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Abstract (276 words) 

Quantification of the O-atom concentration is particularly important for testing the detailed kinetic mechanisms 

in flames. In this work, relative concentrations of O-atoms are measured by using the two-photon Laser-Induced 

Fluorescence method (TPLIF). The direct calibration for determining the absolute O-atom mole fraction is 

achieved by comparing alternately the integrated TPLIF signals from the atomic oxygen and from a known 

quantity of a noble gas (Xe). Both species have close spectral features with a two-photon absorption around 225 

nm, while the fluorescence signals are collected around 844 and 834 nm for O-atom and Xe, respectively. 

Application of this method previously adopted in plasma environments is demonstrated here for the first time 

in low-pressure hydrocarbon flames. One major achievement in this work is that the O and Xe fluorescence 

signals are measured in the flame, thus allowing to properly correcting for the quenching rate of both species in 

this high temperature environment. Due to the fast quenching rates of O-atom and of  Xe in the N2 diluted 

flames, a specific flame diluted in Ar was stabilized at 2.8 kPa for the calibration procedure. From Stern-Volmer 

plots obtained in a large pressure range of flames, the quenching rate determination could be extended to 

nitrogen-diluted flames. Then, the O-atom profiles were measured in absolute mole fraction in three low-

pressure (5.3 kPa) premixed flames of CH4/O2/N2 with equivalence ratios equal to 0.8, 1.0 and 1.25. The 

experimental profiles O-atom mole fraction profiles are compared to the simulated ones. Their gradient 

locations and the absolute mole fractions at 25 mm are found in good agreement. However, the simulated 

profiles do not capture the experimental continuous decrease of O in the burnt gases. 
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1 Introduction 

Quantitative knowledge of atomic H and O concentrations in flames is important for improving kinetic 

mechanisms in combustion. Indeed, atoms play a crucial role in combustion chemistry. However, the 

measurement of absolute concentration profiles of atomic species such as O and H still remains challenging. 

Atomic species can be measured by using complex techniques such as Molecular Beam Mass 

Spectrometry (MBMS) after gas probe sampling [1], or by using in situ laser diagnostics such as Two-photon 

Laser-Induced Fluorescence (TPLIF). The conversion of relative fluorescence signals to absolute mole fraction 

is mostly performed through indirect approaches. Only Cheskis and Kovalenko [2] succeeded to quantify the O 

density in atmospheric H2/air flames by using the very sensitive Intra Cavity Laser Spectroscopy absorption 

technique applied on O-atom forbidden transitions at 630 and 636 nm.  

The advantage of TPLIF is that it provides in situ detection of atomic species in flames. The method is 

very sensitive and gives access to the relative value of atom concentrations. Electronic states of O-atom lying 

at 88631 cm-1, they are excited by a two-photon process at 44315.5 cm-1 (225.65 nm) to overcome the difficulties 

of working in the VUV range. Oxygen atoms have been measured with this method in low-pressures flames 

[3,4] and in atmospheric flames [5–7].  

Due to the use of high energy ns-lasers, photolytic or photochemical effects were observed, in particular 

with the production of O atoms stem from CO2 or O2 photolysis as described in [3–5,7] and in references herein. 

These effects are greatly attenuated by using ps-lasers or fs-lasers. Thus, there has been a renewed interest of 

TPLIF for measuring atomic oxygen in flames with short-duration laser pulses [8–10]. Moreover, the quenching 

can be measured from the temporal fluorescence decay in order to correct the LIF signal. However, this 

opportunity does not seem to have been explored in flames, but only in plasma [11]. One other effect 

contributing to the excited level depopulation is the stimulated emission (SE) under high laser intensity as 

reported in [8,12–14]. 

