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Abstract 

Oxygen molecules in the lowest metastable state, O2(a
1
g), play an important role in oxygen 

plasmas due to their high reactivity and significant concentrations. The accumulation of high 

densities of O2(a
1
g) occurs due to its low quenching rate. This paper demonstrates the existence, at 

high gas temperatures (700-1700K), of fast quenching of O2(a
1
g) by O(

3
P) atoms, a process that 

has not been considered in previous models. Experiments were carried out at oxygen pressures of 

10-100Torr in an 81MHz CCP discharge in a quartz tube with external electrodes. This setup 

provides high absorbed power density, leading to both high gas temperatures and significant O(
3
P) 

densities. We observe that the O2(a
1
g) density is significantly limited at high gas temperatures by 

rapid quenching by atomic oxygen . The results were interpreted using a self-consistent 1D 

discharge model. The observations can only be explained by the inclusion of a rapid quenching 

reaction: O2(a
1
g) + O(

3
P)  O2(X

3
g

-
) + O(

3
P), with an activation energy in the range of 0.54-

0.69eV. The rate constant was determined over a wide range of discharge conditions (P = 20-100 

Torr  and Tg = 800-1700 K), giving values between 3∙10
-11

×exp(-8000/T) cm
3
/s to 1.5∙10

-11
×exp(-

6300/T) cm
3
/s. A possible mechanism for this process is discussed. Measurements of the density of 

metastable O2(b
1
g

+
) molecules also indicated the existence of quenching by atomic oxygen,  with a 

somewhat lower activation energy of ~0.32 eV. The variations of the measured [O2(b
1
g

+
)]/N mole-

fraction could be fitted by the model using  a  rate constant - 210
-11
exp(-3700/T) cm

3
/s for this 

process. These quenching processes of metastable O2(a
1
g) and O2(b

1
g

+
) molecules by oxygen 

atoms are important for oxygen plasmas and could have a significant impact on the kinetics of 

oxygen-containing mixtures at higher gas temperatures, for example in plasma-assisted combustion 

or in high-pressure plasma processing reactors.    
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1. Introduction 

Oxygen plasmas have been the subject of much research. It attracts attention due to their 

high  chemical reactivity, due to high concentrations of active particles including oxygen atoms and 

electronically excited metastable molecules, notably singlet oxygen, O2(a
1
g). These reactive 

species  are essential in many technological plasma processes [1], [2], lasers [3]–[8] and combustion 

[9]–[13]. 

The dissociation degree of oxygen molecules in plasmas can be very high (> 20% [14]), 

while O2(a
1
g) yield can reach ~15% [15]–[17]. Significant amounts of these species define not 

only the reactivity of O2 plasmas but also strongly influence the plasma itself. For example, the 

destruction of negative ions through detachment processes with O(
3
P) and O2(a

1
g) controls the 

electronegativity of O2 plasmas, and thereby influences other parameters such as the electric field, 

electron energy distribution function (EEDF) etc. [18]–[21] . Therefore, it is very important to 

understand and model the kinetics of atomic and singlet oxygen. The generally accepted kinetic 

scheme for processes involving O(
3
P) and O2(a

1
g) with neutral species has been well established 

[3], [4], [22]–[27]. However, the mechanisms of O2(a
1
g) production and quenching via reactions 

involving transitory species requires further detailed investigation. While it is commonly accepted 

that volume reactions are known relatively well, surface processes are less well characterized, and 

can have a strong effect at lower pressures. At higher pressures volume processes become 

dominant. While reactions between stable species are generally well known, processes with radicals 

have been less studied. Even when rate constant data is available, it is often scattered over a wide 

range.  

 Volume quenching of O2(a
1
g) in reactions with oxygen atoms is one of most important 

processes determining its concentration. This process has been observed in different oxygen-

containing plasmas [19], [22], [23], [28], [29]  and photolysis experiments [30]. In [8], [28], [31] 

the quenching of O2(a
1
g) in a plasma afterglow was explained by reactions with vibrationally 

excited ozone molecules, which are produced by the initial stage in three-body recombination with 

O2 [32]. In [3], [23], [33] the three-body recombination of O(
3
P) atoms with O2(a

1
g) was invoked 

to  explain the observed fast loss of O2(a
1
g) at gas temperature Tg < 700K. This three-body 

reaction was used as “gross”-reaction to describe a two-step mechanism of O2(a
1
g) loss due to 

stabilization of the excited compound state of O3 to the repulsing part of the bounded electron 

states. In all these studies mechanisms are invoked to explain observed increases in the quenching 

rate with pressure, but the effect of the gas temperature was ignored. Nevertheless, these studies 

demonstrated that fast quenching of O2(a
1
g) by O(

3
P) atoms has a significant effect on the O2(a

1
g) 

concentration and whole plasma behaviour.     
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 This paper presents a detailed experimental study of O2(a
1
g) quenching by O(

3
P) atoms. 

For this goal we studied a dense oxygen plasma at relatively high gas pressure (10-100Torr) in a 

quartz tube, conditions which minimize the surface influence on O2(a
1
g) quenching. The plasma 

was generated by a 81MHz CCP (capacitively coupled plasma) discharge with external electrodes 

to provide high absorbed power, and thereby high density of O(
3
P) atoms at gas temperature up to 

~1700K. These specially created conditions allowed us to observe directly very fast O2(a
1
g) 

quenching by oxygen atoms. Detailed comparison of the experimental data to a 1D self-consistent 

discharge model enabled different possible mechanisms to be investigated, and the determination of 

rate constants for the corresponding quenching process. Additionally, the behavior of O2 molecules 

in the second metastable state, b
1
g

+
, was also studied. These results showed that an analogous fast 

quenching reaction by O(
3
P) atoms also exists for O2(b

1
g

+
), but with a lower activation energy.  

 The paper is organized as follows. Details of the experiment and some important results are 

presented in Section 2. The discharge model and kinetics scheme are described in Section 3. Section 

4 is devoted to the model-based analysis of the data and discussion of the results. At last, a 

conclusion is given in Section 5.    

 

2. Experiment 

The experimental setup is shown in Figure 1, and has been presented previously in detail.  Here we 

will present briefly only the features relevant to this study. The capacitively-coupled plasma (CCP) 

in O2 gas was generated in a quartz tube (wall thickness - 2mm) of length 200 mm and inner 

diameter 10 mm with external electrodes running the whole length of the tube. The electrodes were 

driven by a 81 MHz generator at power 50-500 W, producing a quasi-uniform plasma column along 

the tube over a wide pressure range (10 – 100 Torr). Significantly, there are no the arms without 

plasma in the tube ends where ozone can accumulate. To avoid tube heating and to keep the surface 

conditions stable, the electrodes were cooled by internally-flowing water, with soft carbon inserts 

providing good thermal contact between the tube and the electrodes. A matching network allowed 

the reflected rf power to be minimized, and did not exceed 1-2 W, but some rf power was dissipated 

in the matching network. Since the discharge is close to symmetric, both the rf voltage and rf 

current waveforms were close to sinusoidal. Therefore the rf power consumed by the plasma can be 

estimated from the measured effective values of the rf voltage and rf current and their phase shift, 

measured directly at the electrodes using corresponding probes and a phase-vector meter.  

The rf generator could operate in both continuous and pulsed modes, with variable power 

modulation depth. This discharge configuration provides high specific power input;  along with the 

high gas pressure this leads to high gas temperatures. This also produces high O2 dissociation 

degree, since the loss probability of atomic oxygen on quartz is rather small (~10
-3

), and no metal 

parts are present inside the tube.  
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 Pure oxygen (99.99 %) was used for most measurements. 2.5% of Kr was added to oxygen 

in some cases for actinometric measurements. This small addition of krypton is not expected to 

strongly influence the discharge parameters due to the higher ionization potential for Kr compared 

to O2. The small O2 flow rate of 20 sccm provided gas residence times longer than the lifetime of all 

active species produced in the discharge.  

 

 

Figure 1. Experimental setup (see text for details).   

 

Optical emission spectroscopy was used the main tool in this research. Light from the 

discharge was observed through optical quality quartz windows fused to both ends of the quartz 

tube. The emitted light was passed through a variable iris diaphragm and focused onto the entrance 

slit of a visible or a near IR monochromator, fitted with appropriate detectors: an ICCD matrix or 

PMT (for visible spectral range) and an InGaAs photodiode (for the near IR spectral range). 

Programs created in the NI LabVIEW environment and a NI DAQ device were used to 

control the discharge, record the results of the optical diagnostics, and process the obtained data. 

