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Abstract

Oxygen atom densities were measured in situ in a CO2 glow discharge, at pressures between 0.2 and 5
Torr (26.7-666.6 Pa). Two measurement techniques were compared, namely optical emission actinometry
(using Ar as the actinometer) and High-Resolution Two-photon Absorption Laser Induced Fluorescence
(HR-TALIF) normalised to Xe, and were found to give consistent results. The variation of the atomic oxy-
gen density with gas pressure shows two different regimes with a transition around 1 Torr. Measurements
of the O atom loss frequency under plasma exposure showed that this behaviour is caused by a change in
the O atom loss mechanisms, which are dominated by surface processes in our experimental conditions.
The corresponding recombination probabilities on Pyrex γO are found to vary with the gas temperature
near the wall for a constant surface temperature, similarly to what has recently been obtained in pure O2.
However, the measured values are more than two times lower than γO obtained in a O2 plasma in similar
conditions. The O atom densities are also compared to the dissociation fraction of CO2 determined by
infra-red absorption. The obtained CO and O densities show different behaviour as a function of the
energy input. The simultaneous measurement of gas temperature, electric field, O, CO and CO2 densities
and O atoms loss frequency in the same conditions provides an ideal set of constraints for validating CO2
plasma kinetic models.

1 Introduction

The increasing concentration of CO2 in the atmosphere
due to anthropogenic emissions is widely established to
be a major cause of climate change [1]. This is motivat-
ing the development of different strategies to reduce the
emissions of CO2 or to capture and store it from indus-
trial sources. An attractive possibility is to recycle CO2 as
a raw material for the synthesis of more complex organic
molecules, such as energy-dense hydrocarbon fuels. The
use of low temperature plasmas has potential to increase
the overall efficiency of this process, and is compatible
with the use of intermittent renewable energy sources.

The dissociation to CO is the first step in plasma con-
version of CO2. The so-called vibration up-pumping of
the asymmetric-stretch vibrational mode of CO2 has been
proposed to be the most efficient path [2]. Many differ-
ent plasma sources have been investigated over a large
range of pressures: from 10 to 1000 Pa with DC glow

or radio frequency discharges [3–6], from few kPa to tens
of kPa with RF and microwave discharges [7–10], at at-
mospheric pressure with gliding arc [11, 12], dielectric
barrier discharges [13–15] or micro-hollow cathode dis-
charges [16] or even above atmospheric pressure with
nanosecond discharges [17, 18]. These plasma sources
and others have been listed and compared in terms of
conversion efficiency in several review articles [19–21].
Other applications of CO2 plasmas include polymer depo-
sition at low pressure [22–24], planetary atmosphere entry
studies [25–30] and oxygen production from the Martian
atmosphere composed of almost pure CO2 at a few hun-
dreds of Pa [4, 31, 32].

The dissociation of CO2 produces O atoms, which
will then undergo further reactions which can have ben-
eficial or detrimental impact in the final conversion. On
the one hand, they can react with vibrationally excited
CO2 [2, 33], increasing the dissociation. On the other

1



hand O atoms can quench the vibrational excitation of
CO2 [34–36] or oxidize CO back to CO2. Oxygen atoms
can also simply recombine into O2. They play therefore
an important but complex role in CO2 plasma dynamics
and on the efficiency of CO2 conversion.

The role of oxygen atoms in CO2 plasmas, although
essential, remains poorly documented. Most of the avail-
able papers deal with spacecraft entry into the atmo-
spheres of Mars or Venus, from both experimental [37–
39] and modelling [26,27,40] points of view. These stud-
ies are usually performed with large gas flows and with
gas temperatures between 1000 to 4000 K, which is too
high to take advantage of non-equilibrium conditions [2].
Some papers in the field of CO2 lasers have briefly dis-
cussed the role of O atoms but mainly from modelling
point of view [41, 42] and often with CO2 being largely
diluted in mixing with N2 and He [36, 43, 44]. The vi-
brational quenching coefficient by O atoms is reported
only for the very first vibrational level of the asymmet-
ric stretch mode CO2(001) with significant discrepancies
[34, 45]; the quenching of higher levels, when taken into
account, is only extrapolated from a first order perturba-
tion theory [46] and no experimental data are available.
Another example is the reaction of O with vibrationally
excited CO2 to produce CO + O2, which is reported in
models, however its rate coefficient depending on vibra-
tional levels has not been measured and is also extrapo-
lated [33]. Similarly, the oxidation reaction of CO to CO2
is only well documented for ground state O and CO, but
not for excited states.

In addition to the importance of oxygen atoms in gas
phase processes, surface processes involving atomic oxy-
gen can also be very important for the use of CO2 plas-
mas. Indeed, one of the possible approaches to improve
the efficiency of CO2 conversion consists of coupling the
plasma with adsorbent and/or catalysts [47–49]. When
using these materials in contact with the plasma, oxygen
atoms can either recombine into O2 or O3, or possibly re-
act on the surface with CO or CO2 molecules. Surface
reactions in CO2 plasmas, and in particular of oxygen
atoms, are still poorly known even on surfaces as sim-
ple as SiO2. While the loss probability of O atoms has
been extensively studied in pure O2 plasma, very few data
are reported in CO2 plasma, mostly for atmospheric entry
[26, 40] and polymer treatment at very low pressure [50].
An additional difficulty is that afterglow data can not be
used to study the surface kinetics under direct plasma ex-
posure. For instance, it has been shown in pure O2 that
surface loss mechanisms can be enhanced up to two or-
ders of magnitude when surfaces are under direct plasma
exposure [51, 52]. In addition, the few available experi-

mental data are often difficult to interpret because of the
complexity of the processes induced in a CO2 plasma and
the difficulty to isolate the different mechanisms involved.

This paper is part of a recent effort to investigate dif-
ferent aspects of the kinetics of CO2 plasmas and disen-
tangle the underlying elementary processes. We have cho-
sen to use as plasma source a DC glow discharge, which
is simple, reproducible and homogeneous (in the posi-
tive column). It allows therefore the joint use of multi-
ple complementary diagnostic methods, in order to sep-
arate the important mechanisms influencing CO2 plasma
kinetics. The low pressure range, in addition to its rele-
vance for some applications, has the advantage of allow-
ing easier monitoring of the evolution of different pro-
cesses due to the slower characteristic times. This ex-
perimental approach can then be used as a basis for val-
idating kinetic models and the knowledge acquired is es-
sential to optimise the actual discharges to be used in fu-
ture applications. Following this approach, we previously
measured the vibrational temperatures of CO2 and CO in
a pulsed DC discharge for different pressures (1-5 Torr)
and currents (10-50 mA) [53, 54]. These first measure-
ments showed a good agreement with a kinetic model de-
scribing the vibrational kinetics of CO2 under conditions
of very low dissociation rate (pulsed plasma at low rep-
etition rate) in which the quantities of CO and O can be
neglected [55,56]. A more complete description of the ki-
netics of CO2 plasmas requires now a deeper investigation
of the interactions between CO2, CO and atomic oxygen.

In this work we investigate the kinetics of O atoms
in similar discharge conditions as in our previous works
[53–57] with two main purposes. The first objective is
to determine accurately the absolute O atom densities un-
der conditions where the CO2 and CO densities are also
well characterized. To the best of our knowledge, abso-
lute densities of CO2 and CO and O together have never
been measured in situ at the same plasma conditions. We
measured the absolute atomic oxygen density at pressures
in the range 0.2 - 5 Torr (26.7-666.6 Pa) and discharge
currents from 10 to 50 mA using both actinometry and
High Resolution-Two photon Absorption Laser Induced
Fluorescence (HR-TALIF). Each of these commonly used
techniques have advantages and limitations that are dis-
cussed in detail to assess the level of accuracy of the abso-
lute values obtained. FTIR absorption spectroscopy was
used to determine the density of CO and CO2 in the dis-
charge, and thus the dissociation rate.

The second objective is to investigate the main O atom
loss mechanisms in our conditions. We determine the O
atoms loss frequency under direct plasma exposure using
a time-resolved actinometry technique in partial modu-
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lated discharges developed by Lopaev et al. [58]. This
technique has been recently used in pure O2 plasma show-
ing that the O atom loss frequency passes through a min-
imum with pressure [59]. Notice that in our experimental
conditions the O atom loss processes are a priori domi-
nated by surface recombination at the reactor walls. Our
approach insures the surface to be continuously exposed
to plasma and therefore allows the determination of the
surface loss probability in the active discharge. However,
at the highest pressures studied, gas phase losses must be
also considered and discussed.

The different experimental set-ups used for actinom-
etry, HR-TALIF and FTIR measurements are presented
in the next section. In section 3, the principles of acti-
nometry and TALIF are briefly reviewed and the choices
made to analyse the data are described. Section 4 presents
measurements of parameters including the gas tempera-
ture and electric field, which are essential for both control
of the plasma conditions, and analysis of actinometry and
TALIF data. Section 5 presents the results of CO and O
atom absolute densities and recombination probabilities
with an assessment of their accuracy, before discussing
them in section 6. Finally, section 7 summarises the main
results and closes the paper.

2 Experimental set-up

2.1 Discharge reactor

The CO2 glow discharge was ignited in a 2 cm inner-
diameter cylindrical Pyrex tube. Two different reactor
lengths were used, 67 cm for TALIF and actinometry and
23 cm for in situ FTIR experiments. The tube is doubled-
walled, allowing control of the wall temperature by circu-
lating a mixture of distilled water and ethanol at a tem-
perature fixed at 323K (500C) for all experiments. The
discharge was established between two cylindrical metal-
lic electrodes located in perpendicular side tubes, 17 or
53 cm apart, depending on the tube length. This config-
uration ensures that IR absorption measurements (line-of
sight-integrated) are taken only through the positive col-
umn of the glow discharge. The anode was connected to
a DC high voltage power supply through a 68 kΩ non-
inductive ballast resistor.

The pressure in the tube was varied between 0.2 and 5
Torr, with a constant total gas flow of 7.4 sccm (set by
Brooks SLA5850S1 or Bronkhorst F-201CV flow con-
trollers) using gas from bottles of pure CO2, O2, Ar and
Xe (Air Liquide Alphagaz 1 for CO2 and Ar, and Al-
phagaz 2 for O2 and Xe). The pressure was measured
with a capacitance manometer (Pfeiffer CMR263/ MKS

122AA), and the gas was evacuated by a scroll pump
(Edwards, XDS35) through a pressure-regulating valve
(Pfeiffer EVR116 + controller RVC300). The discharge
current was varied between 10 and 50 mA, working either
in continuous or in partial-modulation regimes (see details
of the latter in section 2.3). The axial electric field was
determined from the voltage drop between two tungsten
probes, located 20 cm apart in the long discharge tube.
All measurements were taken at the axial centre of the
positive column of the glow discharge; radial gradients in
the electric field were therefore not taken into account.