The conversion of TPLIF signals into absolute atom concentrations requires the knowledge of different 

spectroscopic parameters (absorption cross section, radiative lifetime …), and of the experimental parameters 

(quenching rate, laser fluence …). As with any LIF method, this conversion requires the estimation of the 
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volume of collection and the photon collection efficiency. So, indirect calibration was performed either by using 

Rayleigh scattering experiments [15], or by comparing the TPLIF signal measured in flames with the one 

collected from a known concentration of O atoms generated in a flow discharge tube at room temperature and 

the one measured in the flame [3]. Alternatively, the calibration can be done via comparing it with the estimated 

atomic oxygen concentration according to the partial equilibrium calculation [16], to adiabatic equilibrium 

[9,17], or adiabatic flame simulation [10]. However, the drawbacks of the TPLIF quantification lie in the lack 

of knowledge of the quenching rates of the atomic species with the multi-colliders, which are present in the 

flame. 

 

In 1998, Goehlich et al. [18] proposed a comparative calibration with a noble gas to determine the 

concentration of atomic species using TPLIF. Xenon exhibits two-photon resonance with excitation energies 

close to the oxygen ones. This approach was largely applied in the plasma community [11,19–22] where the 

absolute calibration of O atom is performed from xenon TPLIF excitation in a calibration cell at very low 

pressure [19–21], or in unpowered jet at atmospheric pressure [11,22]. In both cases, the calibration is performed 

in non-reactive mixtures. 

To the best of our knowledge, the oxygen TPLIF signal has never been quantified in flames by using a 

noble gas. The present work aims to explore this promising way of quantifying the O-atom concentration. The 

method is applied in flames previously stabilized in our laboratory, in line with the establishment of the 

extensive database dedicated to the NO formation chemistry [23]. Indeed, the predicted NO (both from the 

thermal and the prompt routes) is very sensitive to the trace species, including the atomic species. The absolute 

calibration of the O-atom required a well-defined calibration flame where the O-TPLIF signal was directly 

correlated with the one emitted from the noble gas (Xe). In order to convert the relative signal into absolute 

mole fractions, attention was paid on the absence of interfering effects, and on the control of the quenching 

along the vertical axis of the flame. The experimental atomic oxygen profiles were compared with the simulated 

ones by using the Chemkin codes [24] with the detailed kinetic model developed in our laboratory [23]. 
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2 Experimental set-up 

2.1 Low-pressure burner and gas supply 

Experiments were undertaken in laminar low-pressure methane flames stabilized on a 6-cm diameter bronze 

water-cooled McKenna burner. The temperature of the porous burner was stabilized at 293K and 333K for N2 

and Ar diluted flames, respectively. The pressure regulation was achieved within ±0.3% by using an automatic 

valve (Oerlikon CMOVE/MOVE1250). The burner was mobile in translation in the vertical axis allowing 

measuring species profiles as function of the height above the burner (HAB). Details about the burner and the 

gas supply are given in [25]. The volumetric gas flow rates of the studied flames were controlled with mass 

flow controllers (MFC) as reported in Table 1. The premixed flames of CH4/O2 diluted in N2 stabilized at 40 

Torr (5.3 kPa) were identical to those reported in [23,25]. The choice of the calibration flame diluted in Ar 

(named flame CH4_cal) is explained below (see §3.2.2). Xenon gas (Messer, purity 99.999%) used for 

calibration purpose was introduced into the mixture gas line and controlled with a MFC (30 sccm, Bronkhorst, 

±0.5%). Temperature profiles were already measured in the previously stabilized flames by using NO-LIF 

thermometry [23]. In the calibration flame, the temperature profile was determined according to the 

experimental approach described in [25,26]. 

Table 1. Flame compositions. Gas flow rates are reported in slpm (at 273.15K and 101.3 kPa), (accuracy ±2%).  is the 
equivalence ratio. 

Flame CH4 O2 N2 or Ar  
CH4(080) 0.384 0.96 3.20 0.80 
CH4(100) 0.48 0.96 3.35 1.00 
CH4(125) 0.60 0.96 3.29 1.25 
CH4_cal 0.36 0.72 2.95 1.00 

 

2.2 Laser set-up 

The pulsed laser system consists of a frequency-doubled Nd:YAG laser (Powerlite DLS8000, Continuum) 

pumping a dye laser (ND6000, Continuum) providing 572 nm radiation. Wavelength around 226 nm was 

generated by mixing the residual IR of the YAG laser with the frequency doubled of the dye laser. The laser 

spectral bandwidth was measured to be around 1 cm-1. Typically, the output laser energy was equal to 700 
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µJ/pulse and attenuated with a variable attenuator consisting in a polarizer at 225 nm and a half-wave plate 

(EKSMA). The laser beam was focused with a 500 mm focal length lens and introduced parallel to the burner 

surface. Following [21], the lens was slightly moved to shift the beam waist away from the vertical burner axis, 

ensuring both a sufficient laser energy density and a reduced  modification of the section of the volume along 

the laser axis. The laser intensity was monitored before the lens with an energysensor (J-10MB-HE, Coherent). 

