducing x

O
2

 to 
50 ppm, for example, increases the excimer fraction by about 2% and decreases the fraction 
of Ar(1s2) by 5%. Additionally it must be noted that the dissociation replaces one O2 mol-
ecule by two O atoms with a lower quenching rate coefficient: k3 = 6.7 × 10–11  cm3s−1 for 
quenching by O as compared to k4 + k5 = 2.1 × 10–10 cm3s−1 for O2. Therefore, the change 
in nAr* upon dissociation of O2 is comparably small (see Fig.  3) and the assumption of 
constant fractions of the individual Ar* species is reasonable: The three pathways initiated 
by energy-transfer reactions of O with (i) Ar2*, not contributing to emission at 777 nm, (ii) 
Ar(1s2), contributing via O(4s 5S0) and (iii) Ar(1s3,4,5), contributing via O(3p 3P), stay in a 
fixed ratio.

To account for the linear relation between power densities and Ar* number densities 
it is required to divide the emission line intensity through a quantity proportional to 
P/V in order to arrive at a relative measure of ground-state O-atom number densities. 
That is why we have chosen to divide the whole spectra through the peak intensity of 
the neighboring Ar transition Ar(1s5 ← 2p7) at 772.4 nm before determination of the 
line area in order to arrive at what is named, in this paper, I777. This should eliminate 
effects due to variations in the geometry of the experimental arrangement and in the 
dissipated electrical power.

Experimental Results

Introductory Note: Absolute O‑Atom Number Densities from Relative 
Measurements of Growth or Decay Curves

A consideration of equations for species generation and decay by reactions of first and 
second order, respectively, shows that in the first case the number density n(t) can be 
separated into a factor containing the generation rate g and/or the initial number den-
sity n0, and another, time-dependent factor, which is independent of g and n0. For a 
second-order reaction (or a combination of first- and second-order reactions) this sepa-
ration is no longer possible: The time-dependence of n(t) now contains information 
about g and/or n0, see Eqs.  (14) to (16) for the pure first-order case and Eqs.  (17) to 
(18) for the pure second-order case with rate coefficients k1 and k2, respectively:

(14)
dn

dt
= g − k1n

(15)g > 0, n(0) = 0 ∶ n(t) =
g

k1

[

1 − exp(−k1 ⋅ t)
]
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Reactions of second order frequently dominate in post-discharge regions, unless 
first-order wall losses are much faster. That is why, for example, an absolute quan-
tification of atom number densities in flowing nitrogen post-discharges is possible 
with measurements of the delay-time dependence of lines in the nitrogen 1st Positive 
System, the relative spectral intensities of which are proportional to the squared atom 
number density, nN

2 [56–58].

Model Testing Using Residence‑Time Variations

The model outlined in Section "Calculation of oxygen-atom number density profiles along 
the gas-flow direction" results in the time-dependent O-atom number density, nO(t), in an 
Ar-O2 mixture with x

O
2

 ≤ 0.01 while it passes through a DBD and the early DB-PD, respec-
tively. In the following, these results are compared with experimental data obtained with 
varied residence times in the DBD, tres, or (see Section "Oxygen-atom number densities in 
the post-discharge from delay-time variations") delay times in the DB-PD, tdel. The com-
parison is not based on absolute measurements of nO by any of the established methods 
mentioned in the introduction but on OES measurements of the 777-nm line whose suit-
ably normalized intensity, I777, is proportional to nO, as argued in Section "Optical emis-
sion from excited O atoms as a measure of ground-state O number density". Thus both, nO 
and I777, have the same dependence on time, which depends on the absolute value of nO, 
following the information given in Section "Introductory note: Absolute O-atom number 

(16)g = 0, n(0) = n0 ∶ n(t) = n0 exp(−k1 ⋅ t)

(17)
dn

dt
= g − k2n

2

(18)g > 0, n(0) = 0 ∶ n(t) =
√

g∕k2

�

tanh
�

√

g k2 ⋅ t
��

(19)g = 0, n(0) = n0 ∶ n(t) =
(

n(0)−1 + k2 ⋅ t
)−1

Fig. 6   Experimental results of 
OES measurements at the trailing 
edge of a 1-cm-long electrode 
(data points) and results of 
calculations, using Eq. (4) fit-
ted to experimental data under 
conditions specified in the figure. 
For AG-0.25, two measurements 
were made at tres = 40 and 64 ms, 
respectively. Figures at the 
curves are steady-state values of 
nO, nO(∞), from Eq. (4)
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densities from relative measurements of growth or decay curves". In the following, a scal-
ing factor, fscal, defined as fscal ≡ nO/I777, is determined from experiments with varied resi-
dence time, using non-linear curve fitting to the analytical expression Eq. (4) which can be 
applied to the present experiments with x