 

2.1 O2(b
1
Σg

+
) and Tg measurements 

The gas temperature Tg was determined from the observed A-band O2(b
1
Σg

+
,v=0) → O2(X

3
Σg

-
,v=0) 

emission by fitting to spectral simulations as described previously [14], [34], [35]. The O2(b
1
Σg

+
) 

emission was collected through the quartz window in the end of the tube. Iris diaphragm and 

condensor allowed to select area of the discharge, from which the emission were collected [34]. The 
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spectral resolution was adequate to resolve the rotational structure of the P-branch. This technique 

provides an accuracy of Tg determination about 20K. The spatial resolution was not able to fully 

resolve the spatial profile of Tg, but was enough to isolate the emission from axial region (with 

diameter ~2-3mm). Therefore we were able to determine both the temperature near the axis - Tg-axis, 

and the temperature averaged over the tube diameter - Tg_aver.  

The O2(b
1
Σg

+
) density averaged over the tube diameter (in accordance with that discharge 

emission selected by the spectrometer slit, see Figure 1) was estimated from the integral of the A-

band intensity after subtracting the background emission, and performing an absolute intensity 

calibration. The absolute calibration was based on direct measurement of the O2(b
1
Σg

+
,v=0) → 

O2(X
3
Σg

-
,v=0) radiation power from a small part of the tube limited by dark screens, as shown in 

Figure 1. The emission intensity was determined using and absolutely-calibrated radiometer, fitted 

with and interference filter (765 nm, bandwidth ~10 nm FWHM). The absolute measurements were 

carried out at the lowest powers and at pressures below 40 Torr, in order to minimize background 

emission. The O2(b
1
Σg

+
) density was then obtained from the radiometer measurements as follows: 

VAhv

PL
bO

IF

rad
g








 2
1

2

4
)]([ , 

where Prad is power measured by radiometer, h/e= 1.62 eV, A = 8.3410
-2

 [36] is the Einstein 

coefficient, L is distance from tube axis to the radiometer detector head (L >> Rtube), IF is 

convolution of measured O2(b
1
Σg

+
,v=0) → O2(X

3
Σg

-
,v=0) spectrum with the transmission of the 

interference filter at 765 nm, V is emitting volume and  is correction factor accounting for 

contributions of O2(b
1
Σg

+
) and background emissions into the radiometer signal (the correction 

factor  was estimated from measured discharge spectra in the range of O2(b
1
Σg

+
,v=0) → O2(X

3
Σg

-

,v=0) band). The measurements were performed at two different distances (14 and 24 cm) of the 

radiometer head, in order to estimate the possible uncertainty of the absolute calibration.  

 

2.2 O(
3
P) measurements  

The optical emission actinometry technique was used to estimate the mole fraction of atomic 

oxygen. The applicability of this well-known method for the given conditions has been previously 

discussed in detail [34]. A specificity in this case is that two actinometer gases, Ar and Kr, were 

used simultaneously. 2.5% Kr and 2.5% Ar were added to O2. This percentage was assumed not to 

influence the plasma parameters. The two actinometer gases were used because of the high 

pressures in this study. Under the conditions studied, the effective electric field in the plasma bulk, 

and the corresponding electron temperature, are quite small. This increases the uncertainty in 

estimating actinometric coefficients, i.e. the coefficient relating the emission intensity ratios to the 

atom densities. The gap between the excitation energies of the observed emitting levels of oxygen 

and krypton is smaller than characteristic electron temperature Te (~1.8-2.2 eV), whereas the gap 
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between those for Ar and Kr is higher. Therefore the ratio of the Ar to Kr intensities is sensitive to  

Te changes, and thereby gives additional control for O atom actinometric coefficients. 

The following atomic lines were used: O(
5
P)→O(

5
S) (777 nm), Kr(2p5)→Kr(1s4) (758 nm), 

Kr(2p9)→Kr(1s5) (811 nm) and Ar(2p1)→Ar(1s2) (750 nm). It is worth noting that in the considered 

pressure range (10 – 100 Torr) collisional quenching of emitting states prevails over radiative 

decay: 

N

Kr

I

I

S

S
C

N

PO

Kr

O

O

Kr
O

Kr

][)]([ 3



                          (1) 

while dissociation excitation of O2 could be neglected because of low Te. N is the total gas density. 

CKr
O
 is the so-called actinometrical coefficient: 

 
O

e

Kr

e

O

ij

Kr

nm

Kr

q

O

q

O

e

Kr

e

O

ij

Kr

nm

m

Kr

q

Kr

nm

j

O

q

O

ijO

Kr
k

k

A

A

k

k

k

k

A

A

OkA

OkA
C 








][

][

2

2
                     (2) 

where Aij is Einstein coefficients of radiative transition from the i-th upper (emitting) state to j-th 

lower state,  kq
O
 and kq

Kr
 are quenching rate constants of the upper state of O and Kr atoms in 

collision processes with neutral particles (O2), S
O
 and S

Kr
 are sensitivities of spectroscopic system 

at the wavelength of O and Kr atoms. Finally, ke
O
 and ke

Kr
 are excitation rate constants by electron 

impact from ground to the upper emitting state of O and Kr atoms. The excitation rate constants 

were calculated by convolution of the corresponding excitation cross section with EEDF. The value 

of the excitation rate constant is rather sensitive to the shape EEDF as well as to small changes of 

the effective electron temperature, Te. However, the ratio between the excitation rate constants is 

less sensitive, and if the considered energy levels are close the ratio will vary only little. This is the 

case for the chosen O and Kr states. Thus, the ratio between the excitation rate constants were 

calculated in advance using the experimentally estimated E/Neff and the available excitation cross 

sections [37]–[40]. Effective values of the reduced electric field, E/Neff, were estimated from the Kr 

to Ar line emission ratio with 2.5% of Ar and Kr added to O2 [34].  Since in this case of O/Kr the  

shape of the EEDF has little influence on the actinometric coefficient,  the BOLSIG+ software [41] 

was used to calculate the EEDF as a function of E/Neff. The Einstein coefficients were taken  from 

the NIST database [42].   

Precise values of quenching rate constants are very important for the correct determination 

of O(
3
P) atom density at high pressure. Unfortunately, these values are not well-known, and 

furthermore may depend upon the gas temperature. However, any temperature effect is partly 

compensated due to the fact that the actinometric coefficient includes the ratio between the 

quenching rate constants. All the above questions have been considered in detail previously [34].  

Overall, the accuracy of the oxygen atom density determination depends on the uncertainties 

of both [O(
3
P)]/N and Tg. The uncertainties in [O(

3
P)]/N can be quite high due to all the 

uncertainties in the parameters used in equations (1) and (2), but above all due to the uncertainties 
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in the cross sections of the quenching rate constants. Following the data from [34] and making a 

comparison with model (see below), we estimate the uncertainties of the absolute measurements of 

[O(
3
P)]/N to be within 30%. 

 

2.3 O2(a
1g)  measurements 

Similar to O2(b
1
Σg

+
), the O2(a

1
g) density was measured by OES. The discharge emission spectrum 

around 1270nm of the O2(a
1
g,v=0)  O2(X

3
g

-
,v=0) band was detected using the IR 

monochromator with InGaAs detector. The detector signal after trans-impedance amplifier (210
10

 

V/A) was fed to the DAQ card. A typical discharge spectrum is shown in Figure 2. The spectral 

resolution (~2.5 nm) was adequate to clearly observe the O2(a
1
g) emission band. However 

compared with O2(b
1
Σg

+
), the level of background emission was higher. This is due to weak atomic 

oxygen lines occurring on the wings of the O2(a
1
g,v=0)  O2(X

3
g

-
,v=0) band, as well as 

chemiluminescence from excited NO2
*
 molecules (present due to some nitrogen in the tube). The 

small amount of nitrogen (< 0.05 %) was in the tube due to small leaks in gas and vacuum systems 

(flow leak was less than 0.01 sccm, which is typical for most plasma reactors using seals for glass 

tubes and windows).The quantity of nitrogen, and correspondingly NO2, is very small. However the 

NO2 emission is very bright, since it is an allowed transition, and therefore can always be even seen 

next to the very weak O2(a
1
g) emission. Since the background emission consisted principally of 

this wideband (almost continuous) contribution in the range of the O2(a
1
g,v=0)  O2(X

3
g

-
,v=0) 

band,  the background emission was estimated as shown in Figure 2. The background was then 

subtracted to give the value of the O2(a
1
g) emission intensity.  

The O2(a
1
g) density averaged over the tube diameter was obtained from the absolutely-

calibrated the emission intensity integrated over the O2(a
1
g,v=0)  O2(X

3
g

-
,v=0) band. The 

calibration was made by measuring the O2(a
1
g) radiation power using the same radiometer as in 

case of the O2(b
1
Σg

+
) calibration. Since the radiometer uses a Si-based detector which is not 

sensitive to IR O2(a
1
g) radiation, direct measurement of O2(a

1
g) radiation power was not possible. 