The LIF signal was collected at f/4 by a two-achromatic lenses system (f =200 mm, 650-1050 nm) and focused 

on the entrance slit of a 0.300 m spectrometer (SP2300i, ActonResearch) with a 150 gr/mm grating blazed at 

500 nm. The entrance slit (250 µm width, 8 mm height) was parallel to the laser axis. The spectrometer has a 

dual-exit; the side-exit was coupled with a 16-bit ICCD camera (PI-MAX 2, Roper Scientific), and the front-

exit was coupled with a photomultiplier tube (PMT).  

Temporal LIF signals were collected by a PMT (R2257, 2.6 ns rise time, Hamamatsu) and recorded on 

a digital oscilloscope (HDO4000, 12-bit vertical resolution, 1GHz bandwidth, 1.25 GS/s, Lecroy). The LIF 

signals and the dye laser wavelength were processed and stored simultaneously using a Labview program to 

provide the LIF intensity, the laser intensity and the fluorescence lifetime in real time. The efficiency of the LIF 

collection systems was spectrally measured by using a uniform radiance calibrated source (CSTM-LR-6-M, 

SphereOptics). 

Fluorescence spectra were collected from 200 to 900 nm by using the ICCD camera with a gate width 

of 150 ns. For that purpose and for the thermometry LIF, the achromatic lenses were substituted with fused 

silica lenses. Details about the thermometry setup are given in [25,26]. 

SE was detected at the fluorescence transitions (845 and 835 nm) by a fast photodiode (DET10A02, 

Thorlabs) (see § 3.2.3). A BK7 glass and a high-pass filter at 820 nm rejected the 226 nm light, similar to [10].  

3 Principle and experimental approach 

The calibration of TPLIF signal by using a noble gas was first proposed by Goehlich et al. [18]. Thanks to the 

similarity between the electronic states of Xe and O-atom, and knowing the concentration of Xe, the ratio of the 
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TPLIF signals between Xe and O allows a direct calibration of the O-atom concentration, provided that some 

precautions are undertaken as described below. 

3.1 Measurement of O and Xe by TPLIF 

Both species exhibit close excitation/collection energies diagrams as shown in Fig. 1. Atomic oxygen in the 

sub-level (J”=2) of the ground state is excited by two-photon absorption at 225.65 nm via the transition 

3p 3P0,1,2←2p4 3P2 and the fluorescence signal is detected along the transition 3p 3P0,1,2→3s 3S0 at 844.9 nm. 

Initially, Goehlich et al. [18] proposed to excite Xe to the level 7p [3/2]2 (88687 cm-1) with 2 photons at 225.51 

nm followed by a fluorescence collection at 462.5 nm. Due to the large difference in the collection wavelengths 

(845/462), a second scheme of Xe was later preferred [19]. Xe is excited with the two-photon resonance at 

224.31 nm via the transition 6p’ [3/2]2←5p6 1S0 and the fluorescence is collected at 834.9 nm along the transition 

6p’ [3/2]2→6s’ [1/2]1.  

Xe can easily be injected in a known amount in the premixed gases by substituting it for the diluent. 

The wavelengths used either to excite or to collect the fluorescence from both atoms O and Xe are close, this 

allows easy alternate measurements.  

 

Fig. 1. TPLIF excitation and collection schemes of atomic O and Xe, from NIST [27]. The transition wavelengths are in 
vacuum. 