O
2

 = 100 ppm.
Figure 6 shows values of I777 from optical emission spectra taken from the discharge 

at the trailing edge of a 1-cm-long electrode, under an angle of 30° relative to the normal. 
The experiments were run with four different reactor geometries and power densities as 
specified in the figure. While the intensities for the two GG series are not too different, in 
spite of the substantial difference in power densities, I777 approaches a steady-state value 
more than twice as large in the wider AG channel, despite a somewhat lower power den-
sity. Qualitatively one can conclude from these observations that there is substantial wall 
recombination of the oxygen atoms in experiments, beyond what is expected from litera-
ture data for glass and Al2O3 used above.

Using non-linear curve fitting, the experimental data for each configuration were fitted 
to analytical functions nO(tres). In principle it should be possible to determine, in this way, 
two fit parameters: the wall-loss frequency kW (= k14 in the model), entering into Eq. (4) via 
the variable b, as well as the scaling factor fscal, relating the intensities I777 with the oxygen-
atom number densities, fscal = nO/I777. According to what was described in Section "Opti-
cal emission from excited O atoms as a measure of ground-state O number density", one 
should expect a single value of fscal to result for all fits.

With the present experimental data, however, this is virtually impossible due to (i) the 
small number of data points per configuration combined with the statistical error of a sin-
gle intensity measurement and (ii) the fact that different pairs of suitably chosen kW and 
fscal have similar results so that the effects of these quantities cannot be separated as it was 
observed in model calculations. Therefore, kW had to be entered as a constant by presuming 
an effective wall-loss probability, γeff, i.e., the value to be inserted into Chantry’s Eq. (7) in 
order to obtain the same wall-recombination frequency as with the transcendental Eq. (5).

It turned out that diffusion-controlled wall loss (τS <  < τD in Eq.  (7), see also Sec-
tion  "Discussion") had to be assumed in the discharge in order to account for the large 
difference in I777(tres) between the two AG series. Simultaneously this choice gives good 
agreement with experimental results for the O-atom density at the DBD exit presented in 
the following section. Therefore, γeff = 0.05 was chosen, resulting in the wall-loss frequen-
cies given in rows #4, 7, 10, and 15 of Table  3. (Note that beyond about γeff = 0.05, kW 
becomes virtually independent of γeff). Then fscal was calculated by curve fitting, resulting 
in figures shown in Fig. 6. Within the GG and AG configurations, fscal is virtually the same, 
within experimental errors, as it should be. However, the average fscal for AG setups is by a 
factor of 2 smaller than fscal for GG setups; a possible reason is discussed later.

A comparison of calculated curves with experimental data points reveals that for all 
configuration the measured intensities I777 increase slower with tres than calculated within 
the present model. The reason for this discrepancy is most probably the way how wall 
losses are accounted for: the assumption of a constant wall-loss frequency kW in the rate 
equation for oxygen atoms is not applicable to the situation with a rapid change of nO 
within milliseconds, as shown in Section "Discussion".

Figures at the solid lines in Fig. 6 are steady-state oxygen-atom number densities, nO(∞), 
calculated from Eq. (4) under the specified conditions. (In the following section, Table 4, 
these numbers are compared with results from experiments with delay-time variation.) 
These densities are in the range from 1.1 to 2.1 × 1015  cm−3, which means that between 
about 20% and 40% of the O2 molecules fed into the DBD (100  ppm corresponding to 
2.5 × 1015 cm−3) are dissociated at steady state.
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Oxygen‑Atom Number Densities in the Post‑discharge from Delay‑Time Variations

There are, in principle, two ways to study the delay-time dependence of O-atom number 
densities in a DBD post-discharge, using OES from a sensing DBD: (1) At constant dis-
tance Δ between main DBD and sensing DBD (see Fig. 1), by varying the average gas flow 
velocity, vav, or (2) by a variation of Δ at constant vav. While the first approach is experi-
mentally easier, it has the drawback that the residence time in the sensing discharge varies 
with the gas flow velocity, resulting in different extents of O2 dissociation. Therefore, the 
alternative method was applied, with a constant average gas velocity of 400 cm/s, varying 
Δ between 1.0 (in one case 0.5) and 8.0 cm.

