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ABSTRACT
[bookmark: OLE_LINK14]Laser-induced breakdown spectroscopy (LIBS) has been applied to both non-reacting and reacting opposed jet flows to evaluate the measurement accuracy of instantaneous, local air-fuel ratio. However, the LIBS signal is much weaker in flames than in the corresponding non-reacting gases and more work is required to investigate the potential of this technique for instantaneous measurements in reacting flows and quantify measurement uncertainties. The present study reported local equivalence ratio measurements of methane/air flames in an opposed-jet burner, which allowed independent control of flow rate and air-fuel ratio. Images and emission spectra of laser-induced plasma were investigated simultaneously using both an Intensified CCD (ICCD) and a spectrometer with a high degree of spatial and temporal resolution. The influences of the camera delay time, exposure time and laser pulse energy on the LIBS measurements were investigated as well. The dependence of spectral intensity ratios of H/O and C2/CN on air-fuel ratio was quantified over a wide range of conditions extending from pure air to pure fuel. It was found that H/O and C2/CN intensity ratios depend monotonically on the mole fraction of methane in the ranges of 0.0-0.8 and 0.3-1.0 respectively. The presence of a flame within the laser beam led to significant measurement deterioration relative to the corresponding non-reacting flows. This could lead to increased measurement uncertainty, and was therefore corrected by increasing the laser pulse energy and applying a proposed data processing method; the proposed correction method was able to reduce the equivalence ratio measurement uncertainty to be within 10% for mixtures with methane mole fractions lower than 50% and within 15% for mixtures with higher methane mole fraction. The established correlations between the intensity ratios of H/O and C2/CN with local air-fuel ratio allowed measurement of the spatial gradient of air-fuel ratio across opposed jet diffusion flames. The LIBS measurements of air-fuel ratio in non-premixed flames were finally compared successfully with CHEMKIN simulations, which demonstrates the ability of LIBS to accurately measure the spatial gradient of the air-fuel ratio.
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1. Introduction
Laser-induced breakdown spectroscopy (LIBS) has been used widely to quantify species that are present in gases, liquids and solids for many different applications [1–4]. This technique possesses some advantages, including high spatial and temporal resolution and non-intrusive measurement (disturbances occur after the measurements). The LIBS technique employs a sufficiently high energy pulsed laser beam, which, when being focused at a small volume into a gas, creates a local plasma. The high-peak-power laser pulse breaks down the chemical bonds of substances and initiates the fragmentation of molecules into elemental components at the focal point. High temperature plasma is then generated, while atoms dissociated from target molecules are excited. The emitted light from these excited atoms during their relaxation process can be recorded and analyzed to determine the elemental compositions of the sampled substances qualitatively and quantitatively. If the plasma is optically thin and in local thermodynamic equilibrium (LTE), a linear relationship [5] exists between the intensity of the spectral line and the population of the excited state:
	.	(1)
In a plasma with temperature T, a spectral line corresponding to a transition from energy level i to energy level j has intensity Iij, as shown in Eq. (1). Aij is the transition probability; gi is the degeneracy of the upper level; U is the internal partition function for the emitting species; hvij is the energy of a single photon of the excited species; ns is the density of the emitting species; k is the Boltzmann constant and Ei is the energy of the upper level. In Eq. (1), A, g, U, hv, E, k, and T are all constant for the specific spectral emission lines and given experimental conditions, which means that the intensity of the spectral line is proportional to the population of the atomic excited state.
[bookmark: OLE_LINK8]LIBS has been used extensively as a combustion diagnostic tool in recent years. Phuoc and White [6] used the line radiation of the H I 656 nm and the O I 777 nm to correlate with the equivalence ratio in methane-air mixtures. Stavropoulos et al. [2,7] used LIBS to measure equivalence ratio in laminar methane–air premixed flames. Ferioli and Buckley [8] then used LIBS for direct measurement of atomic species over a wide range of mole fractions of C3H8, CH4 and CO2 in air. Michalakou et al. [9] measured the local equivalence ratio in different methane-, ethylene- and propane-air mixtures. Mansour et al. [10] used LIBS to measure the local equivalence ratio in turbulent partially premixed flames. Kiefer et al. [11] reported the investigation of LIBS and ignition behaviour of methane/air and dimethyl ether (DME)/air mixtures. Most of these studies successfully obtained local equivalence ratio measurements in hydrocarbon fuels and air flames stabilized on a Bunsen burner geometry using the emitted intensity from C, H, N and O [2,7,9,11–16]. The intensity ratios of H/O and C/N of LIBS spectra have been commonly used to determine the equivalence ratio of hydrocarbon fuels within the probe volume. Kotzagianni et al. [17,18] proposed a novel calibration scheme for LIBS in methane-air mixtures; the intensity ratios H/O and C2 / CN were found to depend on the mole fraction of methane in the ranges of 0~0.3 and 0.3~1.0 respectively. LIBS was applied to turbulent non-reacting and reacting jets. The feasibility of LIBS measurements was studied in laminar [2,7,9,11,15] and turbulent [10,13,18] flows in premixed [2,7,9–15,19,20] and non-premixed [6,10,11,21] flames. Plasma in a stainless steel chamber [22–24], a reaction vial [20] and an engine [25] have also been investigated. These researchers investigated the influence of different factors on LIBS measurements, including laser pulse energy, delay time with respect to the triggering signal (delay time), integration time of the camera’s shutter (exposure time), pressure of the gas and gas flow rate. In addition, LIBS has been used to measure the temperature [26] and gas density [27] in flames. Under these various conditions, LIBS has been demonstrated as a robust method to measure time-averaged mole fraction in combustion. 