 

Both species can be excited by using a two-photon process. According to [18,28], the time-integrated 

TPLIF signal collected by the PMT (Si) can be expressed as follows: 
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 ௜ܵ = ௜ߪ௜ܥ 
〈ଶ〉ℊ(Δ̅ߥ௜)ܩ〈ଶ〉 ஺మయ,೔

஺೔ାொ೔
஻݂(ܶ)[݅] ቀ

ூഌ೔
௛ఔ೔

ቁ
ଶ
 Eq. (1) 

where ܥ௜ is the global efficiency of the LIF collection at a given wavelength (PMT, spectrometer, lenses, solid 

angle, volume of measure), ߪ௜
〈ଶ〉 is the lineshape-independent two-photon absorption cross section, ℊ(Δ̅ߥ௜) is the 

normalized line profile of the two-photon excitation which is composed of the convolution of the effective laser 

line profile and the atomic absorption line, ܩ〈ଶ〉 is the photon statistical factor (= 2), A23,i is the spontaneous 

emission rate along the detection transition (from level 2 to 3), ܣ௜ is the radiative lifetime of the excited level, 

Qi is the total quenching rate, and [i] is the concentration of the species i. ஻݂  is the temperature-dependent 

Boltzmann function of the probed sub-level of the ground state. The ratio ܫఔ೔ ℎߥ௜⁄  represents the number of 

photons per time unit at a given frequency i, where ܫఔ೔ is the laser intensity. Subscript “i” indicates the species, 

either Xe or O. 

3.2 Calibration procedure 

3.2.1 General aspects 

The procedure consists in comparing the TPLIF signals of O and Xe collected in a calibration flame seeded 

with a known mole fraction of xenon (߯௑௘). According to [18–20], the atomic oxygen mole fraction (߯ை) is 

calculated from Eq. (2): 

 ߯ை = ߯௑௘
஼೉೐

஼ೀ

ఙ೉೐
ಬమಭ

ఙೀ
ಬమಭ

ℊ(∆ఔ೉೐)
ℊ(∆ఔೀ)

஺మయ,೉೐

஺మయ,ೀ

஺ೀାொೀ

஺೉೐ାொ೉೐

ଵ
௙ಳ൫ை಻"సమ,்൯

ௌೀ

ௌ೉೐

ூഌ೉೐
మ

ூഌೀ
మ ቀ ఔೀ

ఔ೉೐
ቁ

ଶ
 Eq. (2) 

The spontaneous emission from the excited level of O-atom results in a unique transition, contrary to 

Xe, for which other transitions can occur. The one collected at 834 nm represents 73.3% of the total radiative 

emissions from the level 6p’ (Xe) [20,29]. The fluorescence signal was captured with a bandwidth of 10 nm to 

ensure the collection of the entire selected transition. The atomic oxygen in the ground state 3P is distributed 

into 3 sub-levels (J”=0,1,2). The Boltzmann function of the probed sub-level (J”=2) is close to 0.6 at 

temperatures higher than 1300K [20]. Xenon in the ground state lies in a singlet state 1S, and ஻݂ is equal to 1, 

independent of the temperature. The adopted spectroscopic parameters are reported in Table 2.  
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Table 2. Spectroscopic parameters for O and Xe.  

 O Xe 

௑௘ߪ
ழଶவ ைߪ

ழଶவ⁄  1.9 ±20% [20] 

1/A (ns) 35.4 [11] 40.0 [11] 

A23/A 1 [20] 0.733 [20,29] 

 

The difficulty of the calibration procedure lies in the evaluation of the quenching rate of both atoms (O 

and Xe). It is defined by ܳ௜ = ∑ [݊]݇௡
௜

௡  where [n] is the concentration of the collider n and ݇௡
௜  is the quenching 

coefficient. The quenching rate could be estimated from the concentration species profiles of the main colliders 

as simulated by using the Chemkin codes [24]. However, in the literature, the quenching coefficients are mostly 

reported at room temperature for O-atom with major flame species [4,30,31]. No data were found for Xe with 

the main products of the flame except for CO [32]. Therefore, the large inaccuracy may affect the theoretical 

calculation. Here, we have preferred to measure the quenching rate from the temporal fluorescence decay rate, 

whenever it is possible. This was the keystone for choosing the calibration flame. 