The first experiments of this kind were made with the same high-voltage generator feed-
ing both DBDs with the same voltage, resulting in virtually the same power densities. It 
turned out that the OES signal, the normalized line area I777, after a first rapid decline with 
increasing Δ, due to O-atom recombination, soon turned off into a region with a much 
smaller slope. We interpreted this observation as the beginning dominance of emission 
from excited O atoms, resulting from O2 dissociation within the sensing DBD and, in a 
second step, excitation of the fragments. Therefore, in order to decrease the power density 
P/V in the sensing DBD relative to that in the main DBD, a 0.3-MΩ resistor was installed 
between the sensing DBD and the high-voltage generator. With increasing applied voltage, 
the main discharge ignited first. Then the voltage was increased further until the sensing 
discharge ignited, too, and could be run stably.

Data used for Figs. 7 and 8 were obtained by OES measurements on DBDs in the same 
channel reactors as used for the experiments with variation of tres reported in the previous 
section. However, in order to guarantee that steady-state atom densities were attained at 
the chosen gas velocity (400 cm/s), the length of the main electrode, LM, was increased to 
4 cm. Normalized band intensities were calculated from emission spectra measured at the 
leading edge of the top electrode, feeding the sensing DBD (Fig. 1), under an angle of 30° 
from the normal, as above. For each distance Δ, two spectra were taken: One with only the 
main DBD running and a second with both DBDs on. Data used to calculate the I777 values 
in Figs. 7 and 8 were obtained after subtracting the first spectrum from the second, in order 
to correct for any backscattering of radiation from the main DBD.

In Fig.  7, reciprocals, 1/I777, are plotted against the delay time, calculated from the 
average gas velocity and the distance Δ, tdel = Δ/vav. According to the considerations in 
Section  "Comparison of numerical and analytical calculations" (cp. Figure 4), linear fits 
should be possible to the initial data points, up to a few milliseconds. In fact, this linear-
ity is evident up to 5 ms, except for the series AG-0.11 were only one point falls into this 
interval. Linear curve-fitting to the first two data points of this series and to the data points 
measured at Δ = 1, 1.5, and 2 cm (tdel = 2.5, 3.75, and 5 ms) for the other series resulted in 
linear equations, whose right-hand sides are shown in the figure. Note that the second fig-
ures in the brackets are the ratios of slope and intercept with the ordinate which, following 
Section "Comparison of numerical and analytical calculations", should equal.

Interestingly, the two GG measurement series result virtually in the same intercept with 
the ordinate and similar slopes, irrespective of the difference in channel height h which 

(20)

𝜅S1 + 𝛽 =
(

2k̃11 − k̃12∕2
)

S1 + k̃12S2 + kW

= 5 × 10−14cm3s−1 × S1 + 1.2 × 10−14 × 2.5 × 1015s−1 + kW

= 5 × 10−14cm3s−1 × S1 + 30 s−1 + kW
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Fig. 8   Data from Fig. 7, normal-
ized by dividing through I777(0), 
the reciprocals of the intercepts 
shown in Fig. 7. Black curves are 
values of nO(tdel)/nO(0), calcu-
lated numerically with the model 
described above; the correspond-
ing values of nO(0) are shown in 
the upper left. Power densities 
of the main DBDs are given 
together with the legends
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Fig. 7   Reciprocal of the normal-
ized intensities of the 777-nm 
line, 1/I777, as a function of the 
delay time measured for four 
different reactor channels; see 
text for the nomenclature used. 
Data points for 2.5 ≤ tdel/ms ≤ 5 
(7.5 in case of the 0.11-cm 
channel) were used for a linear 
fit, resulting in the intercepts and 
the ratios of slopes and intercepts 
given in the figure. Data points 
marked by the arrow were 
obtained with the main DBD off
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should influence the slope/intercept ratio via the wall loss frequency, kW, and result in a 
larger slope/intercept ratio for h = 0.075  cm, in contrast to what is observed. Therefore 
one can conclude that the wall-recombination frequency kW does not significantly con-
tribute to β; the post-discharge wall-loss probability γPD for the GG channels should be 
well below 1 × 10–4, cp. Table  3. For the AG configuration the narrower channel with 
h = 0.11 cm results in an intercept of 1/I777 about twice as large as the wider channel with 
h = 0.25 cm, indicating an O-atom number density roughly half as large, as already found 
in Section "Model testing using residence-time variations". Here, the slope/intercept ratio 
is also much smaller for h = 0.11 (44  s−1) than for h = 0.25  cm (107  s−1). The wall-loss 
frequency, as calculated from literature data for SiO2 and Al2O3 and a channel width of 
0.11 cm, should already be larger than 100 cm−1, see entry #6 in Table 3. Again, the wall 
losses appear to be negligible, compared with volume losses by recombination and by reac-
tion with O2.