2.2 HR-TALIF setup

The laser set-up used for HR-TALIF measurements
(shown schematically in figure 1), uses a commercial
single-mode continuous Titanium:Sapphire (Ti:Sa) laser
(Coherent MBR 110 pumped by a 10W Verdi Nd:YVO4
laser) to seed a home-built nanosecond pulsed ring cav-
ity Ti:Sa laser, pumped by a 20Hz 532nm Nd:YAG laser
(Quantel CFR200) [60–63]. The seed laser is injected co-
linearly with the pump laser into a Ti:Sa crystal. The cav-
ity also contains two prisms to coarsely select the output
wavelength range with a spectral resolution of about 15
cm−1. The cavity is locked to the frequency of the seed
laser by adjusting the cavity length using a piezoelectric
actuator on one of the mirrors, in order to operate the ring
cavity in a single longitudinal mode. The wavelength of
the seed laser is monitored by a wave-meter (Angstrom
WSU from High Finesse, measurement resolution 5MHz
FWHM).

The output pulses from the ring laser (at around 903
nm) are then frequency-doubled twice by non-linear BBO
crystals, generating ultraviolet pulses around 225.6 nm
with an energy of approximately 1 mJ. The spectral width
of the ultraviolet pulses is around 0.006 cm−1 FHWM,
close to the Fourier transform limit of the pulse dura-
tion. The ultraviolet beam is spatially separated from the
longer-wavelength components using a fused silica Pellin-
Broca prism and passed through a home-made attenuator
(allowing the laser energy to be varied without changing
the spatio-temporal profile), towards the long discharge
tube, which is closed with two CaF2 windows. The beam
was not focused (the reason for this is explained below).
The laser pulse duration is approximately 7.5 ns and a re-
flection from a mirror/beam splitter was monitored with a
fast UV photo-diode to trigger the data acquisition. After
exiting the tube, the beam is reflected by a dielectric mir-
ror at 450 (97% of the laser energy) towards a laser energy
meter (Sensor PE10-C + controller Pulsar, Ophir). Be-
hind this last mirror we installed an IR photo-diode with
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Figure 1: Experimental set-up used (non-simultaneously) for TALIF and actinometry experiments. M: Mirror, BS:
Beam splitter, L: Lens, PD: Photo-diode, PMT: Photomultiplier, IF: Interference filter, ND: Neutral density filter. The
laser set-up is shown with a simplified version of the optics.

two neutral density filters in order to detect the onset of
the amplified spontaneous emission (ASE) signal from the
transmitted (IR) light. All TALIF data was recorded using
a laser energy below the threshold for ASE.

The fluorescence from the laser-excited atoms at
844.6 nm was collected perpendicularly to the laser beam
by a f=35.5 mm lens, imaged onto a horizontal slit,
passed through an interference filter (840 nm centre wave-
length, 13 nm FWHM), and detected with a photomulti-
plier (Hamamatsu R13456, with a time response of 2.7
ns) fitted with a gated voltage-divider circuit (Hamamatsu
C1392-56) to avoid saturation by the plasma emission.
The fluorescence signal, the laser pulse signal (UV photo-
diode) and the ASE signal (IR photo-diode) were moni-
tored with a digital oscilloscope (LeCroy HDO4104). A
Labview program was used to record the fluorescence in-
tensity, the laser energy and the seed laser wavelength.
The laser beam profile was measured with a camera beam
profiler (Thorlabs BC106N) and the beam waist was de-
rived assuming a Gaussian spatial profile.

2.3 Actinometry set-up

The atomic oxygen (777.4 and 844.6 nm, hereinafter
O777 and O845) and argon (750.4 nm, Ar750) emission
intensities were collected perpendicular to the reactor axis
(see figure 1), by a collimating lens with the focal point
at the centre of the discharge tube. The collimated beam
was steered by mirrors and focused into the entrance slit
of a spectrometer (Princeton Isoplane STC-320). The
light at the output slit was detected with an IR-sensitive
photomultiplier (Hamamatsu H7422-50) and recorded by
a data acquisition card (National Instruments NI-USB-
6210). The fraction of argon in the total gas mixture was

kept constant at 5% in order to minimize its effect on the
CO2 plasma dynamics. For time-resolved actinometry ex-
periments, the discharge current was partially modulated
using a circuit between the cathode and the ground com-
prising a 15 kΩ resistor in parallel with a transistor switch.
A Labview program was used to record the intensity of the
emission lines, along with the plasma current, voltage and
electric field and their evolution over time.

The wavelength dependence of the relative sensitiv-
ity of the full optical detection system was calibrated for
the three emission lines used for actinometry. The infra-
red output of the single-mode continuous Ti:Sa described
above was directed through the discharge tube following
the same optical path as the light emitted by the plasma.
The power of the laser was attenuated by using several
beam splitters, and a diffuser (Thorlabs) was used to re-
produce a diffuse light source. The diffused light was fo-
cussed into the entrance slit of the spectrometer. The re-
sponse of the beam splitters and the diffuser was checked,
and showed the same response for the three wavelengths
studied. With no plasma in the discharge tube, and using
constant laser power, the relative intensities of the signals
obtained at each wavelength were recorded, providing two
correction factors (IO777/IAr = 1.44 and IO845/IO777 = 3.20)
that were applied to the actinometry formula (see section
3.1.1).

2.4 FTIR set-up

The in situ FTIR measurements were performed with the
short plasma reactor (23 cm length) positioned in the sam-
ple chamber of an FTIR spectrometer (Bruker, Vertex 70),
with a spectral resolution of 0.2 cm−1. The FTIR was
operated in conventional mode, averaging 20 scans. In
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order to obtain the final absorption spectrum, two com-
plementary measurements were performed: an absorption
measurement, taken with the infra-red source of the in-
terferometer on, and an emission measurement performed
with the infra-red source off, in order to record the plasma
emission spectrum. This emission is reflected towards
the interferometer and subsequently reabsorbed by the
plasma, being therefore spectrally resolved. The emission
spectrum is subtracted from the absorption spectrum and
the final transmittance is obtained by dividing the remain-
der by the spectral profile of the IR source. The obtained
spectra are fitted with a MATLAB script described in [53].
Downstream measurements were also performed by pass-
ing the effluent from the discharge through a measurement
cell situated in the sample compartment of the FTIR, in or-
der to check that the dissociation fractions obtained with
both long and short plasma reactors are similar for a given
gas residence time.

3 O atom density measurements

3.1 Actinometry

3.1.1 Principles

Actinometry is a widely used emission spectroscopy tech-
nique described extensively in literature and originally de-
veloped for atomic fluorine [64]. Here, we only recall its
main characteristics to discuss the accuracy of the atomic
oxygen density values obtained and compared them to
HR-TALIF measurements. With actinometry, the density
of a reactive species of interest is determined from the
ratio of the intensity of emission from an excited state
of the probed species to that from a rare gas (actinome-
ter), which is added in small amount to the gas mixture.
It assumes that the observed emitting electronically ex-
cited states are predominantly populated by electron im-
pact from the ground state. In this case, the observed
emission intensity is given by [65]:

IX =CX ·hν
X
i j · kX

e ·ne ·
AX

i j

∑AX
i +∑Q kX

Q[nQ]
[nX ] (1)

where CX is a constant dependent on the detection sys-
tem, in our case calculated with the calibration factors de-
scribed in section 2.3, hνi j is the energy of the emitted
photons, ne is the electron density and [nX ] is the density
of the atoms in the ground state. kX

e is the excitation rate
coefficient, calculated with the expression [66]:

kX
e =

(
2e
m

)1/2 ∫ ∞

εth

σi(ε) f (ε)εdε (2)

where σi(ε) is the collision cross section with threshold
energy εth for the excitation of the level i and f (ε) is the
electron energy distribution function (EEDF), normalized
by

∫
∞

0 f (ε)ε1/2dε = 1. The effective branching ratio is:

aX
i j =

AX
i j

∑i AX
i +∑Q kX

Q[nQ]
(3)

This term represents the ratio of the detected emission to
the sum of all de-excitation processes, where AX

i j is the
Einstein coefficient for the measured transition and ∑AX

i
is the sum over all the possible radiative de-excitation pro-
cesses. The ratio AX

i j/∑AX
i is the pure optical branching

ratio. kX
Q[nQ] represents the non-radiative de-excitation

processes, where kX
Q is the rate coefficient for collisional

quenching by species Q of density [nQ]. In the case
of oxygen-containing plasmas, dissociative excitation can
also be a significant source of emitting atoms. This can
be taken into account by substituting the term kX

e [nX ] in
equation (1) by kX

e [nX ]+ kO
de[O2], where kO

de is calculated
with equation (2) with the corresponding cross section.
Rearranging the different terms and using argon as acti-
nometer, the O atom density can be obtained from the ex-
pression [67]:

[O] =
IO

IAr

CAr ·hνAr
i j

CO ·hνO
i j

kAr
e

kO
e

aAr
i j

aO
i j
· [Ar]−

kO
de

kO
e
[O2] (4)

where the last term in equation (4) represents the contribu-
tion of dissociative excitation. Therefore, the calculation
includes excitation through electron impact and dissocia-
tive excitation of O2 by electron collisions, along with ra-
diative and non-radiative (quenching) de-excitation pro-
cesses.