3.2.2 Selection of a calibration flame 

As described below, we have succeeded to measure the quenching rate of O-atom in the investigated flames 

diluted in N2 because the quenching rate is relatively weak at low pressure. However, it turned out that the 

quenching rate of Xe was higher than that of O-atom, in opposite with room temperature quenching coefficient 

values [11,30]. This led us to choose a calibration flame, in which the quenching rate was low enough to achieve 

its experimental measurement for both atomic species. 

The fluorescence decaytime ( ௙߬௟), defined by the inverse of the decay rate (ܣ௜ + ܳ௜), was measured 

from the temporal LIF signal after the laser pulse. By plotting the measured decay rates as function of the 

pressure (for a given gas composition), one expects a straight line in the so-called Stern-Volmer plot. The 

extrapolation at zero-pressure fits well the radiative lifetime (ܣ௜). Deviation from the linearity at short ௙߬௟ 

indicates that the laser pulse influence is no longer negligible.  
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In the present work,  ௙߬௟  was measured from an exponential fitting between 90% and 20% of the 

normalized temporal LIF signal, and converted in A+Q.  

Firstly, (ܣ௜ + ܳ௜) of Xe was measured at room temperature under controlled mixture dilution in N2 and 

in Ar with 90µJ per laser pulse. In Ar, (ܣ௜ + ܳ௜) follows a linear increase from 2.5×107 s-1 (i.e. the radiative 

lifetime) up to 14×107 s-1 at 5.3 kPa, as shown in Fig. 2. On the contrary, in N2, the linearity is only observed 

up to 1 kPa until (ܣ௜ + ܳ௜) reaches a limit value of 16×107 s-1 (i.e. ௙߬௟=6.25 ns). Note that the quenching rate of 

Xe in Ar was found approximatively 6 times lower than in N2 (see Fig. 2), while it was expected to be a factor 

of 3 according to the values reported in [11,22].  

The exponential fitting method was compared with the approach followed in [21] which consists to 

perform the convolution of the squared laser pulse with an exponential decay. Illustration of the two approaches 

is given in Fig. S0. Both methods were found consistent within 4% in our conditions and led to an upper limit 

for (ܣ௜ + ܳ௜) determination of 16×107 s-1 with an accuracy estimated to be equal to ±5%. This upper value is 

slightly above the value reported in [11]. 

Secondly, (ܣ௜ + ܳ௜) was measured in various conditions of flames diluted in Ar with approx. 1% of 

Xe. The calibration flame was selected by considering the best compromise between its flatness and stability, 

and the accessible quenching rate measurement of Xe. Finally, a stoichiometric CH4/O2 flame diluted with 73% 

Ar (flame CH4_cal) was stabilized at 21 Torr (2.8 kPa) for the calibration purpose. In the burned gases of this 

flame (assuming a constant composition and temperature), the measured LIF decay rate follows a linear fitting 

from 2.1 to 2.8 kPa as shown in Fig. 2. Measurements performed in H2/O2/Ar flames indicate that Xe was even 

quenched faster than in CH4/O2/Ar flames, confirming that H2O is a very efficient collider, compared to CO and 

CO2 [30]. 
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Fig. 2. Stern-Volmer plot for Xe at room temperature and in the burned gases of flame CH4_cal. Coefficient of linear 
regression (r2) are indicated. 

 

3.2.3 Quadratic LIF regime 

The validity of Eq. (2) requires that the TPLIF signal follows a quadratic LIF regime. Figure 3 shows in a log-

log graph the TPLIF signal measured as function of the laser intensity. The linear slope of 2 ascertains the 

respect of the quadratic LIF regime. The deviation of this slope may indicate the presence of photolytic or 

photochemical effects, or the activation of photoionization [3], or SE [8]. Absence of these interfering effects 

can also be controlled by comparing the O-atom profiles obtained at different laser intensity [4,5,8,11] (Fig. 

S1), and by checking the fluorescence spectra over a wide range of wavelengths (Fig. S2) [4]. The quadratic 

LIF regime is confirmed up to 300µJ/pulse and 100µJ/pulse for O-atoms and Xe, respectively (Fig. 3). The 

threshold of the SE onset for Xe is lower than the one of O, and nearly coincides with the sub-linearity of the 

TPLIF regime (Fig. S3). As SE also depends on the species density [14], we have controlled firstly, that the Xe 

TPLIF signal strictly increased linearly with the N2 substitution by Xe (Fig. S4), and secondly, that the threshold 

of SE was higher than 250µJ/pulse along the vertical axis of flame CH4(080).  