[bookmark: _Hlk95912873][bookmark: _Hlk95908109]Although the accuracy of LIBS in non-reacting flows is very high [2,28], its accuracy and precision for instantaneous measurements in reacting flows is not known and more research is required to assess the performance of the technique in such environment. In this study, the LIBS investigation was carried out in an opposed jet burner, which provided a simple one-dimensional flow and flat flame field. The aim of this work is to study the precision and application of LIBS based measurements of local equivalence ratio in premixed and diffusion opposed jet flames. The behaviour of the emissions from CN, C2, O, H and N species are analysed in flames and the corresponding change of the measurement uncertainty at different locations of reacting flows is quantified and improved for instantaneous measurements. Approaches to improve the measurement accuracy in reacting flows are presented. Quantitative measurements of the local equivalence ratio are presented and discussed under various laser pulse energies and flame types and comparison between measurements and CHEMKIN simulations in laminar diffusion flames is performed. 
In the remaining of this manuscript, section 2 presents the experimental arrangement, which includes the flow arrangement and the optical instrumentation. Section 3 presents and discusses the experimental results. These include (a) imaging of the plasma that is formed during LIBS measurements and its temporal evolution after the initial formation; (b) calibration curves between the mole fractions and intensity ratios; (c) uncertainty analysis of LIBS measurements in the non-reacting zones; (d) flames effects on LIBS measurements and its data processing; as well as (e) application of LIBS into opposed jet diffusion flames. The paper ends with a summary of the main conclusions.
2. Experimental apparatus
[image: ]
[bookmark: _Ref41987760]Fig. 1 (a) A schematic diagram of the LIBS setup and (b) detailed sketch of the opposed jet burner, dimensions in mm [29] 
Figure. 1 shows the opposed jet flow configuration, which was similar to that of Katsikadakos [29]. It consists of two identical, vertically opposed contracting nozzles ending with 30 mm diameter exit. The distance between the two jets was fixed at 30 mm. The temperature of the supplied gas mixture was at room temperature (20℃). The flow rates of methane (99.5% purity) and air were controlled using digital mass flow controllers from Bronkhorst (accuracy: ± 0.5% reading, ± 0.1% full scale). Fuel and air were supplied into a pipe, where they flowed through multiple perforated plates to ensure perfect premixing before being supplied to the burner. The uncertainty of the equivalence ratio of the examined premixed methane-air mixtures was around 3%. A co-axial flow of nitrogen was supplied by an annular nozzle of 50 mm exit diameter. The opposed jet burner allowed the stabilisation of one or two flames, exposed to constant strain rate, depending on the choice of injecting premixed fuel/air mixture from either one or both nozzles and the speed of the flow. In the opposed jet configuration, the bulk flow rate of strain was evaluated based on the area-averaged velocity as follows:
	,	(2)
where V0 is the area-averaged velocity at the nozzle jet exit and D (30 mm) is the distance between the two jets.
[bookmark: _Hlk94018923]The laser beam of the LIBS system was generated by a frequency doubled Continuum Surelite III Q-switched Nd: YAG laser, producing pulses of 532 nm light with a nominal 3-5 ns pulse width and 10 Hz frequency. The laser beam profile was Gaussian like with M2 about 2.1~2.3. The pulse energy was varied between 80 and 406 mJ with 3.5% energy stability. The laser beam was directed towards the appropriate location of the flow. The adjustment of the location was performed with a periscope before the beam was focused. The laser beam was then focused using a plano-convex spherical lens with a 300 mm focal length and a 25 mm diameter. The nominal 9.5 mm diameter laser beam is focused into a spot whose size is about 90 µm diameter, measured by a beam profiler. The average irradiance densities at the spot size were about 400 GW/cm2 (1966 J/cm2 laser fluence at focus point, 5 ns) and 1300 GW/cm2 (6386 J/cm2 laser fluence at focus point, 5 ns) for laser pulse energies of 125 mJ and 406 mJ respectively. The laser focal point was traversed in the flow along the axis of the opposed jet burner and in the radial direction away from the burner axis. In this way, measurements could be obtained in the non-reacting and the reacting flow, while the mixture air-fuel ratio remained the same.
The laser-induced breakdown took place at different locations between the opposed jets, as indicated by the focal point of the laser beam. The spatial resolution of the measurement depends on the size of the plasma, which is discussed below. A 35 mm focal length UV fused silica plano-convex lens collected the emissions at right angles and coupled the plasma light to an optical fibre (1000 μm diameter, 180-1150 nm, 0.22 NA, Edmund Optics). The fibre transmitted the light to a spectrograph (Andor Mechelle 5000 with a 50 × 25 µm entrance slit) and an ICCD camera (Andor DH534-18F-03). The combination of the ICCD and the spectrograph could measure the wavelength of light from 200 to 850 nm with a spectral resolution λ/4000 nm, i.e., 500/4000 = 0.125 nm @ 500 nm. Another ICCD camera (Andor DH534-18F-03, field of view 11.5 × 11.5 mm2, resolution 20 lp/mm) with a Nikon Micro-NIKKOR AI 105mm f/4 lens was used to record images of the plasma without any optical filter. The time-resolved measurements were mainly characterized by two parameters: the delay time relative to the laser pulse and the integration time of the two ICCD shutters. Synchronization was achieved through a multi-channel digital delay pulse generator (NI PCI-6602), which synchronized the laser and ICCDs. A Newport 6035 Mercury spectral calibration lamp and a Hamamatsu L7810 Xenon lamp were used to calibrate the wavelengths and the relative intensity response of the spectrograph respectively. A comparison between the spectra before and after calibration will be presented in section 3.2.
[bookmark: _Ref41988965]Table 1 Premixed and diffusion flames operating conditions
	Parameters
	Premixed flames
	Diffusion flames