3.1.2 Data and calculations

The cross sections used to calculate the excitation rate co-
efficients for direct electron impact and dissociative exci-
tation for oxygen were taken respectively from Laher [68]
and Schulman [69], and for the electron impact excitation
of argon were taken from Puech [70]. These cross sec-
tions were chosen since they were found by Pagnon et
al. [65] to give the best agreement between actinometry
and VUV measurements for pure O2 plasma. The EEDF
was calculated using the two term approximation Boltz-
mann solver BOLSIG+ [66] and cross sections obtained
from IST-Lisbon database for CO2, O2, O and Ar, avail-
able in LxCat [71], and for CO [72]. The experimental
values of CO2 dissociation (see section 5.1) were used to
define the CO2 and CO fractions for the calculation of the
EEDF.
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The Einstein coefficient values used in equation (3)
were taken from the NIST database [73]: AO3P

i j = 3.22×
107 s−1, AO5P

i j = 3.69×107 s−1, AAr
i j = 4.45×107 s−1. The

optical branching ratio AX
i j/∑AX

i is equal to 1 for oxygen and
to 0.994 for argon [74]. The rate coefficients for quench-
ing of the emitting oxygen states by O2 molecules used
here were [67] KO3P

Q = 9.4× 10−16 m3s−1 [75], KO5P
Q =

10.8× 10−16 m3s−1 [76]. These coefficients were mea-
sured in pure O2 with an average error around 10%. How-
ever, other sources report significantly different values
(e.g. KO3P

O2
= 7.8× 10−16 m3s−1 [76]). To the best of our

knowledge, there is no data available for the quenching
of atomic oxygen lines by CO2, CO or O. Therefore, we
assumed these species have the same quenching rate co-
efficients as for O2. We checked the validity of this as-
sumption by measuring the decay time of the TALIF flu-
orescence signal while varying the gas mixture between
pure CO2 and pure O2 (discussed in section 4.3). [nQ]
was considered in this case equal to the total gas density
(justified also in section 4.3). In the case of the Ar line,
values are available for other quenchers: CO2: KAr 2P1

CO2
=

6.2× 10−16 m3s−1, CO: KAr 2P1
CO = 1.1× 10−16 m3s−1 and

O2: KAr 2P1
O2

= 7.6×10−16 m3s−1 [77].
The density of O2 used in equation (4) was assumed

to be equal to half of the CO density determined with
FTIR, i.e. the O2 density that would be obtained if all the
O atoms were recombined into molecular oxygen, which
could lead to an overestimation of the dissociative ex-
citation term. However, since the excitation rate coeffi-
cients for this process are at least two orders of magnitude
smaller than the rate coefficients for direct excitation, the
contribution of this term was found to be negligible.

In order to record the actinometry signal, the wave-
length of the spectrometer is fixed at the peak of intensity
of every emission line. Therefore, in principle, we should
include a term to account for the Doppler broadening (and
pressure broadening if needed), which reduces the inten-
sity peak value, as it is done for HR-TALIF (see section
3.2.2) [78]. However in actinometry measurements the
instrumental broadening is dominant, and the Doppler ef-
fect is negligible in comparison.

3.2 TALIF

3.2.1 Principles

Contrary to actinometry, Two-photon Absorption Laser
Induced Fluorescence (TALIF) directly probes the atoms
in their ground state [75, 79, 80]; these are pumped by the
absorption of laser light to an electronically-excited state,
which decays radiatively, emitting the detected fluores-

cence photons. We used the conventional TALIF scheme
in which O atoms in the ground state are excited by
two photons at 225.65 nm, emitting a fluorescence signal
through the 3p 3PJ → 3s 3So transitions at 844.6 nm. The
relation between the ground state density and the detected
signal is given, for a collimated beam (confocal parameter
� fluorescence viewing region) by the expression [81]:

Nhν =
aX

i j ·CX σ̂
(2)
X L E2 ·nX

π ·w2 · (hν)2 ·
∫

∞

−∞

F2(t)dt (5)

where Nhvi is the fluorescence signal (∼ total number of
fluorescence photons), aX

i j is the effective branching ra-
tio described in equation (3), CX is a constant dependent
on the detection system, σ̂X

(2) is the two-photon absorp-
tion cross section, L is the effective length of the light-
collection system, E is the laser energy, w is the beam
waist, nX is the ground state density and

∫
∞

−∞
F2(t)dt is

the integral of the temporal profile of the laser pulse.
In order to deduce absolute densities, we followed

the calibration process first proposed by Goehlich et al.
[82] and further developed by Niemi et al. [75]. This
method is based on a reference measurement with a no-
ble gas of known concentration, performed ideally with
the same spatial, spectral, and temporal intensity distribu-
tion of the laser radiation, removing the necessity to know
these distributions explicitly. This condition is best ful-
filled if the two-photon resonances are spectrally close.
Accordingly, xenon is commonly used as calibration gas
to measure O atom densities [82]. Two possible Xe flu-
orescence transitions have been used in the literature for
the calibration of O atom density, 6p′[3/2]2→ 6s′[1/2]1 and
7p[3/2]2→ 6s[3/2]2. We used the first one, which is excited
by 224.31 nm photons and emits fluorescence at 834.91
nm. The term

∫
∞

−∞
F2(t)dt is similar for the measure-

ments of O atom and Xe (the maximum difference was
determined to be less than 8%). After normalizing the
signal by the square of the laser pulse energy SX ∼ NX

hv/E2,
the O atom density is deduced from the following expres-
sion [75]:

nOatom =

[
TXe

TO
· ξXe

ξO
· σ

(2)
Xe

σ
(2)
O

· aXe

aO
· SO

SXe
·

w2
O

w2
Xe
· (hνO)

2

(hνXe)2

]

·
[

1
nJ=2/∑J nJ

]
·nXe (6)

where TX is the transmittance of the windows and ξX is the
sensitivity of the detection system (CX = TX ·ξX ), includ-
ing the spectral responses of the photomultiplier (mea-
sured similarly as described in section 2.3) and of the in-
terference filter (obtained from the data-sheet), for both
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wavelengths. σ
(2)
Xe/σ

(2)
O is the ratio of the two-photon absorp-

tion cross sections. To our knowledge, the Xe two-photon
absorption cross section has not been published. There-
fore we used the value of the ratio of both cross sections
σ
(2)
Xe/σ

(2)
O = 1.9 determined by Niemi et al. [75], based on

a titration method, with an estimated uncertainty ∼20%.
However, recent preliminary, direct, measurements of the
Xe two-photon absorption cross section [83], seem to in-
dicate that this value could be over-estimated, and point
towards a σ

(2)
Xe value smaller by a factor ∼ 2 than the

value determined by titration. The impact of this cross
section on the final O atom density results will be dis-
cussed in section 5.2. The fluorescence quantum yield,
aXe/aO, was defined above in equation (3). The pure opti-
cal branching ratio AX

i j/∑AX
i is 1 for oxygen, while for Xe

it is 0.733 [84, 85]. In the case of Xe, the radiative decay
rate and quenching coefficient were taken from Niemi et
al. [75] and are, respectively, AXe = 2.45× 107 s−1 and
kXe

q = 3.6×10−10 cm3s−1. The density of Xe, nXe, in the
discharge tube was calculated from the pressure and tem-
perature with the ideal gas law. In the case of oxygen, a
single effective quenching coefficient was used, therefore
the total gas density was used as the quencher density (see
section 4.3).

SO/SXe is the experimentally observed ratio of the fluo-
rescence, integrated either over time, for the TALIF flu-
orescence ratio, or over time and wavelength, for the
TALIF excitation profile ratio (see section 3.2.2), and nor-
malized to the squared laser energy, for the two species.
Although ideally the beam spatial profile should be iden-
tical in the O and Xe measurements, in practice when the
laser wavelength is varied, the position of the beam in the
frequency doubling crystals changes slightly, affecting the
beam shape. According to equation (5), the size of the
beam must be taken into account and the term w2

O/w2
Xe in

equation (6) represents the ratio of the laser beam waist
diameters estimated using the laser beam profiler in the
respective cases. νi is the frequency of the absorbed pho-
tons. Finally, the ground state of oxygen comprises three
fine structure components, but we only determine the ab-
solute density by TALIF in the level J=2; therefore we
must include a term accounting for the fraction of O atoms
in this level. We assume the fine-structure components are
described by a Boltzmann distribution and are in equilib-
rium with the gas temperature. Consequently, the fraction
of O atoms in the level J=2 is given by:

nJ

∑J nJ
=

(2J+1) · exp(−EJ/kB·Tg)

∑J (2J+1) · exp(−EJ/kB·Tg)
(7)

which is equal to 0.67 for oxygen at 1 Torr 40 mA (Tgas ≈
500 K), the condition for which the absolute calibration

was made.

3.2.2 Measurement procedure

All TALIF data were obtained without focusing the laser
beam. In initial measurements we did focus the beam,
but we found that the two-photon absorption excita-
tion line profile was distorted; the intensity ratio of the
three fine-structure components of the upper O 3p 3PJ

state did not match the theoretical values [86], and wide
“wings” appeared. Possible origins of these effects in-
clude J-dependent photo-ionization of the emitting state,
and production of hot O atoms by photo-dissociation of
vibrationally-excited O2 [75, 87]. Without laser focusing
these effects disappeared. The quadratic dependence of
the TALIF signal on the laser pulse energy was also veri-
fied, since any deviation from this dependence would indi-
cate a significant perturbation by photo-ionization and/or
amplified stimulated emission (ASE), leading to errors in
the determined O atom density. The laser energy thresh-
old for ASE was detected with the IR photo-diode as the
laser energy was varied and, during subsequent measure-
ments, the power of the laser was always kept below this
threshold. For all TALIF data, laser shots where the laser
energy fell below 75% of the average were rejected since
they correspond to a failure of the cavity seeding.

For the absolute calibration, the excitation wavelength
was scanned at a fixed laser pulse energy, for both gases.
An example of the excitation spectra obtained from the
integral of the TALIF fluorescence over time is shown
in figure 2. As can be seen, the high spectral resolution
of the laser allows us to partially resolve the fine struc-
ture of the excited level O (3p 3P); the contributions of
the levels J=1 (88630.59 cm−1, fluorescence transition
3p 3PJ=1 → 3s 3SJ=1 ) and J=2 (88631.15 cm−1, transi-
tion 3p 3PJ=2 → 3s 3SJ=1) are easily distinguished. The
J=0 (88631.30 cm−1) contribution is weaker and convo-
luted with that from J=2 one [88]. In the conditions stud-
ied in this work, these profiles are dominated by Doppler
broadening (i.e. pressure broadening, natural line-width
and laser line-width are negligible), and can be fitted with
a sum of three Gaussian functions to determine the tem-
perature of the O atoms. The ratio of the TALIF signals,
SO/SXe in equation (6) is in this case simply the ratio of the
TALIF signals integrated over time and wavelength and
normalized to the laser intensity squared for both species
i.e. an integral of the TALIF profiles shown in figure 2.
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Figure 2: TALIF excitation profile for O atoms in a CO2
plasma and for Xe. In red the raw data points, in blue the
smoothed data (averaging 50 points) used for the integral
calculation.

Figure 3: TALIF fluorescence signal over time for O
atoms in CO2 at 1 Torr 40 mA (transition 3p 3PJ=2 →
3s 3SJ=1), and Xe at 0.2 Torr. The profile is an average
over 300 laser shots.