Therefore the absolute calibration of O2(a
1
g) emission measurements was carried out by measuring 

the radiation power from the oxygen atom 845 nm line using the radiometer, and simultaneously by 

the monochromator + InGaAs detector system. An interference filter (845 nm, bandwidth ~10nm 

FWHM) was used on the radiometer detector head to select the O845 nm line from the discharge 

emission. The O2(a
1
g) density was then determined by:  

 
845

845

2

1270

845

845

)(21

2

4
)]([

IF

O

sp

sp

O

aO

g
VAh

PL

dI

dI
aO





















, 
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where PO845 is O845 nm line power measured by radiometer, L is a distance to the radiometer 

detector head from tube axis (while L >> Rtube), IF845 is the transparency of interference filter (60 

%) at 845 nm, h /e= 0.98 eV,  A = 2.25610
-4

 is the  Einstein coefficient for the transition, V is the 

emitting volume (the same as in calibration for O2(b
1
Σg

+
)), sp845 and sp1270  are products of the 

InGaAs sensitivity and the reflectivity of the mirrors and grating of monochromator for 845 and 

1270 nm respectively,  IO845d and  IO2(a)d are the spectrally-integrated intensities of the O atom 

845 nm line and the O2(a
1
g) 1270 nm band measured by monochromator + InGaAs detector 

system. The accuracy  of the absolute O2(a
1
g) density is estimated to be within 20%.    

1240 1260 1280 1300

background level

O
2
(a

1


 

g
, v=0) O

2
(X

3


-

g
, v=0)

In
te

n
s

it
y

 (
a
.u

.)

wavelength (nm)

O atoms

 

Figure 2. Example of an measured emission spectrum around 1270 nm at 20 Torr and 41W of input 

rf power. The estimated level of background emission is shown in grey, while the emission of the 

O2(a
1
g,v=0)  O2(X

3
g

-
,v=0) band is shown in red. The weak O atom lines in accordance with 

NIST database are marked by arrows.  

 

 Firstly, we investigated the O2(a
1
g) kinetics during full discharge modulation. This was 

principally to characterize processes with O2(a
1
g) molecules in afterglow, where the role of oxygen 

atoms and ozone can be essential.  The temporal behavior of the discharge emission at wavelengths 

corresponding to O2(a
1
g) peak emission at 1270 nm and background emission at 1252 nm was 

recorded. An example is presented in Figure 3a. In the discharge afterglow only the O2(a
1
g) 

emission is observed. The dynamics of the O2(a
1
g) density at 30 Torr and different input rf powers 

is shown in Figure 3b.  

 After turning on discharge, the O2(a
1
g) density increases quickly during the first few tens 

ms, then starts to saturate. At low input rf power the saturation occurs later, indicating a lower rate 

of O2(a
1
g) quenching. With increasing rf power the initial rate of increase in the O2(a

1
g) density 
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increases. However, saturation occurs in a shorter time at high power, and at the highest powers the 

density of O2(a
1
g) actually decreases at longer times. It should be noted that the gas temperature 

(and the corresponding gas density) stabilizes in ~3 ms. Indirectly, this is confirmed by the sharp 

jump up of the O2(a
1
g) density after discharge extinction and the corresponding gas cooling (see 

below). This time approximately corresponds to characteristic time for thermal conduction in the 

radial direction. Thus, this behavior of the O2(a
1
g) density over hundreds of milliseconds can only 

be explained by the presence of significant collisional quenching of O2(a
1
g) in the discharge, 

caused by a species whose density grows with increasing input rf power. The only possible 

candidates for this quenching are O(
3
P) atoms and O3 molecules. However, measurements have 

shown that the O3 density is very low in the active discharge [34]. Moreover, nearly all of the ozone 

is found close to the cold walls, and is essentially absent in the plasma region due to fast 

decomposition at high gas temperature. The ozone concentration is loo low (by several orders of 

magnitude) to cause the observed rate of O2(a
1
g) quenching. Since the electron density stabilizes 

quickly (in a few hundred of microseconds), O(
3
P) atoms are the only quenching species present in  

high enough concentration to explain the O2(a
1
g) loss during discharge pulse.  
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  128W 
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discharge

 

                                         a)                                                                           b) 

Figure 3. a) Examples of the dynamics of the discharge emission: at 1270nm (O2(a
1
g) + 

background) (blue), Background at 1252nm background (grey) and the difference (=O2(a
1
g) 

emission ) (red) during full discharge modulation at 20 Torr. The dashed lines correspond to zero, 

“0”, for each signal. b) Dynamics of O2(a
1
g) density during full modulation at 30 Torr and 

different input rf powers.   

 

 Immediately after turning off the discharge, a fast (during ~3 ms) rise of the O2(a
1
g) density 

is observed, which can be attributed to gas cooling and convection towards the discharge center. As 

seen, this jump becomes more marked at higher input rf power, due to the higher gas temperature. 

Subsequently, the gas temperature approaches the wall temperature, and the O2(a
1
g) density in the 
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afterglow follows an exponential decay ~exp(- )(2 aO

loss t) with a constant loss frequency )(2 aO

loss  which 

is almost independent of the rf power. This shows that the discharge does not create any significant 

density of stable species which can quench O2(a
1
g) (O3 for instance).  

 Figure 4a shows the variation of the O2(a
1
g) loss frequency in the afterglow, )(2 aO

loss , as a 

function of gas flow velocity at different pressures. It progressively increases with flow velocity at 

all pressures, demonstrating the effect of the gas residence time on O2(a
1
g) loss. The extrapolated 

values for zero flow velocity correspond to the O2(a
1
g) loss frequency due to gas-phase processes 

at each pressure. These extrapolated values are plotted as a function of the O2 density in Figure 4b.  

The O2 density can be calculated simply from the gas pressure, since gas temperature has relaxed to 

equilibrium with the wall Tg  285K. The pressure dependence can be approximated by a linear 

function, with an intersection at zero O2 density corresponding to the O2(a
1
g) loss frequency due to 

quenching on the tube wall. From this, one can determine a O2(a
1
g) surface loss probability,   

410
-5

. This is in good agreement with other measurements of  on quartz surfaces outside plasma 

[43].  The slope of the linear dependence provides a rate constant for the quenching of O2(a
1
g) by 

O2 molecules of kq
O2

  1.410
-18

 cm
3
/s at 285K. This kq

O2 
value also agrees very well with data in 

the literature [43]–[46]. This shows that neither oxygen atoms or ozone cause significant O2(a
1
g) 

quenching in the afterglow. Indeed, as was shown in [34], the characteristic time for O(
3
P) atom 

recombination (both volume and surface) is short, ~2-3 ms. Thus, the majority of the O(
3
P) atoms 

are able to recombine during the initial high temperatures at the beginning of the afterglow. 

Furthermore, any O3 molecules created in this period will also be destroyed by fast reactions at 

these high temperatures. We tried to measure the dynamics of O3 density in the discharge afterglow 

using UV absorption [34]. This showed that the ozone density in the afterglow is low (< 510
13

 cm
-

3
) and comes mostly from O3 diffusion from a thin layer near the cold wall where ozone 

accumulates during the discharge.   
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Figure 4. a) O2(a
1
g) loss frequency in the afterglow as function of gas flow velocity at different 

pressures. The symbols are experimental data, and the lines are fits. b) Loss frequency of O2(a
1
g) 

at zero gas flow as function of O2 density (Tg  285K). The intersection at zero O2 density 

corresponds to the O2(a
1
g) loss frequency on the tube wall (  410

-5
) while the slope of the linear 

dependence corresponds to the O2(a
1
g) quenching rate constant by O2 molecules: kq

O2
  1.410

-18
 

cm
3
/s.  

 

During the active discharge period the O2(a
1
g) loss frequency is noticeably higher than in 

the afterglow (for example see the [O2(a
1
g)] dynamics in Figure 3 during full modulation of the rf 

power and the dynamics of the O2(a
1
g) mole fraction during partial modulation shown in Figure 9). 

Therefore the observed fast quenching of O2(a
1
g) in the discharge can only be attributed to O(

3
P) 

atoms. Measurements of the O2(a
1
g) dynamics during partial modulation of the rf power have 

shown that the rate of this quenching significantly rises with pressure and input power (i.e. gas 

temperature) increase. Therefore higher gas temperatures notably speed up the O2(a
1
g) quenching 

by O(
3
P) atoms, indicating that this reaction has a significant activation energy barrier. It should be 

noted that such a reaction has not been proposed prior to this study.  