Measurements were performed at 100µJ/pulse during all the calibration procedures, and at 150 µJ/pulse 

for the measurements of the atomic oxygen profiles in N2-diluted flames. So, the laser intensity was low enough 

to ensure that the photolytic effect and SE are negligible. 
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Fig. 3. TPLIF quadratic regime for O and Xe. Solid lines represent the limit in which the quadratic regime is verified, and 
the dashed lines are extrapolated from the linear fit. For clarity, the TPLIF signal of O-atom in flame CH4_cal is divided 
by 2. 

4 Results and discussions 

4.1 Quantification of TPLIF in the calibration flame 

The implementation of the calibration procedure requires that the normalized line profiles be known for Xe and 

O-atom (Eq. (2)). In the present work, even if they are dominated by the laser bandwidth (1 cm-1), the linewidths 

of Xe and O-atom were found different to the Doppler broadening (respectively equal to 0.24 and 0.66 cm-1) 

(Fig. S5). Therefore, following Goehlich et al. [18], the fluorescence signal was spectrally integrated over the 

absorption line of each species. So, the O-atom quantification was achieved by measuring alternately the time 

and spectrally integrated TPLIF signals from O and Xe in the burned gases (HAB=30 mm) in flame CH4_cal. 

The flame was seeded with 0.8% Xe (in mole fraction) during Xe-TPLIF measurement. The laser intensity was 

maintained constant (100µJ/pulse) at each excitation wavelength while the collection wavelength of the 

spectrometer was tuned appropriately.  

The ratio of the collection efficiencies (ܥ௑௘ ⁄ைܥ )  at the two wavelengths (834 and 845 nm) was 

determined to be equal to 1.6 (mainly due to the variation of the PMT spectral response) by using the calibrated 

source. At HAB=30 mm, the fluorescence decay rate of O-atom was measured to be equal to 6.5×107 s-1, i.e. 

2.5 times lower than that of Xe in flame CH4_cal. Figure 4 shows that it remains nearly constant from 10 to 35 

mm (within 4%), i.e. shortly from the O profile onset to the burnt gases. Using NO-LIF thermometry, the 

temperature profile was measured in the calibration flame along the HAB (Fig. 4). At HAB = 30 mm, T=1955 
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K leads to fB = 0.587. Considering the spectroscopic parameters (Table 2), the mole fraction of the atomic 

oxygen was calculated to be equal to 1.2% at HAB=30 mm, according to Eq. (2). The accuracy was estimated 

to be equal to ±40%, considering the standard deviations of the measurements (6%), the ratio of the fluorescence 

decay rates (10%), the accuracy of the Xe mole fraction (2%) and the ratio of the two-photon absorption cross 

section (±20%) [20]. 

As the temperature-dependency of the Doppler broadening of O-atom was found to be negligible from 

10 to 35 mm in comparison with the laser linewidth, the O-atom profile was measured in relative mole fraction 

using the temporal peak of the LIF signal as function of the HAB. Finally, it was corrected for the Boltzmann 

function and temperature before being converted to absolute mole fraction as shown in Fig. 4. 

 

 

Fig. 4. O-atom mole fraction, temperature and fluorescence decay rate (A+Q) profiles along the HAB of flame CH4_cal. 

 

4.2 O-atom mole fraction profiles in the N2 diluted flames 

Similarly, the time and spectrally integrated O-TPLIF signal was alternately measured in the 3 flames diluted 

in N2 and in flame CH4_cal at HAB =20 mm. Knowing the absolute mole fraction of the atomic oxygen in 

flame CH4_cal (߯ை,௖௔௟ = 1.4% at 20 mm), the absolute mole fractions of O-atom were determined in all flames 

according to: 

 ߯ை = ߯ை,௖௔௟
் ௉೎ೌ೗

்೎ೌ೗  ௉
ℊ(∆ఔ೎ೌ೗)

ℊ(∆ఔഥ)
஺ೀାொೀ

஺ೀ,೎ೌ೗ାொೀ,೎ೌ೗

௙ಳ൫ை಻"సమ,்೎ೌ೗൯
௙ಳ൫ை಻"సమ,்൯

ௌೀ

ௌೀ,೎ೌ೗

ூ೎ೌ೗
మ

ூమ  Eq. (3) 
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where T and P are the temperature and pressure in the flames. The subscript cal refers to the calibration flame. 