The absolute calibration can also be achieved by
recording only the TALIF fluorescence signal as a func-
tion of time, with the laser wavelength set to the maxi-
mum of the signal (at the peak of the resonance). An ex-
ample is shown in figure 3, recorded by the oscilloscope

and averaged over 300 laser shots. This signal must be
corrected for the Doppler broadening, which reduces the
signal at the peak. In the case of Xe, we take into account
the contribution of the different isotopes by including a
correction factor equal to 0.54 [89, 90]. Therefore, in this
case, SO/SXe in equation (6) is the ratio of the TALIF flu-
orescence signal, not integrated over wavelength but only
over time, corrected for the Doppler broadening and the
isotope contribution and normalized to the laser energy
squared. The values of the absolute O atom densities
obtained by this method were within 11% of the densi-
ties found by integrating over the complete TALIF exci-
tation profile, and the data acquisition is much faster, be-
ing less affected by possible instabilities of the laser, and
reducing the uncertainties caused by fluctuations in the
laser beam spatial profile when scanning over wavelength.
Therefore the measurements of the relative variation of
the O atom density as a function of discharge parameters
(pressure and current) were subsequently determined just
from the signal at the peak wavelength corresponding to
the transition 3p 3PJ=2→ 3s 3SJ=1, corrected also for the
quenching, as follows from equation (6). The transition
3p 3PJ=1 → 3s 3SJ=1 was found to be give consistent O
atom relative variation with pressure and current, finding
a difference lower than 4%, which means that both transi-
tions can be indifferently used to assess the variation of O
atom density for different plasma parameters.

The temporal shape of the fluorescence signal is a
convolution of the laser pulse duration (around 7.5 ns),
the time response of the PMT (2.7 ns) and the lifetime of
the fluorescing state. In order to evaluate the lifetime of
the exited states (and therefore compensate for quenching
in the calculation), we reject the first 7.5 ns after the peak
(15 ns in total) to avoid any influence of the laser profile
or the response of PMT in the fitting of the fluorescence
decay. Concerning the integral of the TALIF fluorescence
signal to obtain the absolute density, the effect of the re-
sponse time of the PMT (assuming a Gaussian profile and
convolving it with the exponential decay of the TALIF
signal) gives an error in the integral below 0.5% for both
O and Xe. The maximum effect of the laser pulse dura-
tion, also assuming a Gaussian profile, is around 3.5%;
therefore both contributions were considered negligible.
The laser beam shape, which is close to a gaussian pro-
file, was recorded after each TALIF profile scan for abso-
lute calibration in order to obtain the beam waist. For Xe
wY

Xe ≈ 916.6 µm and wX
Xe ≈ 1083.8 µm while for oxygen

wY
O ≈ 892.1 µm and wX

O ≈ 733.5 µm.
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4 Gas temperature, electric field and
quenching coefficients

The gas temperature and the electric field are two essen-
tial parameters required for a good description of the CO2
plasma kinetics. The gas temperature was determined
independently by two diagnostic techniques, HR-TALIF
and infra-red absorption. The consistency and accuracy
of both is discussed in this section. The electric field is
also needed to calculate the excitation coefficients neces-
sary for actinometry. The temporal decay of the TALIF
fluorescence signal allows the quenching rate of excited
O atoms to be measured as a function of the gas mixture,
which is necessary for the analysis of actinometry data.

4.1 Gas temperature

The rotational temperature of CO2 (Trot) was obtained by
fitting the FTIR absorption spectra [53]. The translational
temperature of the O atoms was obtained by fitting the
Doppler broadening of the TALIF profile [60]. Figure 4
a) shows the variation of both with current and pressure.
The temperatures obtained by the two techniques are very
comparable, and therefore Trot can be assumed to be in
equilibrium with the gas temperature and confirms that
O atoms and CO2 molecules are in thermal equilibrium
in our conditions. Tgas increases with both current and
pressure. This can be explained by the higher power dis-
sipated in the plasma as the current is increased, and the
higher voltage (and therefore power) required to maintain
the current as the pressure is increased. This dependence
is clear when plotting Tgas versus the energy input, as
shown in figure 4 b). This figure shows an almost lin-
ear increase of the gas temperature with the specific en-
ergy input (SEI), which is calculated from the discharge
power dissipated in the positive column (see section 4.2)
divided by the molecular flow, and takes into account the
residence time of the gas in the plasma. The exact mech-
anisms responsible for the conversion of electrical energy
into gas heating are complex, but could include enhanced
V-T transfers at higher pressure, and possible exothermic
reactions [91].

Beyond the good agreement between the temperatures
obtained by FTIR and HR-TALIF, looking in more detail,
the temperatures obtained with TALIF tend to be slightly
higher than those obtained with FTIR. This difference in-
creases with pressure and current and can be explained by
the radial temperature gradient in the discharge tube, mea-
sured with TALIF (see section 6). The gas temperature
at the centre of the tube and the radial gradients increase
with pressure and current. The laser beam used for TALIF

is relatively small, therefore TALIF measures the temper-
ature at the tube axis (the hottest point). In contrast, the
infra-red beam used for FTIR measurements is larger, fill-
ing the radius of the tube and the temperature obtained is
an average over the radial profile of the discharge tube.
Therefore, TALIF technique tends to give slightly higher
values than FTIR at high pressure and current. For the fol-
lowing calculations, the temperature obtained with TALIF
is used to obtain O atom densities from the TALIF sig-
nal, whereas the rotational temperature obtained by FTIR
was used for FTIR, actinometry and to obtain the reduced
electric field.

Figure 4: Gas temperature variation a) versus pressure for
different currents obtained from the FTIR spectra (rota-
tional temperature of CO2) and from the Doppler broad-
ening of TALIF signal (translational temperature of O
atoms) and b) as a function of the specific energy input
(SEI).
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4.2 Electric field

The axial electric field was obtained from the voltage drop
across the positive column of the glow discharge between
the two tungsten probes, as described in section 2.1. The
measured values and the corresponding reduced electric
field, are shown versus gas density in figure 5. A sin-
gle monotonous dependence with gas density is observed
for all currents and pressures measured. As expected, a
higher field is required to sustain the plasma when the
gas density is higher, but the reduced electric field is
smaller. For a given current, the reduced electric field de-
creases with pressure (opposite trend to the electric field),
whereas at a given pressure the reduced field increases
with current due to the effect of gas heating on the gas
density. The power dissipated in the positive column can
be calculated from the electric field and the discharge cur-
rent. This power differs from the total power feeding the
discharge due to the power dissipated in regions such as
the cathode fall [92], which do not contribute significantly
to the total dissociation. This has been verified by down-
stream FTIR measurements performed with the two dis-
charge tubes (different length), which gave the same dis-
sociation rate as a function of residence time.

Figure 5: Variation of the electric field (left axis) and re-
duced electric field (right axis) as a function of the gas
density for all pressure and current conditions of fig 4.

4.3 Quenching

Measurements of the temporal decay of the TALIF flu-
orescence signal after the laser pulse (such as shown in
figure 3), give the effective decay rate of the O atoms in
the exited state, which is related to the quenching rate co-
efficients by the expression:

A∗=
1
τ∗

=
1
τ0

+∑
Q

kQ[nQ]⇒ A∗=∑
i

AX
i +∑

Q
kQ[nQ] (8)

where A∗ is the measured effective decay rate, τ∗ is the
effective lifetime, τ0 is the natural lifetime accounting for
all the possible radiative de-excitation processes, kQ is the
quenching coefficient and [nQ] is the density of quenchers.
The experimental values of the effective decay rate, A∗,
for the level 3p 3PJ=2 as a function of pressure and current
can be seen in figure 6. The level 3p 3PJ=1 gave the same
decay rate values and variation with pressure and current
within an average difference of ± 0.0022 ns−1 (∼4.5%).

Figure 6: Variation of the effective decay rate of the
3p 3PJ=2 state with pressure and current. In the inner fig-
ure, the same decay rates are plotted versus total gas den-
sity.

As expected, we see an increase of the decay rate with
pressure. We also see a small decrease with increased
current, which can be explained by the decrease in gas
density due to a temperature increase. The inner figure
shows the same data but plotted as function of the to-
tal gas density. The clear linear dependence shows that
it is reasonable to assume that the decay rate depends
only on the total gas density and is insensitive to the gas
composition (in our experimental conditions). Therefore,
∑Q kQ[nQ]→ kQ[N], with N being the total gas density.
The natural lifetime is obtained from the inverse of the
intercept at zero pressure of a linear fit to this data. The
value found is around τ0 = 37.3 ns, which is close to ex-
perimental values found in literature, 34.7± 1.7 ns in [75]
and 35.1 ± 3.0 ns in [93], but slightly higher than the the-
oretically calculated value given by the NIST (31.1 ns).
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The O atom densities were calculated from the TALIF
signal using our experimental values for the natural life-
time and the measured decay rates for each plasma condi-
tion (i.e. aO in equation (6) is equal to A(=1/τ0)/A∗). For the
actinometry calculation the quenching rates for the two
oxygen lines, O777 and O845, are required. Due to the
lack of data in CO2, we used the quenching rate coeffi-
cients available for pure O2 plasma. The fact that the gas
density is the main parameter in the quenching process
gives us confidence in that the error induced is insignifi-
cant for the final result. Nevertheless, we determined ex-
perimentally how the quenching coefficient for the O845
line (from O(3p3P)), changes with gas composition, from
pure O2 plasma to pure CO2 plasma in our experimental
conditions.

The average value for kQ obtained in pure O2 is
kO

Q = 9.35× 10−16 m3s−1, very close to the value taken
from literature. The addition of CO2 has only a small
effect, between 2 and 10%, and the average value is
kO

Q = 9.59× 10−16m3s−1. Therefore, we make the same
assumption for both oxygen emission lines used for acti-
nometry, and assume that the quenching coefficients for
O2 plasma are also valid for CO2 plasma, with a maxi-
mum error around 10%. A posteriori analysis showed that
varying all these quenching coefficients by 10% causes a
change of less than 1.5% in the absolute O atom values
obtained by actinometry.

5 CO2 dissociation and O atom densi-
ties

5.1 Dissociation fraction in continuous CO2
plasma

The dissociation fraction of CO2 can be determined from
the measurement of the CO density by means of in situ
FTIR absorption. These measurements were performed
with the short discharge tube (23 cm), which fits into the
sample compartment of the FTIR; however, the atomic
oxygen measurements were made in the long discharge
reactor (67 cm). The radii of both tubes are the same, and
there is no axial gradient along the tube since the diffu-
sion dominates over the motion due to the gas flow, ho-
mogenizing the concentrations as has been confirmed by
Raman scattering measurement along the tube axis [57].

Therefore, the main difference between the two dis-
charge tubes is the length between the electrodes, which,
for a given flow, implies a different residence time (τres)
of the gas in the plasma. In order to estimate the CO pro-
duced in the long tube, the dependence of the CO density

on the residence time was measured in situ in the short
tube by varying the gas flow for the different plasma con-
ditions. Additional downstream measurements using both
long and short tubes confirmed that the CO2 dissociation
fraction is the same in both reactors for a given residence
time.