 

3. Model  

The self-consistent 1D model of an rf discharge used here is similar in principle to that presented by 

Braginskiy et al. [23] and will only be described briefly here. The transport of electrons and positive 

and negative ions is described by the continuity equations, the drift diffusion approximation is used 

to calculate charged species fluxes. The discharge is assumed to operate in the so-called rf-

discharge α-mode, and therefore secondary electron emission is not included.  

The average electron energy, e, is deduced from the electron energy balance equation. The 

electron induced reaction rates, the electron mobility and diffusion coefficients as calculated as 

functions of e and ne by solving the local (0D) Boltzmann equation for the EEDF in the two-term 

approximation [23]. The solution of the 0D Boltzmann equation is a pre-processing step to generate 

so-called e -based lookup tables (electron related coefficients as functions of e and ne) that are then 

used during the plasma simulation. This method can be applied to intermediate pressure plasmas 

[23], [47], provided that the electron energy balance takes into account non-local effects such as 

electron thermal conductivity. 

The self-consistent electric field is found by solving the Poisson equation. The rf voltage 

amplitude is adjusted to match the average specific power input calculated from the measured 

absorbed power and the plasma volume (16cm
3
). The calculated specific power input was defined 
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as the spatially-averaged power dissipated into electrons and ions in the plasma along the whole 

inter-electrode space of 1 cm. 

 We decided that this is the most appropriate way to compare our experimental data to the 

1D rectangular simulation, given that the geometry of the discharge tube and the profiled electrodes 

is complex and three-dimensional. At the same time using 1D-simulation is enough for the present 

task. This is because we a consider spatially- homogeneous rf discharge in the α-mode, and validate 

the spatially-averaged densities of the relevant neutral species  - O(
3
P), O2(a

1
g), O2(b

1
Σg

+
), with the 

measured data to reveal specific features of volume plasma chemistry such as reactive quenching 

reactions for O2(a
1
g) and O2(b

1
Σg

+
).  

The spatial distributions of the neutral components are also calculated by continuity 

equations. The wall loss probabilities for the active radicals are shown in Table 1. These correspond 

to the experimentally-estimated values for the quartz tube (except for O(
1
D) and O2

*
 where O2

*
 

denotes sum of Herzberg states). It should be noted that for the pressure range under study only 

heterogeneous quenching of O(
3
P) plays a significant role, so the value of O is significant [34], 

whereas the concentrations of other electronically excited atoms and molecules are determined 

totally by fast volume reactions (see the next section). 

 

Table 1. Surface loss probabilities for neutral radicals (O2* denotes sum of Herzberg states). 

Surface Reaction Loss propability  (quarts) 

O2(a
1
g) 0.00005 

O2(b
1
Σg

+
) 0.1 

O2*   
 

1 

O(
3
P) 0.001 

O(
1
D) 1 

 

The spatial distribution of the gas temperature was found from the solution of the gas thermal 

energy balance equation. In order to effectively take into account the thermal conductivity and 

diffusion of neutral species in the perpendicular transverse direction (across the tube toward the 

tube wall sectors which do not side with electrodes) we increased the thermal conductivity 

coefficient η and the diffusion coefficient D in the following way: 

 

Deff = c1·D, ηeff = c2·η,  c1 = 33.2
)(

)(
2

2






plane

cyl

L

L
  c2=0.8∙c1   (1) 

 

where Lcyl= (2.4/R)
2
 is the characteristic diffusion length for an endless cylinder of radius R and 

Lplane = (π/2R)
2
 is the characteristic diffusion length for two endless parallel plates with a distance of 
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2R between them. The value of c2 is lower than c1 by a factor of 0.8 which takes into account the 

different cooling rates of regions of the tube wall, those sides with metal electrodes having a wall 

temperature of 300K, compared to the transverse wall that is cooled only by to quartz thermal 

conductivity and outside air convection. It should be noted also that we do not simulate directly the 

tube wall area and the cooling inside it, therefore the gas temperature near the tube wall Tg_w is the 

boundary condition for the gas temperature equation. Tg_w is model parameter since it was 

measured in [34] with great uncertainty. According to the results of [34], we chose two different 

values of Tg_w= 400K and Tg_w= 300K to investigate its influence on the simulation results. This 

may be valuable not only for the resulting gas temperature distribution inside the tube, but also for 

the spatial distribution of different neutral species, since many volume reaction rates between 

neutral species depend on the gas temperature, and the resultant spatial distribution of different 

neutral species across the tube can be essentially inhomogeneous. 

The O2 plasma reaction mechanism and electron cross section database used were almost the 

same as that described in [23]. However, at these elevated gas temperatures and pressures, the 

transformation of energy stored in electronically excited metastables is dependent not only on 

electronic and heterogeneous processes, but also by processes involving atomic oxygen, the rate 

constants of which can significantly depend on gas temperature. Therefore, in this section we will 

make a brief description of the processes included in our updated kinetic scheme, which determine 

the transformation of electronic excitation in reactions with neutral particles, presented in Table 2. 

Besides, some possible mechanisms for the reactions of O2(a
1
g) and O2(b

1
Σg

+
) with O(

3
P) atoms 

are considered also on the base of the data available in the literature.  

 

Table 2. Neutral kinetics for O2(a
1
g) and O2(b

1
Σg

+
) included in updated kinetic scheme [23].  

# Reaction 
Rate constant,  

cm
3
/s, s

-1
, cm

6
/s 

Reference 

(R1) O(
1
D) + O2 → O2(X

3
Σ) + O                               0.64

-11
×exp(67/T) [48], [49] 

(R2) O(
1
D) + O2 → O2(b

1
Σg

+
) + O                        2.56∙10

-11
×exp(67/T) [48], [49] 

(R3) O2(b
1
Σg

+
) + O(

3
P) → O(

1
D) + O2(X

3
Σ)  3.39∙10

-11
× (300/T)

0.1
×exp(-4201/T) [50] 

(R4) O2(b
1
Σg

+
) + O2 O2(X

3
g

-
) + O2 7.4∙10

-17
×T

0.5
×exp(-1104)/T) [51] 

(R5) O2(a
1
g) + O(

3
P)  O2(X

3
g

-
) + O(

3
P)   7∙10

-16
 [52] 

(R6) O2(b
1
Σg

+
) + O(

3
P)  O2(a

1
g) + O(

3
P)   8∙10

-14
 [53] 

(R7) 
O2(a

1
g) + O(

3
P)  O2(X

3
g

-
) + O(

3
P)   

 

1.5∙10
-11

×exp(-6300/T) 

or 

3∙10
-11

×exp(-8000/T) 

this work, 

see text 
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(R8) 
O2(b

1
Σg

+
) + O(

3
P)  O2(a

1
g) + O(

3
P)   

                              or O2(X
3
g

-
) + O(

3
P)   

2∙10
-11

×exp(-3700/T) 
this work, 

see text 

 

The quenching of the excited oxygen atoms O(
1
D) in collisions with O2 molecules is an 

important channel for the excitation of metastable states O2(b
1
Σg

+
) in oxygen plasmas via reaction 

(R2), see Table 2. This process had been studied well both experimentally [48], [54]–[62] and 

theoretically [63]. Here we used the value - 4∙10
-11

 cm
3
s

-1
 for the total rate constant at 298 K, as  

recommended in [49], with the temperature dependence described in [48]. The branching ratio 

between channels (R1) and (R2) was taken from the experimental data of [54], [56], [57], equal 

20% and 80% respectively. It should be noted that a significant part of the excitation energy in 

reaction (R2) goes to O2(b
1
Σg

+
,v=1) state (~40%) [58], [62]. However, we attributed it all to the 

ground vibrational state O2(b
1
Σg

+
,v=0) due to rapid relaxation of O2(b

1
Σg

+
,v=1) by O2 molecules 

[64].  

 We included reaction (R3) in our new kinetic scheme since it may play an essential role at 

high gas temperatures. This reaction is the reverse of the  O2(b
1
g

+
) production process (R2) and its 

rate constant was obtained from [50] using the calculated thermodynamic equilibrium constant 

combined with the measured rate of the forward reaction (R2). In addition, the reaction (R4) was 

taken into account with the temperature dependence k(R4)(T) = (7.4±0.8)∙10
-17

∙T
0.5

∙exp((-

1105.7±53.3)/T) cm
3
s

-1
 (see Table 2) in accordance with recent data of [51]. 