The Boltzmann function was calculated according to the temperature in each flames at 20 mm [23]. The laser 

fluence was thoroughly controlled to be equal to 100µJ/pulse. 

The Stern-Volmer plots for the O-atom were drawn in the investigated flames diluted in N2, Fig. 5. In  

flame CH4_cal, (ܣ௜ + ܳ௜) follows a linear increase with the pressure up to 5.3 kPa as for Xe, far below the limit 

(16×107 s-1) defined in §3.2.2. On the contrary, in the N2 diluted flames, the decay rate (found independent of 

the flame richness) reaches this limit at around 4.25 kPa, and leads to the underestimated (ܣ௜ + ܳ௜) at higher 

pressures. Assuming that the temperature and the composition of the flame were constant with the pressure 

increase, the quenching rate at 5.3 kPa was determined from the linear extrapolation of the Stern-Volmer graph 

(Fig. 5). Therefore, in the studied N2 diluted flames, the fluorescence decay rate was estimated to be equal to 

18.7×107 s-1, which is only 16%  above the limit. In the calibration flame maintained at lower pressure (2.8 kPa) 

and with Ar dilution, it was found equal to 6.5×107 s-1. 

 

Fig. 5. Stern-Volmer plot for O-atom in flames. 

 

The relative O-atom profiles were measured from the peak temporal O-TPLIF signal corrected for the 

laser intensity fluctuations (150µJ/pulse ±5%),  ஻݂  and T along the HAB. (ܣ௜ + ܳ௜) was assumed to be constant 

along the HAB as found in flame CH4_cal (Fig. 4). Figure 6 shows the experimental profiles of O-atom in 

absolute mole fraction after the conversion using Eq. (3) are plotted in Fig. 6. Finally, the absolute O-atom mole 

fraction was determined with an overall uncertainty of 45%, considering the standard deviation of the last step 

consisting in the time- and spectrally-integrated TPLIF measurements between all flames. The most important 
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factor of this large error bar is due to the uncertainty in the ratio of the two-photon absorption cross section 

(±20%) reported in [20]. It has been measured only once, by comparing the TPLIF measurements from known 

concentrations of Xe and O in a flow-tube apparatus at 1 kPa and 300K. However, the relative uncertainty 

between the flames is only 25%.  

 

  

Fig. 6. O-atom mole fraction profiles in flames diluted with N2. Symbols: experimental points, lines: simulated with 
NOMecha2.0 [23]. 

 

Figure 6 shows the comparison between the experimental O-atom profiles and the simulated ones using 

NOMecha2.0 mechanism [23]. Considering the experimental uncertainties, an overall good agreement is 

observed. The onset and gradients of the O profiles are very well predicted. At 25 mm and for the 3 equivalence 

ratios, the agreement between the measured and the simulated mole fractions is found to be better than 5 % as 

illustrated in Fig. S6. Note that in the present work, the calibration is directly performed from the comparison 

between the TPLIF signals from Xe and O, but not from the relative comparison between the O-TPLIF signal 

and the simulated mole fractions as reported in [9,10,17]. In any case, the TPLIF was not corrected for the 

quenching variation as function of the equivalence ratio. Figure 6 shows that the model fails to reproduce the 

shape of the experimental profiles with a hump followed by a slight decrease in the burned gases. O-atom 

profiles in hydrocarbon flames have rarely been measured. The O-TPLIF profile measured in an atmospheric 

CH4/O2/N2 Bunsen flame was calibrated at its peak value from an adiabatic flame calculation in [10]. But the 

comparison in the burned gases reveals that the simulated O density lies 18% above the experimental one. 