Figure 7 shows the measured variation of the absolute
CO density and the CO fraction, normalized over total gas
density N, for different currents and pressures in the long
discharge tube. The absolute CO density increases mono-
tonically with pressure, whereas the CO fraction over to-
tal gas density first increases slightly with pressure up to
1 Torr, and then becomes almost constant at higher pres-
sures. Both graphs show a saturation at higher currents. It
is worth noting that during these measurements the CO2
densities were also measured and that the carbon balance
was always fulfilled for all pressures and currents. There-
fore the CO densities presented in figure 7 give an upper
limit to the O atom densities that can be expected in the
gas mixture. The FTIR in situ measurements also pro-
vide information about the vibrational excitation of CO
and CO2 that will be correlated with the O atom density
in a future work.

Figure 7: Variation of the CO density (top graph) and CO
fraction (bottom) as a function of pressure for different
currents.
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5.2 Absolute O atom densities

The atomic oxygen densities determined by both actinom-
etry and HR-TALIF are shown in figure 8 as a function
of pressure and current. The graph to the left (a)) shows
the absolute O atom density and figure b) (on the right)
presents the O atom fraction, (absolute O atom density di-
vided by the total gas density). The TALIF data in these
graphs were obtained with the absolute calibration based
on the TALIF fluorescence method (see section 3.2.2) and
using σ

(2)
Xe/σ

(2)
O = 1.9 from [75]. Figure c) (inner figure of

b)) will be discussed bellow. Three main observations can
be made:

• Both O atom emission lines used for actinometry
give very similar values.

• The trend of O atom absolute density variation as a
function of pressure obtained with both HR-TALIF
and actinometry is the same. It shows an increase in
density below 1-2 Torr and then a saturation, which
results in a clear decrease in the O atom fraction,
O/N, above 1 Torr.

• The densities obtained with actinometry are sys-
tematically lower than with TALIF.

Let us first discuss the accuracy of the absolute values
obtained with actinometry. The CO fractions shown in
the previous section were used as input for the Boltzmann
solver in order to obtain the EEDF and the excitation rate
coefficients, required to obtained the O atom densities, as
detailed in section 3.1.2. These CO densities, although
determined with a line-of-sight integrated technique, cor-
respond to the correct values necessary to process the O
emission data because of the spatial homogeneity in the
CO densities (discussed in section 5.1).

The fact that both O777 and O844 give similar den-
sities suggests that processes populating the detected ex-
cited states other than direct electron impact excitation of
atoms are not significant in our plasma conditions [94]
(i.e. two-step excitation via metastable states or cascad-
ing from higher excited levels can be neglected). When
looking more closely, the line O777 gives slightly higher
O atom densities in the low pressure range. In the case
of a pure O2 plasma, it is commonly considered that the
line O777 is less reliable because it can have a stronger
contribution from dissociative excitation of ground state
or metastable O2 molecules [94]. The dissociative exci-
tation of ground state O2 was accounted for in our calcu-
lations; however its contribution is very small due to the
low O2 fraction in a CO2 plasma [50] and the higher en-
ergy threshold for this process. Similarly, the dissociation

excitation from metastable states of O2 is expected to be
very low. Dissociative excitation from CO2 could how-
ever occur, but it was not included in our calculations due
to lack of cross-section data for this process.

In spite of the consistency between the results ob-
tained with the two oxygen emission lines, the absolute
densities measured can still be sensitive, for instance, to
the electron impact excitation cross sections used in the
calculations, as discussed in [65]. In addition, the cross
section set used to calculate the electron distribution func-
tion (EEDF) may also affect the estimated densities. As
an example, when calculating the O atom densities with
a different set of cross sections (Morgan + Phelps) for a
similar gas composition, the O atom densities obtained
are about 20% higher than with the IST set. Therefore,
the disagreement between TALIF and actinometry could
be partially explained by inaccuracies in the cross sec-
tions used. However, preliminary measurements by cavity
ring down spectroscopy (CRDS) in the same experimen-
tal conditions show good agreement with the actinometry
densities [95] while on the other hand, the densities ob-
tained from TALIF measurements could also be overesti-
mated.

In figure 8 a) and b) the solid lines represent the
TALIF data obtained with the absolute calibration based
on the TALIF fluorescence and using σ

(2)
Xe/σ

(2)
O = 1.9 [75].

Figure 8 c) (inner figure of b)), shows the data only for
40 mA, for readability, obtained with the two methods
(TALIF fluorescence and TALIF profile), in good agree-
ment. It also includes the actinometry data for both lines.
Both TALIF curves give densities markedly higher than
actinometry. These absolute O atom densities determined
with TALIF are directly proportional to the ratio of the
two-photon absorption cross section of xenon versus oxy-
gen, determined by titration [75]. Recent preliminary
measurements obtained by direct laser absorption [83] in-
dicate that the value of the Xe cross section may be signif-
icantly lower than the previously reported value, roughly
half of the previous value (for oxygen the two-photon ab-
sorption cross section is known [81]). This would tend
to decrease the results obtained with TALIF. In figure 8
c) the O atoms fractions determined by TALIF but us-
ing this new cross section value are also plotted, showing
very good agreement with actinometry. The new value
of the Xe two-photon absorption cross section is to be
confirmed. In any case, this cross section is the biggest
source of uncertainty in TALIF measurements. Addition-
ally, small deviations of the laser beam spatial distribution
from the assumed Gaussian profile can affect significantly
the final O atom density results because of the square de-
pendence of the TALIF signal with the beam waist.
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Figure 8: Variation of the absolute O atom density (left, a)) and the O atom fraction normalized to the total gas density
(right, b)) with pressure for different currents measured with both TALIF and actinometry. N is the total gas density,
calculated using Tgas measured with TALIF for TALIF Oatom densities and with Tgas measured by FTIR for acti-
nometry Oatom densities. The TALIF data in these graphs correspond to the absolute calibration based on the TALIF
fluorescence and using σ

(2)
Xe/σ

(2)
O = 1.9 [75]. Figure c) (inner figure of b)) shows a comparison of the data only for 40

mA between actinometry and both TALIF profile and TALIF fluorescence for the mentioned cross section and with
the preliminary direct measurement from [83].

Therefore, despite the good agreement between the
two techniques in the trends, the absolute values can still
have significant uncertainties due to their sensitivity to the
parameters detailed above, and an error not lower than
30% is estimated. Even taking this into account, O atoms
represent a large proportion of the total gas mixture in our
conditions. The maximum of [O]/N ∼ at 1 Torr, shown
in figure 8 b) is 0.18 for TALIF fluorescence (0.21 mA
for TALIF profile) and 0.12 for actinometry. The ratio
[O]/CO reaches a maximum value close to 40% for 1 Torr
50 mA, meaning that for some conditions almost half of
the oxygen resulting from CO2 dissociation remains in the
form of free O atoms and do not recombine into oxygen
molecules.

Beyond the uncertainties concerning the O atom ab-
solute densities, the consistency of the trends shown in
figure 8 for both actinometry and TALIF when the cur-
rent and pressure are varied is remarkable. The atomic
oxygen density continuously increases with current over
the range measured, not showing the same saturation seen
for CO (see figure 7). The O atom density increases with
pressure up to around 2 Torr and then further reaches a
“plateau”, showing only a slight decrease with increasing
pressure. This trend indicates that there is a change of
regime around 1-2 Torr which is even more evident in O
atom fraction (right graph in figure 8). [O]/N increases up

to 1 Torr, passes through a maximum and then decreases
rapidly. Therefore, two distinct regimes are observed with
a transition between 1 and 2 Torr, which could be caused
either by a change in the production of O atoms or due to
a change in their loss processes.

The variation of the CO and O atom fraction with
pressure shown in figures 7 and 8, is noticeably different.
Both CO and O densities show an increase below 1 Torr,
but for higher pressures [CO]/N becomes almost constant,
while [O]/N decreases markedly. Since the creation rate
of both O and CO from CO2 dissociation should be sim-
ilar (assuming a negligible contribution to [Oatom] from
the dissociation of CO), the loss rate of O atoms must in-
crease faster than for CO with increasing pressure. This
possibility will be examined in the following section.

5.3 O atom loss frequency

To get insight into the loss mechanisms, the lifetime of
the O atoms in the plasma was measured. In a glow dis-
charge at a few Torr, it is expected that the recombination
of oxygen atoms at the walls will be the major loss pro-
cess although gas phase losses must also be considered
(see section 6.2.1). While many works have reported the
recombination probability of atomic oxygen (γO) in pure
O2 plasmas, very few values are given in CO2 plasmas.
The recombination probability on silica or Pyrex has been
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studied in O2 plasma especially for atomic sources and
thermal shields for spacecraft re-entry [96, 97] but even
for O2, the reported values of γO are largely scattered for
a given material surface. Apart from the uncertainties in-
herent in certain measurement methods (e.g. titration with
NO), among the main reasons for these differences are the
pre-treatment history of the surface and the wall (surface)
temperature. Another source of discrepancies between the
γO values obtained comes from the plasma exposure con-
ditions of the surface. Values of γO on Pyrex and/or quartz
surfaces have been measured in O2 plasma either in spa-
tial post-discharge by measuring a longitudinal profile of
O atoms density downstream the plasma [51,98,99] some-
times at elevated surface temperature [100,101], or in tem-
poral post-discharge by monitoring the decay of O atoms
density after switching off the plasma [52, 102–105], or
in stationary discharge by measuring a spatial gradient of
O atoms above the surface studied [106–109]. Values of
γO obtained in spatial post-discharge are often at least an
order of magnitude lower than values obtained with the
surface under direct plasma exposure. The reasons for
this effect are still uncertain. At pressures below 1 Torr in
O2 it has been claimed in [59] that ion bombardment can
clean active sites and increases the chemical activity of the
surface. In CO2 plasma the values of γO are much more
scarce [26, 40, 50] and obtained in conditions difficult to
compare with the values obtained in pure O2.

In order to obtain reliable data on the role of oxygen
atoms on the kinetics of a CO2 plasma it is important to
be able to determine the loss frequencies of oxygen atoms
while keeping the reactor surface directly exposed to CO2
plasma. In order to determine the lifetime of the O atoms
under plasma exposure we have used a similar method to
that used by Lopaev and Smirnov [58, 59] which is based
on a partial modulation of the discharge current (square
modulation, with a current variation around 15%, depend-
ing on the plasma conditions). In this way, the gas com-
position and the flux of various species (atoms, ions) to-
wards the surface is only slightly modulated during the
cycle. In addition, as the surface temperature is known to
change the recombination probability at the wall, the sur-
face temperature is kept constant at 323K (500C). Given
that TALIF and actinometry provide consistent trends,
these measurements can be made simply by recording the
variation of the actinometry signal over time. The modu-
lation period was fixed at 146 ms, long enough to fit the
decay time for all conditions.