The key difference between the present scheme and that presented in [23] is our treatment of  

the reactions of O2(a
1
g) and O2(b

1
Σg

+
) with O(

3
P) atoms. In the previous kinetic scheme [23] the 

quenching of metastable states O2(a
1
g) and O2(b

1
Σg

+
) by O(

3
P) atoms simply treated by reactions 

(R5) and (R6) (see Table 2) with rate constants estimated from room-temperature conditions in 

[65]–[68] for (R5) and in [53] (R6) respectively. Here we will denote these as “collisional 

quenching” processes. The available literature data on the value rate of the (R5) reaction constant 

k(R5) range from 1.3∙10
-18

 cm
3
s

-1 
to 1∙10

-15
 cm

3
s

-1
. In this work, we used the value - k(R5)=7∙10

-16
 

cm
3
s

-1
, recommended in [52]. However, the wide scatter of the available data on k(R5) indicates the 

need for a more detailed studies on this reaction. The rate constant used for the O2(b
1
Σg

+
) quenching 

reaction (R6) is k(R6)=(8±2)∙10
-14

 cm
3
s

-1
, which corresponds to the experimental data of [53]. 

Production of O2(a
1
g) in this reaction is faster than the ground state O2(X

3
Σg

-
) due fact that no 

change of spin is involved. The efficiency of this channel with O2(a
1
g) is taken to be 0.75 as 

recommended in [69] 

Additionally, in our previous reaction scheme [23], volume loss of O2(a
1
g) was included as 

via three-body process: 

 

O2(a
1
g) + O(

3
P) + O2  O2(X

3
g

-
) + O2 + O(

3
P)      (R5a), 

Page 14 of 36AUTHOR SUBMITTED MANUSCRIPT - PSST-103958.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



15 

 

 

with a rate constant of – k(R5a)= (1÷2.5)∙10
-32

 cm
-6

s
-1

 with no temperature dependence. The inclusion 

of reaction (R5a) allowed us to fit the O2(a
1
g) experimental loss rate [3], [23], [47], [70], [71] over 

a range of gas pressures 7-30 Torr and gas temperatures from 300K up to 750K. The rate constant 

k(R5a) was estimated from the best agreement between the simulation results and numerous 

experimental data on the O2(a
1
g) production in discharges for oxygen-iodine lasers [3], [23], [47], 

[70], [71]. The necessity of introducing reaction (R5a) in [23] was revealed by the fact that the 

mechanism of fast O2(a
1
g) quenching by vibrationally excited ozone - O3(vib), which successfully 

works in plasma afterglow or photolysis experiments [28], [31], [72], becomes ineffective under the 

discharge conditions, when the rate of O2(a
1
g) excitation is higher than the O3(vib) production rate. 

It should be pointed out that previous experiments [3], [23], [47], [70], [71] aimed to 

maximize the O2(a
1
g) yield, which is vital for discharge oxygen-iodine laser (DOIL). HgO-coating 

of the tube walls and admixing of small amount of NO for removing O(
3
P) atoms were applied to 

decrease the O2(a
1
g) volume loss. Therefore the volume quenching of O2(a

1
g) by O(

3
P) was 

largely suppressed in [3], [23], [47], [70], [71] in comparison with the present experiment. The new 

experimental data on O2(a
1
g) and O2(b

1
Σg

+
) concentrations, obtained in the present work over a 

wide range of gas pressures (10-100 Torr) and (importantly) at higher gas temperatures (700-

1700K) reveal a strong temperature dependence of the rates of O2(a
1
g) and O2(b

1
Σg

+
) volume 

quenching by O(
3
P) atoms (see next section for details). Therefore we substituted (R5a) reaction by 

the temperature dependent quenching reaction (R7) for O2(a
1
g). Besides, for generality a new 

quenching reaction (R8) for O2(b
1
Σg

+
) was also included: 

 

O2(a
1
g) + O(

3
P)  O2(X

3
g

-
) + O(

3
P)    k(R7)= ka1exp(-Ea1/Tg)      (R7), 

O2(b
1
Σg

+
) + O(

3
P)  O2(a

1
g) + O(

3
P)   k(R8)= kb1exp(-Eb1/Tg)      (R8), 

 

which we will denote here as a “reactive quenching” processes. Their activation energies, Ea1 and 

Eb1, were estimated by fitting the simulation results to the present experimental data.  

All the above considered quenching reactions, (R3), (R5) - (R8), can be understood though 

the manifold of potential energy surfaces (PES) for the ozone molecule O3 [73], [74]. Since the 

quenching of electronic states in these bimolecular reactions is endothermic [52], they will occur 

mostly through non-adiabatic transitions between different states in the O3 intermediate [73], [74]. 

Note that the rate constants for the reactions (R5) and (R6) are rather high compared to quenching 

on noble gases or molecules like O2(X) [45], which also indicates in this favor. In this regard, the 

separation of the considered reactions into “reactive” and “collisional” quenching were introduced 
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here for convenience to distinguish reactive channels occurring through a long-lived activated O3 

complex, from collisional quenching (see below).  

A correct description of the reaction paths for O2(a
1
g) + O(

3
P) and O2(b

1
Σg

+
) + O(

3
P) over a 

wide temperature range requires detailed dynamical quantum-mechanical calculations, taking into 

account a sufficient number of O3 potential energy surfaces (PES) as well as their non-adiabatic 

couplings. This is a challenging future task for the quantum chemistry community. Based on the 

literature on O3 PES’s one can only suppose possible mechanisms for O2(a
1
Δg) and O2(b

1
Σg

+
) 

reactive quenching by O(
3
P) with reasonable activation energy barriers.  

An example of PES sections for several O3 molecular states at fixed lengths of the second 

O–O bond and bond angle (θ = 116.81°) adapted from [73] are presented in Figure 5. They allow 

investigation of different possible pathways for reaction (R7). The first involves the creation of a 

long-lived activated complex, O3
*
(2

3
A”),

 
with an energy barrier in the entrance valley of about 0.55 

eV. The 2
3
A”excited state is partially mixed with low-lying electronically excited states 

(1
3
A”;1

3
A’;1

1
A”) near the repulsive region of their potentials, due to strong non-adiabatic couplings 

[74]. This activated complex O3
* 

will subsequently decay to form an O2 molecule in the ground 

electronic state, since these ozone states (1
3
A”;1

3
A’;1

1
A”) asymptotically correlate with the O(

3
P) + 

O2(X
3
Σ) dissociation limit [74]–[76].   
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Figure 5. One-dimensional section of ozone molecule PESs along the O–O bond for the lowest 

three singlet and twelve triplet states in A' and A" symmetries. The length of the dissociating O–O 

bond is fixed at 2.4a0 and the bond angle is fixed at 116.81. The adiabatic energies are shown. R
d
 

refers to the diabatic potential curve relevant for dissociation in the Huggins–Hartley band. Adapted 

from ref. [73]. The possible energy barriers in reactions (R7) and (R8) are shown by red and blue 

arrows.  
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The other possible paths for O2(a
1
g) quenching are connected with the repulsive character 

of the O2(a
1
g) interaction with O(

3
P) over long distances (see Figure 5). The transition from 

O2(a
1
g) + O(

3
P) to the O2(X

1
g

-
) + O(

3
P) system occurs through an area of multiple crossings 

between several adjacent PESs,  allowing non-adiabatic transitions between the PESs [73], [74]. 

According to Figure 5, the energy barriers for the O2(a
1
g) + O(

3
P) pathways can vary over a wide 

range from ~0.48eV to ~0.81eV. It should be pointed out that Figure 5 represents only one section 

of the PESs for the lowest states of O3, which is not necessarily a reaction pathway along the 

reaction coordinate. Determining the exact values of the energy barriers would require detailed 

quantum-mechanical calculations of the PESs in the vicinities of their intersections for all molecular 

symmetries, as well as calculations of the minimal energy paths for each corresponding reaction.  

Such reaction paths in the repulsive region could compete with a path associated with 

activated-complex O3
± 

formation on 2
3
A” PES. Full clarification of the branching ratio between 

these channels, and the overall reactivity of O2(a
1
g) quenching by O(

3
P), would  require detailed 

studies over the whole temperature range. However, note that reactions which occur through spin-

forbidden transitions contribute mainly at low gas temperatures, while the “reactive” channel with 

significant energy barrier become crucial at high Tgas [77]. Having this in mind we can validate the 

“reactive” quenching path - introduced here as reaction (R7) - via our experimental data at T > 

800K, while assuming that the rate for the collisional quenching channel is known from the low 

temperature literature data on (R5). Using this as a first approximation, in our plasma simulations 

the value for the activation energy barrier value for the reaction (R7) was found to be more than 

0.48 eV (see below).  