Otherwise, the experimental signals obtained in various equivalence ratios were compared to 0-D adiabatic 
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equilibrium calculations (regardless of the height) in [9,17], respectively in CH4/air and in H2/air flames. These 

results indicate that the relative variation in the experimental density as function of the equivalence ratio was 

found in good agreement with the calculations. In the present work, several chemical mechanisms were tested 

in flame CH4(080) (Fig. S7) and all failed to describe the full shape of the O-atom profile. Also the discrepancy 

between the simulated profiles is within 15% at HAB=25 mm. In absence of identified sources of experimental 

errors (like SE or photochemical or photolytic effects) at any location in the flames (especially in the flame 

front region), supplementary investigation for probing other species like H and OH are required to elucidate this 

point.  

5 Conclusions 

Two-photon LIF method has been applied to quantitatively measure the mole fraction of atomic oxygen in 

premixed low-pressure flames. The absolute calibration was performed for the first time in flames by using 

xenon according to the method proposed by Goehlich et al. [18]. Owing to a close spectral scheme of the 

excitation and collection of O and Xe, it is indeed possible to convert the relative O-TPLIF signal in absolute 

mole fraction knowing the density of Xe injected in the premixed gases. The main difficulty arises from the 

determination of the quenching rates which are different between O and Xe. It appears that Xe is quenched 

much faster than O-atom, and the quenching rates of both species are lower in Ar than in N2. This is why a 

calibration flame diluted in Ar was stabilized at 2.8 kPa, where the fluorescence decay rate was directly 

measured.  

After a direct quantification of O-atom in the flame diluted in Ar, the relative TPLIF signals collected 

in three low-pressure (5.3 kPa) premixed CH4/O2/N2 flames (with equivalence ratios of 0.8, 1.0, 1.25) have been 

converted to absolute mole fractions of O-atom. The overall uncertainties were estimated to be around 45%, 

mostly attributed to the ratio of the two-photon absorption cross-section (previously determined with an 

accuracy of 20% [20]). Nevertheless, the relative uncertainties are around 25% only. The absence of any 

interfering process (photochemical, photolytic, photoionization or SE…) was thoroughly controlled. The 
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experimental O-atom profiles have been satisfyingly compared to the simulated ones using detailed kinetic 

mechanisms, revealing some features not yet captured by the models. 

This first application of TPLIF calibration by using a noble gas is successfully demonstrated in low-

pressure methane flames. Moreover, the novelty in the present work is that the calibration was performed 

directly in the flame, but not in a non-reactive mixture as reported in the plasma studies [16–20]. Thus, the 

resulting fluorescence from Xe and from O-atom was obtained in exactly the same environment of pressure, 

temperature and colliders, contrary to what was previously performed. Thanks to the in situ measurements, the 

same experimental set-up was used, contrary to an indirect calibration performed in an adiabatic burner 

[9,10,17]. The main limitation of the procedure is the feasibility of the quenching rate measurements (being of 

the order of 108 s-1 and higher). Therefore, it is expected that this method can be interestingly transposed at 

higher pressures by using fs-laser. However, such lasers being spectrally large, attention need to be paid while 

probing Xe or O particularly in the presence of interfering species such as NO.  
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List of figure captions 

Fig. 1. TPLIF excitation and collection schemes of atomic O and Xe, from NIST [27]. The transition 

wavelengths are in vacuum. 

Fig. 2. Stern-Volmer plot for Xe at room temperature and in the burned gases of flame CH4_cal. 

Fig. 3. TPLIF quadratic regime for O and Xe. Solid lines represent the limit in which the quadratic regime is 

verified, and the dashed lines are extrapolated from the linear fit. For clarity, the TPLIF signal of O-atom in 

flame CH4_cal is divided by 2. 

Fig. 4. O-atom mole fraction, temperature and fluorescence decay rate (A+Q) profiles along the HAB of flame 

CH4_cal.  

Fig. 5. Stern-Volmer plot for O-atom in flames. 

Fig. 6. O-atom mole fraction profiles in flames diluted with N2. Symbols: experimental points, lines: simulated 

with NOMecha2.0 [23]. 