The measurements of the current and the optical emis-
sion intensities for argon and both oxygen lines are shown
in figure 9, as an illustrative example, for 2 Torr 50 mA.
Clearly, the Ar line follows the same trend as the current,

while both atomic O lines show an exponential increase or
decay as the current is modulated. The figure in the bot-
tom shows the ratio between the O lines and the Ar line,
with a single exponential fit [50, 104]. A single exponen-
tial curve fits very well the experimental data, which was
the case for all pressures studied. The error in the expo-
nential fit of this decay (residual of the fit), is very small
and on average around 0.5%. The single exponential be-
haviour suggests that the loss mechanism is controlled by
a first order process, which will be discussed in section
6.2. A second order mechanism would lead to an hyper-
bolic decay∼ 1/t, but this type of fitting was not following
the data as well as the exponential fit, giving a residual
value 36% higher.

Figure 9: Temporal variation of: a) Current flowing in the
discharge; b) Intensity of the Ar750 nm line; c) Intensity
of the O777 nm line; d) Intensity of the O845 nm line
and e) Ratios IO/IAr for both O lines and the corresponding
exponential fit.

From equation (4), we can assume that the temporal
variation of the O atom fraction [O]/N, is well represented
by the temporal variation of the emission line intensity
ratios IO/IAr. This supposes that both the reduced electric
field and the gas temperature do not change significantly
during modulation, or that they change so fast as to not
influence the O atom kinetic measurement. In the case
of the electric field, the highest variation during modula-
tion happens for 5 Torr 50 mA, reaching around 4% for
a change of 21% of the current. Additionally the time
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variation of the electric field is relatively fast, around 10
µs. Concerning the gas temperature (which affects E/N
though its influence in the gas density), in the worst case
the induced variation on the total gas density is around 7%
with a characteristic time lower than 5 ms [53], consider-
ably faster than the O atom lifetime. Consequently, the
O atom loss frequency νloss

O can be obtained directly from
the time variation of the ratio of the intensities.

Figure 10: Variation of the loss frequency, νloss
O , with pres-

sure and current.

The loss frequencies, obtained from the average of the
values for the two atomic oxygen lines, are plotted for
different currents and pressures in figure 10. The error
in the loss frequency is more related to the reproducibil-
ity and the small differences between the exponential in-
crease and decay than to the error in the exponential fit-
ting; the estimated error is of the order of 15%. The ob-
tained νloss

O values fall mostly between 10 and 25 s−1 and
we can again clearly differentiate two regions. The loss
frequency first decreases with pressure, passes through a
minimum around 1-2 Torr and then increases slowly with
pressure above 2 Torr. This correlates very well with the
pressure trend in the O atom density. The loss frequency
increases markedly with current at all pressures. This
change of regime, the strong increase of the O atom loss
frequency at low pressure and the corresponding variation
of the O atom density is similar to that observed in pure
oxygen plasma with a similar discharge in [59]. However
loss frequencies up to ∼2 times higher were measured in
the case of O2 plasma compared to CO2 plasma. There-
fore CO and CO2 molecules appear to influence the loss
mechanisms of O atoms as it will be discussed in the fol-
lowing section.

6 Discussion

The O atom densities, measured in situ in a glow dis-
charge tube of 1 cm radius, show two regimes when vary-
ing the pressure: the O atom fraction increases with pres-
sure below 1 Torr, passes through a maximum and then
decreases for higher pressures. The corresponding O atom
loss frequencies measured under plasma exposure show
the opposite behaviour, decreasing with pressure up to
1 Torr and subsequently increasing for higher pressures.
Both are strongly correlated. The CO trend at low pres-
sure is similar but differs form the O atom at higher pres-
sures. One might expect the dissociation fraction of CO2
to depend mostly on the energy density dissipated in the
plasma. Therefore figure 11 summarizes all the O atom
and CO data, plotted as a function of the energy density
(i.e. specific energy input, SEI).

6.1 CO and O atom densities

For all currents the O atom density and the O atom frac-
tion pass through a maximum as a function of the SEI, a
maximum which is broader for higher currents and which
increases linearly with the energy density. A similar trend
was observed by Vesel et al. [37] in the spatial post-
discharge of a microwave plasma ignited in a 0.25 cm ra-
dius quartz tube. As a function of pressure, while a max-
imum was observed at 1 Torr for all discharge currents in
our experiments, Vesel et al. shows a maximum in the
relative O atom density around 20 Pa (0.15 Torr) for all
microwave powers.

The fact that the maximum of O atom density occurs
at higher SEI for higher current can be simply explained
by the increase in the electron density, leading to an in-
crease of the dissociation rate. The subsequent decrease
when increasing pressure is claimed by Vesel et al. [37]
to be due to a decrease in the production rate (related to a
decrease of the electron temperature caused by the lower
mean free path), along with an increase of the gas phase
recombination processes. The bottom graph of figure 11
shows that the minimum of the O atom loss frequency also
increases linearly with the SEI, similarly to the maximum
of the O atom density. This suggests that the maximum
in O atom density is more related with a change in the
loss processes rather than a change in the kinetics of the
creation processes when the pressure is increased.
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Figure 11: a) Variation of the absolute densities and b)
fractions of CO and O atom (average of actinometry lines
in figure 8) along with the calculated dissociation fraction
(using Polak’s cross section [110]) and c) the correspond-
ing O atom loss frequencies as a function of the specific
energy input.

The similar trends in the O atom density for the two
different types of discharges are noteworthy and could be
related to similarities in the surface of the reactors (quartz
and Pyrex). The different pressure at which the maxi-
mum of [O]/N occurs (1 Torr here and 0.15 Torr in the
case of Vesel et al.) could be due to the different geom-
etry (different radius, 1 cm versus 0.25 cm) of the reac-
tor, which may affect both the electric field and the loss
processes, impacting the O atom densities obtained [65].
Other possible differences are the higher ion flux in mi-
crowave plasmas compared to DC [102], slightly differ-
ent surface composition (quartz versus Pyrex), different
surface and/or gas temperature or the usual differences
in the O atom loss frequencies in a spatial post-discharge
versus in steady state plasma (as discussed in section 5.3
and [50, 102, 111]).

The CO density is equal to the maximum density of O
atoms that either remain as free atoms or that recombine

into molecular oxygen. This may be different to the total
amount of O atoms produced, since the recombination of
CO with O is possible and cannot be excluded, but this
would not be detected from the measurements of CO. It is
clear that the O atoms are more affected by loss processes
than CO over the whole range of pressures and currents
studied, otherwise their densities (and trends with pres-
sure and current) should be similar. The atomic oxygen
density represents between 10 to 40% of the CO, and is
therefore always a significant part of the gas mixture in
our conditions. At low SEI, the quantity of O atoms pro-
duced is low, and almost all are recombined, most likely
into O2 (O3 can be considered to be a minor specie in our
pressure range [112]). However at around 50 eV/molecule
the O atom density reaches values above 35% of the den-
sity of CO (according to actinometry). For all currents, the
O atom fraction first increases linearly with SEI, in spite
of the high loss frequency observed for these conditions.
In contrast, at higher SEI, the O atom fraction decreases
linearly. The loss mechanisms of O atoms are therefore
more efficient at high SEI, which will be discussed more
in detail in section 6.2.

Contrary to the case of O atoms, the CO density in-
creases with the energy input, although tends to saturate
at high current and SEI. This is expected since the more
we dissociate, the more probable are collisions between
electrons and other molecules instead of CO2. The in-
crease of CO with energy input can be mostly explained
by direct electron impact dissociation. The rate for this
process is also included on the top graph of figure 11 for
comparison. This dissociation rate was calculated with
the expression:

R = ne− ·Kdiss · [CO2] · τres (9)

where ne− is the electron density calculated from the mea-
sured current and the drift velocity (calculated from fit-
ting the data from [113]), Kdiss is the dissociation rate co-
efficient from Polak and Slovetsky [110], [CO2] are the
measured CO2 densities and τres is the residence time. It
is beyond the scope of this paper to discuss the electron
impact dissociation cross section, and a detailed critical
analysis of discrepancies in the cross sections from differ-
ent sources is given by Grofulović et al. [114]. The use
of Polak’s cross section here follows the recommendation
in [114] and is only to illustrate that the CO trends fol-
low what would be expected from electron impact disso-
ciation. An investigation dedicated to establish the value
of the electron impact dissociation rate coefficient will be
presented in another publication [115]. Nevertheless, the
results in figure 11 suggest the validity of the rate coef-
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ficients calculated from the cross section from Polak and
Slovetsky [110].

6.2 O atom loss processes

The measured loss frequencies can be the result of both
surface loss processes and/or due to gas phase reactions:

ν
O
loss = Lgp +

γO ·υth

2R
(10)

where Lgp represents the contribution of the gas phase
losses, γO is the O atom surface loss probability, υth is
the thermal velocity of the O atoms and R is the radius
of the discharge tube. In principle, νO

loss can have a very
complex dependence with different plasma parameters in-
cluding gas temperature [59], wall temperature [104], flux
of O atoms, etc. as discussed in detail by Guerra [116].
Figure 11 shows that for higher pressures (above 1 Torr)
the O atom loss frequency increases linearly with the en-
ergy input. This dependence is in fact related to the linear
increase of the gas temperature with the SEI (shown in
figure 4 b)), which is clearly observed in figure 12, show-
ing the measured loss frequencies plotted as a function of
Tgas. For higher pressures, from 2 to 5 Torr, we see a di-
rect correlation of the loss frequency with the gas temper-
ature, which increases with pressure and current as shown
in figure 4 a). We checked the dependence of the mea-
sured loss frequencies with many other variables, such as
the O atom density, the electron density, etc. However,
no obvious correlation with any other variable except the
gas temperature was found. Therefore we conclude that in
our conditions the gas temperature plays a dominant role
in the recombination process and the effect of other pos-
sible variables is less relevant. It is worth remembering
here that the wall temperature is thermalized to 323 K for
all the experiments and therefore the trend shown in figure
12 is not the result of surface heating.

The gas temperature can affect the recombination pro-
cesses in two possible ways: either by an increase in the
gas phase recombination processes, whose rates are tem-
perature dependent, or due to an increase of the kinetic en-
ergy of the O atoms reaching the reactor walls, and there-
fore with higher energy to overcome an activation energy
for recombination with adsorbed species at the wall (e.g.
Oad or COad), as proposed in the case of pure O2 dis-
charges by Booth et al. [59]. Both possibilities are dis-
cussed in the following sections.

Figure 12: Loss frequency plotted as a function of the gas
temperature. In blue triangles, the data for pressure from
0.3 to 1 Torr, included, and in red squares the data from 2
Torr up to 5 Torr. A linear fit for the data at higher pres-
sures is also included.