The same considerations can be applied to O2(b
1
Σg

+
) quenching of reaction (R8). As before, 

this can occur via several complex interactions between different PESs of O3 excited states, as can 

be seen from Figure 5. However, the product channel O(
3
P) + O2(a

1
g) appears more preferable at 

first glance. Note here that only one section of the PESs is presented. Therefore, this can be 

considered as assumption. Nevertheless, in a similar way to O2(a
1
g), one can expect an energy 

barrier to reaction (R8). According to Figure 5 this energy barrier should be about 0.32eV. We use 

this value for temperature dependence of the rate constant of reaction (R8) in our simulations (see 

next section). Note that a comparable activation energy for the reaction (R8) was also assumed 

earlier in [78], [79] in the lower temperature range Tg < 800K.  

In this work, the proposed mechanisms for the quenching reactions of O2(a
1
g) and 

O2(b
1
g

+
) are validated against the experimental data for the temperature range 700K ≤ Tg ≤ 1700K. 

In the model we used an Arrhenius form for the rate constant of reaction (R7), k(R7)= ka1exp(-

Ea1/Tg), where the two parameters, activation energy Ea1 and rate constant ka1, were deduced 
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from best fitting of the simulation results to the experimental data on  [O2(a
1
g)]/N and [O2(a

1
g)]. 

The rate constant for the O2(b
1
g

+
) reactive quenching in reaction (R8) was assumed to behave in 

the same manner, k(R8)= kb1exp(-Eb1/Tg). The activation energy Eb1 and the rate constant kb1 was 

then obtained in the same way by fitting the simulation results to experimental measurements of 

[O2(b
1
g

+
)]/N (see next section for details).  

While modeling the experimental data we considered two scenarios, since the distribution 

over the different exit channels in the reaction (R8) is still under discussion: 

Scenario A: O2(b
1
Σg

+
) molecules are assumed to be quenched via reaction (R8) to the ground state, 

O2(X
3
g

-
): 

 

O2(a
1
g)+ O(

3
P)  O2(X

3
g

-
) + O(

3
P)    k(R7) = 310

-11
exp(-8000/T)cm

3
/s    

O2(b
1
Σg

+
) + O(

3
P)  O2(X

3
g

-
) + O(

3
P)    k(R8) = 210

-11
exp(-3700/T) cm

3
/s  

 

Scenario B: we assume that quenching reaction (R8) leads to formation of the O2(a
1
g) state:  

 

O2(a
1
g)+ O(

3
P)  O2(X

3
g

-
) + O(

3
P)    k(R7) = 1.510

-11
exp(-6300/T)cm

3
/s    

O2(b
1
Σg

+
) + O(

3
P)  O2(a

1
g) + O(

3
P)    k(R8) = 210

-11
exp(-3700/T) cm

3
/s  

 

Since in Scenario B the reaction (R8) becomes a significant additional source for O2(a
1
g) 

production, the temperature dependence k(R7)(T) was corrected as discussed below. The quenching 

rate constants of O2(a
1
g) and O2(b

1
Σg

+
) in both scenarios were found from the best fit to 

experimental data over the whole range of studied conditions.   

 

4. Results and Discussion 

Before a detailed discussion on the reactive quenching of O2(a
1
g) and O2(b

1
g

+
) by O(

3
P) atoms, it 

is important to ensure that the model correctly describes the experiment and reproduces all of the 

available experimental data, including the electrical discharge characteristics. The jVC (current-

voltage) or jPC (current-power) characteristics are fundamental parameters of high-pressure 

discharge in dielectric tubes, which allow the characterization of the plasma. The current-power 

characteristics of the discharge are shown in Figure 6a. Dark circles are experimental data, solid 

lines are model results. The transition from -mode to -mode is clear, indicated by a grey 

rectangle. Only the -mode was considered in the model, and therefore data from the -mode were 

excluded from the comparison. As seen, the model reproduces  the general trends with rf power and 

pressure and also the current density values. This agreement of the simulated and experimental jPCs 

and the reduced electric fields indirectly confirms our description of the electron density [34]. The 
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calculated electron density as function of input rf power is shown in Figure 6b. It is seen that, for all 

considered conditions, the electron density, ne, varies over the limited range (2-6)10
10

 cm
-3

. We 

attempted to determine ne experimentally using the microwave hairpin probe, placing the hairpin 

antenna on the external side of the tube. Unfortunately in this case the hairpin resonance was very 

broad, and did not allow accurate measurements of ne. However, it could provide an estimation of 

electron density within an accuracy of  (42)10
10

 cm
-3

. 
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a)                                                                         b) 

Figure 6. a) Discharge current density j=Jrfsin() as function of rf power dissipated in the plasma. 

 is the phase shift between the rf voltage and the rf current. The dark circles are experimental 

data, the solid lines are modeling results. The transition to the -mode is shown by a grey rectangle. 

b) calculated electron density as function of input rf power.   

  

Another important parameter affecting O2(a
1
g) and O2(b

1
g

+
) quenching by O(

3
P) atoms is 

the gas temperature. The gas temperature Tg_axis in the area close to the tube axis is shown as a 

function of input rf power in Figure 7. The model results for two values of the temperature near the 

tube wall Tg_w, 400K (solid lines) and 300K (dashed lines) are also presented. The calculated Tg_axis 

increases by 50-90K with increasing Tg_w. The model results with Tg_w= 400K are closer to the 

measured values of Tg_axis, especially at higher gas pressures and rf power inputs. It should be noted 

that this increase is almost within the scatter of the experimental data. As can be seen in Figure 6, 

the model results on Tg_axis are generally in good agreement with the measured temperature over the 

whole range of gas pressures and rf power inputs.  

The mole fraction of atomic oxygen, [O(
3
P)]/N, as function of input rf power at different 

pressures is presented in Figure 8. The dark circles represent actinometry data, the lines are model 

results using the two different values of the gas temperature near the walls (400K (solid lines) and 

300K (dashed lines)). As seen from Figure 8, calculated values of [O(
3
P)]/N are in good agreement 

with the actinometry data over the whole range of discharge parameters under study. At lower 

pressures of 10-30 Torr, the transition from -mode to -mode is evident from a noticeable change 
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in the measured [O(
3
P)]/N dependence on power input, as  discussed above in Figure 6. As seen in 

Figure 8, the calculated [O(
3
P)]/N is somewhat higher at Tg_w =400K than at 300K, since the three-

body atom recombination rate in reaction O(
3
P)+O(

3
P)+O2  2O2, which cases significant O(

3
P) 

atom loss, decreases with increased Tg due to the temperature-dependent rate constant. 
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Figure 7. Gas temperature at the tube axis, T-axis, (dark circles are experimental data, lines are 

simulation results) as a function of the input rf power for all used discharge conditions. The solid 

lines correspond to assuming  Tg_w to be 400K in model,  and 300K (dashed lines ). (see text for 

details)  
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Figure 8. Mole fraction of atomic oxygen, [O(
3
P)]/N, as function of the input rf power at different 

pressures. The dark circles are actinometry data, lines are model results assuming the temperature 

near walls to be 400K (solid lines) and 300K (dashed lines). See text for details. 
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In this way, the good agreement obtained between the experimental data and the model  for 

the gas temperature and the [O(
3
P)]/N mole fraction allow us to evaluate the rate constants for 

O2(a
1
g) and O2(b

1
Σg

+
) reactive quenching by O(

3
P) atoms in reactions (R7) and (R8). It should be 

also pointed out that the basic characteristics of the discharge, notably jPC, ne, Tg and [O(
3
P)]/N are 

hardly affected by the different scenarios for O2(a
1
g) and O2(b

1
Σg

+
) quenching by O(

3
P) atoms, 

discussed earlier. This situation allows us to examine the quenching mechanism in more detail.  

Experiments using partial modulation (< 20%) of the rf power were performed to investigate 

the O2(a
1
g) kinetics under active discharge conditions. The plasma parameters equilibrate rapidly 

during partial modulation (the characteristic time is of the order of a few hundred microseconds, 

indicated by the Kr and Ar emission intensities [34]).The gas temperature also responds quickly (~3 

ms) to small changes in the rf power (as seen in Figure 6). The O2(a
1
g) mole fraction dynamics - 

[O2(a
1
g)]/N, for three pressures 10, 20 and 40 Torr during partial modulation are shown in Figure 

9.  