Therefore, neglecting wall losses, one can calculate nO(0) for the four reactor config-
urations by subtracting k̃12 × S2 = 30  s−1 from the slope/intercept ratios and dividing by 
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κ = 5 × 10–14 cm3 s−1. Results are shown in Table 4, column A. The results in the B column 
of Table 4 were obtained by comparison of the experimental data with numerically cal-
culated decay curves: A set of such curves was generated, assuming a vanishingly small 
wall-loss probability γPD (1 × 10–8), by varying the rate of Ar* generation, gAr*, normal-
izing the results by dividing through nO(tdel = 0), and comparing the resulting curves with 
correspondingly normalized experimental results. Figure 8 shows that good agreement is 
obtained for post-discharges with O-atom number densities at the discharge exit between 
0.52 and 1.8 × 1015 cm−3.

Comparison of columns A and B in Table 4 shows generally satisfying agreement of 
the two experimental methods, except for AG-0.11—probably due to the lack of data at 
small delay times. Data in columns C and D are steady-state values, nO(tres = ∞), obtained 
by numerical calculation of O-atom production in the 4-cm- and 1-cm-long main DBD, 
respectively, with somewhat different power densities for each configuration. One should 
expect that nO(tres = ∞) = nO(tdel = 0) for given parameters. Very good agreement between 
experimental and calculated values is obtained for the wider channels AG-0.25 and 
GG-0.14. Stronger deviations for AG-0.11 are probably due to lack of experimental data, 
like the deviations between A and B. The discrepancy for GG-0.075 is probably due to the 
strong effect of wall losses in the narrow channel, which are no longer accounted for by the 
assumptions on which Eq. (4) is based, see the discussion section.

Beyond delay times of about 10 ms (Δ > 4 cm) experimental data begin to deviate from 
the calculated curves towards larger values and seem to become virtually constant at 20 ms. 
We attribute this observation to the generation of oxygen atoms in the sensing discharge. 
Interestingly, in all series, except in AG-0.25 (probably due to incidental deviation), the 
normalized intensities at 20  ms (Δ = 8  cm), I777(20  ms), are significantly larger than the 
intensities measured in the “fresh” Ar-O2 mixture, with the main DBD off. Corresponding 
results are shown in Figs. 7 and 8 behind the break in the time axis and marked by a black 
arrow. Evidently the same residence time in the sensing DBD results in a larger amount of 
O atoms in a gas which passed the main DBD. Tentatively we attribute this observation to 
the formation of O3 in the post-discharge: Fig. 9 shows calculated time evolutions of the 
gas composition after passage through the main DBD.

In the post-discharge it takes about 10 to 20 ms for the ozone number density to reach 
a constant value around 4 to 5 × 1014  cm−3 while the number density of O2(a) begins to 
decline eventually. Note that during the passage through the detection volume of the 

Table 4   Evaluation of OES measurements; comparison with model calculations

A: Calculation from the ratio of slope and intercept of reciprocal 777.4-nm line area plots
B: Number densities from comparison with numerical decay curves, with γPD = 1 × 10–8