6.2.1 Gas phase recombination

There are several gas phase reactions reported in the lit-
erature [33, 41, 42, 44, 117, 118] that can remove atomic
oxygen from the gas mixture. Only a selection of them
is listed in table 1, and the corresponding reaction rates
obtained for the most relevant reactions (underlined in the
table, and discussed bellow) are plotted in figure 13, along
with the measured loss frequencies. Note that reactions
10 and 11 correspond to a gas-phase effective way of de-
scribing reactions at the surface (wall). They are further
discussed at the end of this section.

• O+O and O+CO (+M). Comparing both reactions
and their variation with gas temperature, the re-
combination of O atoms into oxygen molecules is
more efficient than the reaction with CO giving
back CO2. This is consistent with Sepka et al. [39],
where a mixture of CO and O atoms in the post-
discharge of an O2 plasma showed that the presence
of CO in gas phase did not affect the O recombina-
tion processes and that the CO concentration in gas
phase was not significantly altered by the presence
of oxygen atoms. However, the rates for these reac-
tions are strongly temperature dependent. Indeed,
the rate of the recombination reaction between oxy-
gen atoms increases by one order of magnitude over
the range of gas temperatures studied, while the rate
of recombination with CO increases by about two
orders of magnitude. Consequently, at the highest
temperatures, which correspond to the highest pres-
sures, the rates for both processes tend to converge
reaching the same order of magnitude.
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Table 1: Main reactions involving oxygen atoms in CO2 plasmas found in literature. For the gas phase reactions
the units are cm3 s−1 or cm6 s−1 for two or three body reactions respectively. For gas/surface reactions the units are
specified. The number of the reactions corresponding to the rates plotted in figure 13 are underlined.

Type Reaction R Ner Rate coefficients Reference

Gas phase O+O+M→ O2 +M 1 5.2 ·10−34 · exp(900/Tgas) [41]

Gas phase O+CO+M→CO2 +M 2 8.2 ·10−34 · exp(−1510/Tgas) M =CO/O2 [41]
3 1.6 ·10−33 · exp(−1510/Tgas) M =CO2 [41]

Gas phase O+CO→CO2 +hν 4 4.15 ·10−18 · exp(−1600/Tgas) [117]

Gas phase O+CO2→CO+O2 5 2.8 ·10−11 · exp(−26500/Tgas) [33, 117]

Gas phase O+O2 +M→ O3 +M 6 5.5 ·10−31 ·T−1.2
gas M = O2 [41]

7 5.5 ·10−31 ·T−1.2
gas M =CO [41]

8 1.7 ·10−30 ·T−1.2
gas M =CO2 [41]

Gas phase O+O3→ 2O2 9 3.1 ·10−14 ·T 0.75
gas · exp(−1575/Tgas) [41]

Gas / surface O+CO+wall→CO2 +wall 10 7.4·10−17/R cm3 s−1 * [41, 118]

Gas / surface O+O+wall→ O2 +wall 11 5·1016/[CO] cm s−1 ∗∗ [41, 44, 118]

* R is the radius of the reactor in cm. **[CO] in cm s−3. The effective rate constant for this reaction is calculated
with equation 11.

Figure 13: The experimentally observed loss frequencies
νO

loss plotted versus Tgas along with the calculated rates
for different reactions summarized in table 1. The empty
symbols are for data between 0.3 and 1 Torr and the full
symbols are for data between 2 and 5 Torr.

• Vibrationally excited molecules. The reaction be-
tween O and CO could be enhanced by the vibra-
tional excitation of CO, which has been measured
under similar plasma conditions [54]. No rates are
available in the literature, to our knowledge, for the
reaction of O with vibrationally excited CO. A re-

action between atomic oxygen and vibrationally ex-
cited CO2, producing CO and O2, is also possible.
The rate for this reaction, as presented in table 1, is
rather low, however it is expected to increase with
the vibrational excitation of CO2 [33] and could
contribute to the different behaviour of O atom and
CO as a function of the energy density. Neverthe-
less, in a glow discharge the CO2 dissociation is
believed to be mostly due to electron impact and,
at the same time, the vibrational excitation of CO2
is known to decrease with increasing pressure [54].
Additionally, the higher the vibrational excitation,
the lower the density of vibrationally excited parti-
cles, as can be deduced from the vibrational distri-
bution function [33].

• Ozone formation and oxidation. The reaction be-
tween atomic oxygen and molecular oxygen to cre-
ate ozone (reactions 6-8 in in table 1), has a rate
constant between those of reactions 1 (O+O) and
3 (O+CO), plotted in figure 13. This reaction could
be followed by further reaction of the created ozone
with O atoms (creating two O2 molecules), con-
suming an extra O atom (reaction 9). However the
density of the reactants (O3 and O) is relatively low
and therefore this reaction may contribute but will
not play an important role in the overall O atom loss
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rate.

• C atom oxidation reactions. The carbon balance
was checked by means of FTIR, and was found to
be basically fulfilled with the measured amounts of
CO and CO2. Therefore reactions with C atoms
are not expected to have a significant impact on the
overall O atom balance. If some carbon is created
by dissociation of CO, it will be subsequently oxi-
dized rapidly back to CO.

In spite of the increase of the rates of the above-
mentioned gas phase recombination reactions with the gas
temperature, the rates are still at least one order of mag-
nitude lower than the observed loss rates. The potential
contribution of reactions of O with vibrationally excited
CO, or CO2, cannot be excluded, and potentially can have
reaction rates that are higher than for vibrational ground
state molecules, but it is not probable that this type of re-
actions can increase the gas phase reaction rates enough
to reach the experimental loss frequencies.

Reactions at the wall. Reactions 10 and 11 in ta-
ble 1, plotted in figure 13, account for the recombina-
tion of gaseous oxygen atoms with either oxygen atoms
or with CO at the walls [41]. They represent therefore
surface processes, without specifying their nature, since
they come from fitting of experimental data [118], and are
valid for the conditions of those experiments (1-2 Torr,
Twall=300-390K and between 1 and 10 mA cm2). The
loss rates corresponding to reaction 10 can be calculated
by multiplying directly by the measured [CO]. In the case
of reaction 11, the corresponding effective rate constant
in s−1 is calculated by the expression [44]:

ke f f =
k · S/V ·Kdi f f

k · S/V +Kdi f f
(11)

where ke f f is the effective rate constant, plotted in figure
13, k is the rate coefficient in table 1, S is the surface area
in contact with the plasma, V is the volume of the plasma
and Kdi f f is the diffusion rate towards the wall = 1/τdi f f ,
which will be defined bellow. The loss rate values ob-
tained with these expressions are higher than the rates pre-
viously discussed, and are much closer to the experimen-
tal values, especially for the reaction O+O+wall→O2,
and particularly in the range between 1 and 2 torr (400-
600K). This suggest that surface recombination domi-
nates over gas phase reactions of O atoms under our ex-
perimental conditions.

6.2.2 Surface recombination

The loss rate due to recombination at the reactor walls can
be expressed as [119]:

τ =
1

Kwall
= τdi f f + τloss =

Λ2
O

D
+

V
S

2(2− γ)

υthγ
(12)

where γ is the wall loss probability (of the O atoms in
this case), V and S have already been defined for equation
(11), υth is the thermal velocity of the O atoms given by
the expression υth =

√
8kBT/π·mo, where mo is the mass of

the oxygen atoms (mo = 2.66×10−26 kg) and D is the dif-
fusion coefficient of atomic oxygen. ΛO is the diffusion
length given, for a cylindrical reactor by:

1
Λ2

O
=
(

π

L

)2
+

(
2.405

R

)2

(13)

where L is the length and R is the radius of the cylindrical
reactor, in our case ΛO = 0.42 cm. Two expressions have
been found in literature to calculate the diffusion coeffi-
cient of O atoms in CO2. From Cenian et al. [41]:

D = D(0) ·P−1 · (T/273)
3/2 (14)

where D(0) = 190 cm2s−1 is the diffusion coefficient at 1
Torr and 273 K, P is the pressure in Torr and T is the gas
temperature. Or, otherwise [54]:

D =
1
3

lυth =
1
3

(
kBT√

2 ·Pπd2

)
·
√

8kBT
π ·mo

(15)

where l is the mean free path, d is the kinetic diameter
of the oxygen atom (assumed to be similar to the molecu-
lar oxygen, 346 pm [120]) and υth is the thermal velocity
of the oxygen atoms. According to these equations, the
maximum of τdi f f is for 5 Torr 10 mA, and ranges be-
tween 1.8 ms (equation (14)) and 3.2 ms (equation (15)).
As the minimum lifetime (τloss) in our conditions is close
to 20 ms we can assume that τ = τdi f f + τloss ≈ τloss
(τdi f f � τloss). Taking this into account in equation (12)
we can calculate the loss probability with the expression:

γO =
2R ·νO

loss
υth

=
2R

τwallυth
(16)

which is equivalent to equation (10) but already discard-
ing the contribution of gas phase losses. In this equa-
tion the value of temperature used for the thermal veloc-
ity should represent the temperature of the atoms reach-
ing the wall. This temperature, Tnear wall , is lower than
Tgas discussed in section 4.1 because of the radial temper-
ature profile in the tube. The low value of the mean free
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path (the maximum value is 0.25 mm) means that the O
atoms will be thermalized to this lower temperature before
reaching the wall [59]. Measurements of Tnear wall made
with TALIF for all pressures at 40 mA, ranging from 375
at 1 Torr to 500K at 5 Torr, allow us to estimate this tem-
perature. In figure 14 the obtained loss probabilities us-
ing both Tgas, for comparison, and Tnear wall , are plotted
versus 1000/T being T=Tgas or T=Tnear wall respectively.
Loss probabilities obtained for O2 plasma under the same
experimental conditions and the same experimental set-
up are included as well for comparison (data extracted
from [59]).

Figure 14: Loss probabilities γO plotted versus 1000/T , cal-
culated and plotted using T=Tgas and T=Tnear wall for CO2
plasma with the corresponding exponential fittings, and
for O2 plasma versus T=Tnear wall (data extracted from
[59]).

In both CO2 and O2 we observe a clear dependence of
γO on the gas temperature. In the case of CO2 plasmas the
obtained loss probabilities are in the range of 2-6 × 10−4

and clearly follow an exponential trend, i.e. an Arrhenius
dependence, which can be described by [116]:

γO = A · exp
(
− Eact

kBTnear wall

)
(17)

The activation energy, Eact , obtained from this ex-
pression considering Tnear wall is 0.103 eV (compared to
∼0.13 eV for pure oxygen [59]). This dependence with
gas phase temperature, and not only with surface tem-
perature, has been recently observed for the first time in
pure O2 [59]. It is expected from a first order process,
an Eley-Rideal surface recombination mechanism, where
an adsorbed atom or molecule reacts with an atom com-
ing from the gas phase [100]. This mechanism should be
the dominant surface recombination process for the wall
temperature used during the experiments (323 K) [104].