The dynamics of the gas density, N, was estimated from the dynamics of the gas temperature 

using the dependence on rf power shown in Figure 7 and assuming a relaxation time of 3 ms. Any  

uncertainty connected with this would slightly influence on [O2(a
1
g)]/N dynamics immediately 

following the power modulation. As seen above, the O2(a
1
g) mole fraction drops as the pressure 

and the discharge power are increased. It is worth noting that this was observed for all studied 

discharge conditions. The O2(a
1
g) mole fraction is observed to change in the opposite direction to 

the power modulation, and the amplitude increases with both pressure and rf power. Only for the 

lowest input rf power and low pressure do the O2(a
1
g) mole fraction remain almost unchanged.  
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Figure 9. O2(a
1
g) mole fraction dynamics, [O2(a

1
g)]/N, during partial (~20%) modulation of the 

rf power.   
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The mole-fraction [O2(a
1
g)]/N and the absolute density [O2(a

1
g)] are shown as a functions 

of the input rf power for different pressures in Figure 10 a) and b) respectively. The experimental 

data are presented together with model results. The calculated values for [O2(a
1
g)]/N and 

[O2(a
1
g)] were spatially averaged along the inter-electrode distance to compare with experimental 

data, since the O2(a
1
g) and O2(b

1
Σg

+
) emissions were averaged over the tube diameter due to the  

spectrometer slit. (See  Part 2 for details).  

The model results in the case of Scenario A, presented in Figure 10, agree well with the 

experimental data over the whole range of discharge parameters under study. The relative 

contributions of different O2(a
1
g) loss processes are presented in Table 3 for some sets of 

discharge parameters.   
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a)                                                             b) 

Figure 10. Mole fraction, [O2(a
1
g)]/N - (a) and [O2(a

1
g)] density - (b) as a function of input rf 

power for different pressures and Tg_w=400K. Dark symbols are experimental data, lines are 

modeling results. Solid and dashed lines correspond to scenarios A and B respectively. The dotted 

lines correspond to the “old” kinetic scheme without taking into account the reactions (R7) and (R8) 

(see text for details).  

 

Table 3. Relative contributions from different volume source and loss reactions for O2(a
1
g). 

Scenario A.  

Reaction 10 Torr  

48W 

10 Torr  

128W 

30 Torr  

80 W 

30 Torr 

160 W 

60 Torr 

160W 

60 Torr 

240W 

Source channels       

O2+e  O2(a
1
g)+e 33% 40% 54% 61% 65% 67% 

O2**+O2/O(
3
P) O2(a

1
g)+ O2/O(

3
P) 11% 11% 18% 18% 23% 23% 

O2(b
1
g

+
)+O(

3
P) O2(a

1
g)+O(

3
P) 53% 42% 27% 19% 11% 10% 
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Collisional quenching (R6) 

Other reactions 3% 7% 1% 2% 1% 0% 

Loss channels       

O2(a
1
g)+e   O2(b

1
g

+
)+e 46% 36% 33% 18% 13% 8% 

O2(a
1
g)+e  O2+e 24% 20% 17% 10% 7% 4% 

O2(a
1
g)+O(

3
P)  O2+O(

3
P) 

Collisional quenching (R5) 

14% 8% 12% 5% 5% 2% 

O2(a
1
g)+O(

3
P)  O2+O(

3
P) 

Reactive quenching  (R7) 

3% 26% 20% 61% 63% 80% 

Other reactions 13% 10% 18% 6% 12% 6% 

 

It is important to note that at gas pressures in the range 10-20 Torr, reactive quenching (R7) 

only weakly contributes to the O2(a
1
g) losses, especially at lower rf power inputs. This is due to 

the low O atom density and reduced gas temperature. As follows from Table 3, under these 

conditions the main O2(a
1
g) losses are i) electron excitation from O2(a

1
g) to O2(b

1
Σg

+
) and ii) 

secondary electron impact (electron de-excitation to the ground state). This fact is fully confirmed 

by experimental data on [O2(a
1
g)]/N dynamics during partial modulation of the rf power, presented 

in Figure 9. At the low pressure of 10 Torr and the lowest input rf power of 48W the experimental 

data on [O2(a
1
g)]/N stay almost unchanged during 20% rf power modulation. This can occur only 

if the O2(a
1
g) loss terms are directly proportional to the electron density, in similar way to the 

O2(a
1
g) source term.  

Reactive quenching (R7) becomes the dominant process for O2(a
1
g) loss as the pressure is 

increased, whereas the role of quenching by electrons significantly reduces, as follows from Table 

3. One can also see that, at moderate pressures of about 30 Torr, the relative role of process (R7) 

noticeably increases with rf power, due to the simultaneous increases in gas temperature and O(
3
P) 

density. 

The model results assuming Scenario B are also presented in Figure 10, along with scenario 

A for comparison. In case of Scenario B, the reactive quenching of O2(b
1
g

+
) to O2(a

1
g) in reaction 

(R8) provides an additional source of O2(a
1
g). This source becomes more significant at low gas 

pressures, because the O2(b
1
g

+
) density increases significantly as the pressure is decreased - see 

Figure 11. As a result, the rate constant (R7) for Scenario B needs to be slightly higher to fit the 

observations, compared to Scenario A. This further requires a reduction of the energy threshold to 

6300 K from 8000K. Even using these adjustments, the modelled [O2(a
1
g)]/N and [O2(a

1
g)] 

values at 10 Torr are still about 30% higher than in Scenario A. This is because the additional 

source of O2(a
1
g) in reaction (R8) in Scenario B is maximal at low pressure, whereas  the effect of 

O2(a
1
g) reactive quenching in (R7) is small, as illustrated in Table 3 and Figure 9. This is due to 
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the relatively low gas temperature and O(
3
P) atom concentration, as discussed above. Nevertheless, 

the error in our absolute calibration is estimated to be of the same order (~30%) whereas the error in 

relative emission measurements is ~10%. As a result, it is currently difficult to decide between the 

two scenarios. As seen in Figure 9, they both provide reasonable agreement to the existing 

experimental data.  

For comparison,  the results of simulations using the previous kinetic scheme [1] are also 

presented in Figure 10 for 20, 60 and 100 Torr. The old scheme includes a 3-body mechanism for 

O2(a
1
g) quenching - (R5a) with a temperature-independent rate coefficient, in the place of the 

reactive quenching process (R7). As can be seen, simulations using reaction (R5a) are able to 

predict the observed pressure trends up to 60 Torr. However, they also predict a rise of the 

[O2(a
1
g)]/N mole-fraction and the [O2(a

1
g)] density with rf power. This substantially contradicts 

the experimental trend. In contrast, calculations including the reactive quenching process (R7), with 

either scenario A or B, are in good agreement with the observations. This is further confirmation of 

the existence of a reactive quenching process (R7) which exponentially increases with gas 

temperature. 

The O2(b
1
g

+
) mole fraction, [O2(b

1
g

+
)]/N, is shown in Figure 11 as a function of rf power 

for different pressures, along with the model results for scenarios A and B. As can be seen, the two 

scenarios have little effect on the modelled [O2(b
1
g

+
)]/N, since the rate constant k(R8) = 210

-

11
exp(-3700/T) cm

3
/s, is the same in both cases.  

The relative contributions of different production and loss channels for O2(b
1
g

+
) are 

presented in Table 4 for several sets of  discharge parameters. The main production channel of 

O2(b
1
g

+
) is reaction (R2), while O(

1
D) atoms are produced directly from O2 dissociation and by 

electron impact excitation of O atoms. As for the loss channels, reactive quenching (R8) is the main 

loss process for O2(b
1
g

+
) over the whole range of conditions studied. However, at low gas 

pressures (10-20 Torr) and low rf power, quenching of O2(b
1
g

+
) by O(

3
P) atoms by (R6) also 

makes a notable contribution to the total loss rate. 

In addition to comparing the spatially averaged O2(a
1
g) densities and the mole fractions 

(O2(a
1
g)/N, O2(b

1
Σg

+
)/N and O(

3
P)/N), it is useful to consider also their calculated spatial 

distribution. The key reactive quenching reactions, (R7) and (R8), strongly depend on gas 

temperature, which is not spatially uniform, and neither are the densities of neutral species. As a 

result, the reaction rates will vary across the tube in a complex fashion. Although the actual 

discharge geometry is complex, the 1D model can provide qualitative understanding of these spatial 

effects. 
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Figure 11. O2(b
1
g

+
) mole fraction, [O2(b

1
g

+
)]/N, as a function of input rf power for different 

pressures and Tg_w=400K. Dark squares are experimental data, lines are the simulations. Solid and 

dashed lines correspond to scenario A and B respectively (see text for details).  

 

Table 4. Relative contributions from different volume source and loss reactions for O2(b
1
g

+
). 

Scenario A. 