C: 4-cm main DBD; P/V as in Fig. 8 or Table 1, 5th col., γeff = 0.05 in the DBD
D: 1-cm main DBD; P/V as in Fig. 6 or Table 1, 3rd col., γeff = 0.05 in the DBD

nO →  Expt.: nO(tdel = 0)/1015 cm−3 Calc.: nO(tres = ∞)/1015 cm−3

Setup ↓ A B C D

GG-0.14 1.7 1.8 2.0 1.9
GG-0.075 1.1 1.3 2.2 2.1
AG-0.25 1.5 1.8 1.4 1.8
AG-0.11 0.3 0.5 1.2 1.1
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sensing DBD a certain number of Ar atoms in the Ar-O2 mixture is converted to Ar*, and 
a given number of Ar* species is able to produce different numbers of O or O(1D) atoms, 
depending on the reaction partner and the dissociation mechanism:

Therefore, the formation of O3 from O2 should result in an increase of the num-
ber of O atoms formed by repeated dissociation of the “plasma-treated” gas mixture 
if the reaction between Ar* and O3 actually forms three atomic species instead of one, 
as assumed in R10 so far. This consideration is supported by numerical calculation 
using start number densities of species as characteristic for the post-discharge after 
20–30  ms. Increasing the rate coefficient k10, on the other hand, does not result in 
increased production of O atoms.

Figure 9 also shows the effects of wall-loss probabilities in the discharge and in the 
post-discharge, γDBD and γPD, respectively. Experiments show that γPD must be signifi-
cantly smaller than 1 × 10–4 but it cannot be decided experimentally if γPD is smaller 
than 1 × 10–5. In the discharge, γDBD must have a value much larger than calculated 
based on literature data, in order to account for the observation that for both, AG and 
GG series, narrowing the channel can nearly compensate (GG-0.14 and GG-0.075 in 
Fig. 9) or even override (AG-0.25 and AG-0.11 in Fig. 9, experiments in Fig. 6) the 
effect of an increased power density on the degree of dissociation.

Discussion

The experimental data support the expectation that it should be possible to quantify 
number densities of atomic oxygen in Ar-O2 post-discharges by optical-emission meas-
urements of the spatial decay of nO. In the wider channels of type AG or GG, discrep-
ancies less than 15% are obtained between measurements and numerical calculations, 
applying a simplified model in which the discharge volume is considered as a uniform 

Ar
∗ + O2 → Ar + 2O or O + O

(

1D
)

(R4, R5)

Ar
∗ + O3 → Ar + O2 + 1O

(

1D
)

(R10)

Ar
∗ + O3 → Ar + 3O

(

R10�
)

Fig. 9   Number densities of 
reactive species O, O3, and O2(a) 
during and after passage through 
DBDs, calculated numerically 
for 6 different parameter sets. 
Power densities are the same as 
in Fig. 8. The magenta and light 
brown curves illustrate the effect 
of changing γPD from 1 × 10–5 to 
1 × 10–4 and to 1 × 10–8, respec-
tively, for a 0.11-cm channel
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source of Ar* atoms. In view of the simplifications made in the kinetic model such as 
the use of a composite species Ar*, the agreement of model calculations with experi-
ments is fully satisfactory.

It turned out, however, that the frequencies of heterogeneous recombination in the 
DBD and in the PD differ greatly: Effective recombination probabilities of O atoms 
on the reactor walls, calculated with literature data for SiO2 and Al2O3 were too small 
by two orders of magnitude to provide a reasonable fit of experimental data from the 
discharge. On the other hand, smaller values than expected had to be postulated for the 
walls of the post-discharge region.

The wall-recombination probability γ of O atoms on a silica or borosilicate glass 
surface is not a material property but strongly dependent on the environment. It has 
frequently been reported that the contact with a gas discharge increases γ of O atoms, 
see, for example Refs. [59–61]. An extreme example was reported by Cartry et al. [62]: 
In contact with a microwave plasma at 133 Pa, γ for a quartz tube at room temperature 
was 0.03, two orders of magnitude higher than typical for silica surfaces not exposed 
to a plasma. Values beyond 0.01 are otherwise only achieved at elevated temperature; 
so far it is not known how the exposure to a plasma in general and to a DBD in the 
present case enhances O atom recombination—by ion-induced formation of new active 
sites for O-atom attachment, by plasma-enhanced desorption, or by the incidence of 
electrons on the surface in every period of the applied voltage. Similar to the processes 
in filamentary DBDs in air [63], one can expect that surges of argon cations with ener-
gies of several tens of eV, sufficient to break Si–O bonds at the surface, are hitting 
the surface during a few nanoseconds in every period of the applied AC voltage. How 
these ions effect the silica or borosilicate surface remains to be studied.