The measurements in pure O2 plasma [59] show
higher loss probabilities, ranging from 3 to 10 × 10−4,

which according to equation (16) is partly due to the lower
gas temperatures in O2 plasmas but specially due to the
higher observed loss frequencies [59]. As an example, at
2 Torr 40 mA ν

loss O2
O −ν

loss CO2
O ∼ 14.2 s−1 and at 5 Torr

40 mA is ∼ 22.3 s−1, where the ratio reaches its maxi-
mum ν

loss O2
O /ν

loss CO2
O ∼ 2). In the literature, only one exam-

ple has been found comparing γO (∝ νloss
O ) for CO2 and

O2 measured in the same conditions (at 0.005 Torr, in a
300W RF plasma ignited in a helicon reactor), where the
ratio γ

O2
O /γ

CO2
O was ∼ 3.75 [50]. A comparison of our re-

sults in CO2 with other γO in O2 plasma literature is diffi-
cult because these values are very much dependent on the
surface conditions and experimental details as discussed
previously, which explain the large dispersion of values
published for O2 plasmas.

A possible explanation for the lower recombination
probability in CO2 than O2 could be that some of the ad-
sorption sites are occupied by COads and not only by Oads.
The possibility of CO adsorbed in the walls was already
suggested by Cenian et al. [41], where the rate for the
O+O recombination at the wall is dependent on the CO
concentration in the gas phase (reaction 11 in table 1) ar-
guing that the adsorption of CO on the walls was higher
than the adsorption of oxygen, being therefore a limit-
ing factor for that reaction. Similarly, lower O densities
were found in pure O2 plasmas compared with O2 + small
amounts of fluorinated compounds, which was explained
by the passivation of the surface by F atoms in [121].

There are three possible reactions competing at the
wall, O+Oads→O2, CO+Oads→CO2 and O+COads→
CO2. There is very little information in the literature
about the reactions between adsorbed O or CO with atoms
or molecules from the gas phase. Loss probabilities have
been given for Oads + O → O2 and Oads +CO → CO2
in [27, 122] obtained in different experimental conditions
(higher temperatures, 3000-7000K, simulating entry into
the Martian atmosphere). In these works, the loss proba-
bility given for Oads +CO→CO2 is claimed to be higher
than for Oads +O→ O2.

Oads +CO→CO2 γ = 0.15 · exp(−15(kJ/mol)/RTwall)

Oads +O→ O2 γ = 0.15 · exp(−25(kJ/mol)/RTwall)

Extrapolated to our temperatures, the proposed ex-
pression for Oads +CO→CO2 gives values between 1.5
and 2 times lower than our results. However the probabil-
ities given for Oads +O→ O2 in [122] are very low, ∼10
times lower than our values. In addition, if the reaction
Oads +CO→CO2 was the dominant surface recombina-
tion process, the densities of O and CO would be more
comparable. Therefore, although the probability given for
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Oads +CO→ CO2 could be compatible with out results,
the probability for Oads +O→ O2 should be necessarily
higher. There is no information in these works about the
reaction with adsorbed CO (COads +O→ CO2) but this
is probably not either the dominant process for the same
reason mentioned above.

The activation energy obtained, ∼0.1025 eV is
slightly lower than the value observed for a pure oxygen
plasma ∼0.13 eV [59]. The reason for this is not clear
yet; hypothesis include an extra energy contribution, for
example from vibrational excited molecules from the gas
phase (the vibrational temperatures reported [54] for CO2
or CO reach 1000K for the asymmetric stretch vibrational
mode of CO2 and 1500K for CO,∼0.086 eV and 0.13 eV,
respectively) or even from the surface itself [46]. More
experiments and a comparison with a detailed model of
the surface kinetics can help to assess the role of the dif-
ferent adsorbed species on the surface recombination of O
atoms in CO2 plasmas.

For pressures below 1 Torr the data does not show
a clear trend with the gas temperature and the loss fre-
quency increases dramatically. This suggests that below
1 Torr we could have plasma enhanced surface recom-
bination processes. Below 1 Torr, the ion collision fre-
quency is reduced causing an increase of the mean en-
ergy of ions reaching the wall with decreasing pressure.
Therefore the ion bombardment, causing the creation of
more chemisorption sites where recombination can occur,
could increase the recombination probability for lower
pressure as suggested for the case of pure oxygen plas-
mas [59, 102]. This would also be consistent with the
high loss frequency values seen in [50], where CO2 plas-
mas at very low pressures (0.005 Torr) were investigated
during discharge and post discharge on a Pyrex surface.
The loss probability in both cases was very similar, and
very high compared to our loss probability under plasma
exposure. On the other hand, some contribution from the
Langmuir-Hishelwood recombination mechanism cannot
be completely discarded, since for the lower pressures
Tgas is lower and therefore the gas temperature near the
wall is closer to the temperature of the cooling system
(323K). At this temperature, according to [100, 104], the
Eley-Rideal mechanism is indeed still dominant but LH
starts to contribute to the total loss probability.

7 Summary and conclusions

The work presented here is part of a series of studies aim-
ing to provide a detailed description of the kinetics of CO2
plasmas. The measurements provide both the absolute

densities and the loss frequencies of the oxygen atoms
under conditions for which the densities of CO and CO2
were also determined. Particular attention was paid to the
measurement and data processing methods used, in partic-
ular through a detailed comparison between actinometric
and HR-TALIF measurements. Several conclusions can
be made concerning the experimental methods and the
values obtained.

Actinometry and TALIF were used to obtain the O
atom densities and were found to give consistent results
with regard to the variation as a function of pressure and
current. However absolute densities obtained with TALIF
tend to be higher than values obtained with actinometry
when TALIF data are analysed using the only value of the
two-photon absorption cross section of Xe available in the
literature, which is a measurement of the ratio between the
Xe and oxygen cross sections. When using a recent pre-
liminary value of Xe cross section directly measured by
absorption [83], both TALIF and actinometry give consis-
tent absolute atomic oxygen densities. The two oxygen
emission lines used for actinometry give also consistent
results.

In the case of TALIF, we have found that the TALIF
profile (scanning over wavelength) and the TALIF fluo-
rescence (fixing the wavelength at the peak of resonance)
give comparable results. We can conclude that there is no
need to scan wavelength to obtain absolute densities of re-
active atoms, and it is enough to apply a correction factor
for the Doppler broadening (and/or pressure broadening
for higher pressures) and take into account the isotopic
contribution, if needed. This can be useful in terms of
experiment efficiency, and allows to disregard the com-
plex isotopic/fine structure present in species such as Xe,
or similar, commonly used for absolute calibrations. The
high spectral resolution of the laser used allowed us to
partially resolve the fine structure of the oxygen profile.
This profile was distorted with a focussed beam, probably
due to J-dependent photo-ionization processes leading to
incorrect gas temperature and O atom density values.

The gas temperature was determined from the
Doppler broadening of the TALIF signal for the first time
in CO2 adopting the same procedure previously used in
O2 plasma [60]. The values obtained were found to be
very consistent with those extracted from the rotational
structure of CO2 measured by FTIR absorption. The small
differences observed are believed to be only due to the dif-
ferent regions sampled by TALIF and IR beams.

The atomic oxygen absolute densities were measured
in situ for various currents and pressures, giving densi-
ties in the order of 1-5 ×1021 m−3. Both actinometry and
TALIF have uncertainties, mostly related to the cross sec-
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tions used, that prevent from giving these densities with
less than 30% error. In any case O atoms represent be-
tween 10 to 40% of the CO density which means that
atomic oxygen represents a large proportion of the total
gas composition in our conditions. This offers an ideal
case to study the influence of O atoms on the CO2 and
CO vibrational kinetics in a future work.

The variation of the CO and O densities as a func-
tion of the specific energy input, are remarkably different
in the pressure range studied here. The CO2 dissociation
fraction quantified by the CO density increases with the
SEI and in the first order seems to be well described by
the direct electronic impact dissociation rate calculated
using the cross section from Polak [110]. However the
behaviour at low SEI as well as the saturation of CO ob-
tained at high current for pressures above 1 Torr illustrate
that more complex mechanisms need to be taken into ac-
count to fully describe the processes that contribute to the
CO2 dissociation.

The O atom densities are shown to strongly depend
on surface loss processes in our experimental conditions.
Two clearly differentiated regimes were found in the
range of pressures studied:

• At low pressures (below 1 Torr) the oxygen atom
density increases with pressure. This is the conse-
quence of both the increase of production rate with
higher gas density along with the increase of elec-
tron density, and the decrease of the surface loss
frequency. In this low pressure range, the surface
loss probability appears to be enhanced by ion bom-
bardment.

• At pressures above 1 Torr the oxygen atom density
decreases with increased pressure, while the loss
frequency increases with both pressure and current.
The surface loss probability, derived from the loss
frequency, shows an Arrhenius dependence with
temperature, suggesting a dominant loss process
based on surface recombination through an Eley-
Rideal mechanism.

This behaviour is similar to that found in pure O2 plasma.
However, the values of loss probabilities derived are quite
different, being more than two times lower in CO2. Ad-
sorbed species, such as CO or CO2, seem to play an im-
portant role inhibiting the O atom recombination in CO2
plasmas, leading to relatively high O atom density values.

The role of CO and CO2 molecules in surface mech-
anisms is certainly an important aspect to study for a bet-
ter control of O atoms reactivity in CO2 plasma conver-
sion. The γO values provided here for Pyrex exposed to

CO2 plasma and compared to values obtained in pure O2
plasma in similar conditions give a unique set of data
for investigating surface mechanisms induced by CO2
plasma, which can be of interest for plasma/catalysis, as
well as planetary atmosphere entry or polymer processing.
The data shown in this work suggest that understanding
and controlling the density of adsorbed molecules would
be an interesting way to control the amount of oxygen
in catalyst/surface driven CO2 plasma conversion. This
could help to reduce the gas phase back reaction between
CO and oxygen and to increase the overall efficiency of
the process. The role of vibrationally excited species,
including vibrationally excited CO, which may have en-
hanced reaction rates with oxygen atoms, in both gas
phase or surface processes remains unknown and should
be addressed in future work since almost no experimental
data exists for this effect.
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H 2001 Journal of Physics D: Applied Physics 34,
2330

[94] Katsch H, Tewes A, Quandt E, Goehlich A, Kawet-
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