Reaction 10 Torr  

48W 

10 Torr  

128W 

30 Torr  

80 W 

30 Torr 

160 W 

60 Torr 

160W 

60 Torr 

240W 

Source channels        

O2(a
1
g)+e  O2(b

1
g

+
)+e 35% 25% 33% 14% 14% 9% 

O2+e  O2(b
1
g

+
)+e 9% 8% 21% 19% 30% 28% 

O2+O(
1
D)  O2(b

1
g

+
)+O(

3
P) (R2)-

(R3) 

51% 64% 35% 58% 41% 49% 

Other reactions 5% 3% 11% 9% 15% 14% 

Loss channels       

O2(b
1
g

+
)+O(

3
P)  O2(a

1
g)+O(

3
P) 

Collisional quenching (R6) 

55% 31% 34% 21% 16% 14% 

O2(b
1
g

+
)+O(

3
P)  O2+O(

3
P) 

Reactive quenching (R8) 

38% 65% 57% 72% 68% 76% 

Other reactions 7% 4% 9% 7% 16% 10% 

 

Figure 12a presents calculated spatial transverse profiles of the O2(a
1
g), O2(b

1
Σg

+
) and 

O(
3
P) absolute densities, as well as the spatial distributions of the gas temperature for a pressure of 

30 Torr and input rf power of 160W. The concave distributions of O2(a
1
g) and O(

3
P) densities, 

showing a minimum in the center, reflects the spatial distribution of the gas temperature and the 

resultant minimum in the total gas density in the center of the tube. In contrast, the spatial 
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distribution of the mole fractions O2(a
1
g)/N and O(

3
P)/N presented in Figure 12b are almost 

uniform. The spatial distribution of the O2(b
1
Σg

+
) density is more complex, although it also has a 

minimum in the center. The mole-faction, O2(b
1
Σg

+
)/N, is not uniform but dips in the center, due to 

the  high volume loss frequency for O2(b
1
Σg

+
) compared to O2(a

1
g) and O(

3
P). 

In order to understand the effect of the gas temperature near the wall, Tg_w, dashed lines in 

Figure 12a and 12b indicate the spatial distribution of the same species and the gas temperature with 

the gas temperature near the wall set to Tg_w= 300K. The influence of Tg_w parameter on the axial 

gas temperature and the O(
3
P) atom mole fraction was already discussed earlier (see Figure 7 and 

8). As for the O2(a
1
g) and O2(b

1
Σg

+
) densities, they are about 1.5-2 times higher at Tg_w=300K than 

at 400K. This difference is much greater than can be explained simply by the change in Tg, but must 

instead be caused by the decrease in reactive quenching rates (R7) and (R8) with decreasing gas 

temperature. This is confirmed by Figure 12c, where spatial distributions of the different reaction 

rates, R = kNaNb, are presented for both cases Tg_w=300K than at 400K. As is seen, the rates of both 

reactions (R7) and (R8)  are reduced as the gas temperature decreases, whereas the temperature-

independent reaction rates of (R5) and (R6) increase, due to the increase in O2(a
1
g) and O2(b

1
Σg

+
) 

densities. The rates of reactions (R5) and (R6) have concave profiles, similar to the spatial 

distributions of the related species O2(a
1
g), O2(b

1
Σg

+
) and O(

3
P). At the same time the rate of (R7) 

has a strongly convex shape that reflects mostly the gas temperature profile which has an 

exponential dependence on Tg, despite the concave profiles of O2(a
1
g) and O(

3
P). Thus O2(a

1
g) 

molecules are destroyed efficiently in the center of the tube, where the gas temperature is maximal. 

The distribution of the rate of reaction (R8) is more complex, as it depends on both the exponential 

dependence of the reaction rate on Tg and concave profile of the O2(b
1
Σg

+
) density. In addition, the 

spatial profile of the rate of (R8) is wider than for (R7) (see in Figure 12) due to its lower activation 

energy compared to (R7). Based on the above analysis, it should be pointed out once more, that 

even small uncertainties in Tg_w and the resultant ~50-100K change in Tg would lead to a visible 

change in the calculated values for the O2(a
1
g) and O2(b

1
Σg

+
) densities, and also add some 

uncertainty in our estimations of the rate constants for (R7) and (R8). 
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                                    c) 

Figure 12. Calculated spatial profiles of O2(a
1
g), O2(b

1
Σg

+
), O(

3
P) densities and gas temperature 

(a) and mole fractions (b); and  spatial distributions of reaction rates (R5)-(R8), rate = k[Na][Nb] (c) 

for the Scenario A (see the text). The solid lines are the results for Tg_w = 400K, and dashed lines 

for Tg_w=300K. 

 

The resultant temperature dependences for the rate constants of the reactive quenching reactions, 

(R7) and (R8), are shown in Figure 13 for the both scenarios A and B. Quite good agreement is seen  

between the experimental and simulation for the O2(a
1
g) density over a wide range of conditions 

(P = 20-100Torr  and Tg = 800-1700K), for conditions where process (R7) dominates O2(a
1
g) loss, 

allowing us to validate the rate constant k(R7) with quite good accuracy. The uncertainty in the value 

of k(R7) is associated with the uncertainties in the products of reaction (R8), which may follow 

scenarios A or B – see Figure 13. 

Note that the mechanism of O2(a
1
g) reactive quenching by O(

3
P) atoms – (R7), which was 

proposed here for the first time and validated against an experimental dataset over a wide range of 

discharge conditions, plays a crucial role. It significantly increases the quenching of O2(a
1
g) at 

temperatures above ~ 800K compared to the commonly used collisional quenching reaction (R5) 

(see Table 3 and Figure 13).  
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Figure 13.  Temperature dependencies for the rate constants of O2(a
1
g) reactive quenching in 

reaction (R7) for both scenarios A and B. The same rate constant for reactive quenching of 

O2(b
1
g

+
) in reaction (R8) was used in both scenarios. The horizontal lines are the rate constants of 

“collisional” quenching of O2(a
1
g) in (R5) and O2(b

1
g

+
) in (R6). The grey area between two (R7) 

rate constants used in scenarios A and B indicates possible uncertainty in k(R7) value. A vertical 

dashed line at T=800K indicates an approximate boundary, where O2(a
1
g) reactive quenching in 

(R7) starts to play a crucial role (see the text).  

 

5. Conclusion 

Fast quenching of O2(a
1
g) by O(

3
P) atoms at high temperature was experimentally observed at the 

first time. The experiments were carried out in an 81MHz CCP discharge in oxygen at pressures of 

10-100Torr in a quartz tube with external electrodes to provide high power input, i.e. both high 

temperature and significant O(
3
P) density simultaneously. It was observed that the rate of O2(a

1
g) 

quenching by O(
3
P) atoms rises rapidly with gas temperature above ~800K.  

Possible mechanisms of O2(a
1
g) quenching by O(

3
P) atoms were considered, based on 

analysis of available PESs for the O3 molecule, and were consistent with the presence of a high 

activation energy barrier in reactive channel O2(a
1
g) + O(

3
P).  This mechanism was included in an 

updated scheme of kinetic processes in O2 plasma. The experimental results were interpreted with 

the aid of a self-consistent 1D model of the CCP discharge. This model showed that only the 

inclusion of a temperature-activated channel for O2(a
1
g) quenching by atomic oxygen allows the 

experimental data to be reproduced. Without this channel the model even predicts some trends in 

opposition the experimental observations. 
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A comprehensive consideration of the relative contributions of different loss processes for 

O2(a
1
g) in the model showed that at lower gas pressures (10-20 Torr) this reactive quenching only 

makes a weak contribution, and is dominated by electron impact processes (excitation from 

O2(a
1
g) to O2(b

1
Σg

+
) and secondary electron impact). At pressures above 20 Torr reactive 

quenching progressively dominates the O2(a
1
g) loss, especially at higher  rf power input due to the 

simultaneous increase in gas temperature and O(
3
P) density. The excellent agreement of the model 

with the experimental measurements of the O2(a
1
g) density allowed us to determine the rate 

constant of O2(a
1
g) quenching on O(

3
P) atoms with good accuracy, giving a value within the range 

3∙10
-11

×exp(-8000/T) cm
3
/s to 1.5∙10

-11
×exp(-6300/T) cm

3
/s over a wide range of discharge 

conditions (P = 20-100Torr  and Tg = 800-1700K). 

Comparison of the experimental results for  O2(b
1
g

+
) to the model also showed that an 

analogous reactive quenching process occurs for O2(b
1
g

+
) molecules. Only by including in the 

model a fast O2(b
1
g

+
) quenching reaction by atomic oxygen, with activation energy about of ~3700 

K, were we able to explain the measured low concentrations of O2(b
1
g

+
) and its variations with 

discharge parameters. Best fitting of the simulation results to the [O2(b
1
g

+
)]/N data provided a rate 

constant of 210
-11
exp(-3700/T) cm

3
/s. This observed quenching of O2(a

1
g) and O2(b

1
g

+
) by 

oxygen atoms has a significant impact on the dynamics of oxygen plasmas, and is likely to play a 

major impact on the kinetics of oxygen-containing discharge mixtures at higher gas temperatures, 

for example  in plasma-assisted combustion or in high-pressure plasma processing reactors.    
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