Residence‑Time Dependence of nO in the DBD

With γ > 0.01, the wall recombination in the discharge is predominantly controlled by dif-
fusion. Criteria for diffusion- or surface-control in a channel with, e.g., h = 0.1  cm as a 
typical height, can be derived from Eq. (21). Neglecting the Motz-Wise correction factor, 
which is 0.995 and 0.99995 for γ = 0.01 and 1 × 10–4, respectively, the ratio of characteristic 
times for surface process and diffusion becomes:

Therefore, the heterogeneous process in the discharge should mainly be controlled by 
the diffusive transport of O atoms to the walls. With number densities in the range from 
1 to 2 × 1015 cm−3, the volume reactions of O atoms are largely second order (three-body 
recombination at constant nAr). Unfortunately, Eqs.  (5) and (6) are, strictly speaking, not 
applicable for this situation because they were derived for first-order volume and surface 
reactions. In the chemical literature, wall effects on number densities of reactive species 
in  situations with second-order volume reactions have already been dealt with since the 
1950s [64, 65] but an easily applicable equation for the wall-recombination frequency is 
not available in the literature, to the knowledge of the authors.

(21)

�
S
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2 h π2D

� vth h
2
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S
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S
∕�

D
≥ 10 ⇒ Surface process dominating
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Another systematic error in the model is related to the rapid rise of nO as the Ar-O2 mix-
ture enters into the DBD: 50% of the saturation value nO(∞) is typically achieved within 
less than 2 ms. Therefore, in order to justify the assumption of a constant wall-loss fre-
quency based on the fundamental diffusion mode, kW = a1

2 × D, the diffusion mode with 
i = 2 (Eq. (6)) should have died away at least an order of magnitude faster. It is interesting 
to note that, in  situations with γ = 0.05 on both walls, α2 differs from α1 only by a fac-
tor of 2 and the decay times of the first and the second mode only by a factor of 4. With 
kW = 100 s−1, for example, the decay time for the mode with i = 2 is 2.5 ms. Figure 10, to 
take another example, shows the exponential decrease of number density in the fundamen-
tal diffusion mode for a flat channel with h = 0.2 cm and walls with γ = 0.05 and γ = 2 × 10–4 
at z = 0 and z = h, respectively, (red straight line) and, for comparison, the evolution of the 
normalized z-averaged number density as it follows from integration of Eq. (6), including 
13 terms, starting from a virtually uniform distribution of atoms, n(z,0) = 1, at t = 0 (black 
curve) and kr = 0. Here, α1 = 11.0 cm−1 and α2 = 25.1 cm−1, see entry #11 in Table 3. Dur-
ing the first milliseconds the wall loss is significantly faster than at later times, t > 5 ms. The 
insert shows the number density distribution n(z,t) as a function of z at different moments 
in time t. Note that the inclusion of even as many as 13 terms with αI < 200 results only in 
a modest approximation to n(z,0) = 1. However, the residual ripple dies out within 0.2 ms.

These latter considerations explain the discrepancies between the observed rates of rise 
of I777 and the calculated nO as a function of tres in Fig. 6. The discrepancy for the very 
narrow channel with h = 0.075 cm in in Table 4, on the other hand, could be due to the 
non-justified assumption of a dominant first-order volume reaction to derive Eqs. (5), (6), 
and(7). Obviously, however, this does not compromise the agreement for larger channel 
heights, h = 0.14 or 0.25  cm, due to substantially smaller wall-losses; note that kW ~ h−2 
(Eq. 7) if wall losses are diffusion-controlled.

At present, the differences in fscal between measurements in configurations AG and GG 
in Fig. 6 cannot be explained. In the model calculations constant temperature was assumed 
to be maintained in the gas phase during passage through the DBD. In the experiments, 
some temperature increase takes place which is higher for the GG configuration, under 
otherwise identical conditions, due to the lack of good thermal contact with the massive 
aluminum base plate. Possibly the relation between I777 and nO is temperature-dependent, 

Fig. 10   Time evolution of the 
average number density of a 
species in a flat channel, lost at 
the walls with probabilities 0.05 
at z = 0 and 2 × 10–4 at z = 0.2 cm, 
resp. The initial distribution is 
n(z,0) ≈ 1; the black curve is 
calculated from Eq. (6), with 
terms up to i = 13. The red curve 
is obtained if the fundamen-
tal diffusion mode (i = 1) is 
already established at t = 0. 
(D = 0.38 cm2 s−1)
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beyond the mere gas-density effect. Further discussion of this topic is beyond the scope of 
this paper.

Measurements of nO(tdel) in the DB‑PD

With a much smaller loss probability γ (< < 1 × 10–4) in the post-discharge than in the 
DBD, the heterogeneous reaction is largely controlled by the slow surface process. Errors 
introduced by non-steady diffusion or by the second-order nature of the volume reaction 
should not play a big role.

In order to evaluate separately the wall-loss frequency and nO(tdel), experiments should 
be performed with at least two different, suitably chosen gap widths, h, as it was done 
here to some extent. To achieve a situation where wall-recombination processes are slow, 
compared with volume reactions, channels should be used with widths of several mm, if 
feasible.

In order to suppress the formation of O atoms in the sensing DBD by dissociation of 
O2 as well as products O2(a) and O3 from the main DBD, the power density in the sensing 
DBD should be reduced as far as possibly. So far, a 0.3 MΩ resistor was used for this pur-
pose, without optimization. Another possibility could be the use of an appropriately chosen 
inductivity or, most suitably, a separate voltage source.

Conclusions and Outlook

Number densities of oxygen atoms generated in highly diluted gas mixtures of O2 with 
argon during passage through a dielectric-barrier discharge can be calculated using a sim-
plified kinetic model, assuming that the DBD volume is a uniform source of long-lived 
excited Ar species, Ar*, which transfer their energy to oxygen species O2, O2(a), O3, and 
O, resulting in dissociation and excitation, respectively. The corresponding rate equations 
can be solved numerically or, with a quasi-steady state approximation for Ar*, by an ana-
lytical equation for nO(t), with a deviation of less than 10% from the numerical approach 
for the experimentally studied low O2 fraction of 100  ppm. To cover reactor configura-
tions with surfaces differing strongly with respect to the wall-recombination probability, an 
alternative to Chantry’s equation for the calculation of wall-loss frequencies is proposed. 
Model calculations were compared with experimental data from optical-emission spectros-
copy, using the 777.4 nm-line of excited oxygen atoms to obtain a relative measure of its 
number density. Absolute O-atom number densities were derived by studies of the delay-
time dependence of nO in the post-discharge, using a second DBD as a sensing discharge 
to excite O atoms produced in the main DBD. In view of the model simplifications, good 
agreement was obtained between model calculations and the latter experimental method 
for a double-dielectric channel with a 0.14 cm gap and for an asymmetrical channel with 
Al base plate and h = 0.25 cm, respectively. Wall recombination of O atoms on oxide sur-
faces was found to be substantially accelerated by exposure to the discharge.

At present the experimental method based on delay-time-dependent OES measurement 
using a sensing DBD at different distances from the O-producing DBD appears to be a 
trustworthy method relying on only a small number of manageable presuppositions: Pro-
portionality between the suitably normalized emission intensity, I777, and the O-atom num-
ber density, nO, and validity of a small number of rate coefficients, see Eq. (13), and the 
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wall loss frequency. The latter can be determined by experiments on DBD reactors with 
two or more different, suitably chosen channel heights, h.

To improve the method, a few issues deserve to be studied in greater detail: (i) It should 
be investigated, using numerical calculations, under what conditions Eq.  (5), derived for 
the case of a first-order volume reaction, can be applied, without too large errors, to a situ-
ation dominated by the second-order recombination reaction of O atoms. (ii) The experi-
ments require constant power density in the detection area of the sensing DBD while its 
distance from the main DBD is varied. So far, this has not yet been investigated; it was 
just assumed to be constant if the same applied voltage is used while varying Δ. (iii) The 
excitation kinetics of ground-state O atoms by individual Ar(1si) species should be studied. 
(iv) Last not least it is challenging to extend the analytical Eq. (4) to a model in which the 
composite species Ar* is resolved into its components: Individual Ar(1si) species as well 
as Ar2 excimers.
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