	Bottom nozzle flow rate
	71.8 l/min air + 4.53 l/min CH4
	21.2 l/min CH4

	Top nozzle flow rate
	71.8 l/min air + 4.53 l/min CH4
	21.2 l/min air

	Nozzle area-averaged velocity
	1.8 m/s
	0.5 m/s

	Reynolds number
	3564
	993 (air)/ 910 (CH4)

	Strain rate
	120 s-1
	33.3 s-1

	Equivalence ratio
	0.6 (5.93% CH4)
	n/a


For the non-reacting conditions, 50 instantaneous measurements were obtained, which were processed to provide the mean and the fluctuating component of the relevant quantity. The statistical uncertainty of the measurements was below 10% in non-reacting conditions. To evaluate the effect of laser beam propagation length in flames on LIBS measurement, 200 instantaneous measurements were used to measure the standard deviation. At last, the mole fraction distribution along the centre line of the diffusion flame is obtained with 50 instantaneous spectra at each measurement location. The uncertainty analysis and the flame effect analysis were based on the measurements in the premixed lean flames. Lean conditions were selected because these are commonly used for gas fuelled gas turbine combustors. Finally, a diffusion flame was measured using the operating conditions, which may simulate combustion of the pilot injected fuel in gas turbine combustors. The details of the two operating conditions are summarised in Table 1. 
3. Results and discussion
In this section, the temporal developments of the laser induced plasma and its spectrum in methane-air mixtures are presented first. After considering the behaviour of the spectral lines from different species, the correlations between the mole fraction of methane in the mixtures and the LIBS spectra were established. The uncertainty analysis of this technique was then conducted, which showed that the signal-to-noise ratio (SNR) determines the measurement accuracy. Then, the effect of the presence of the flame on the instantaneous LIBS measurements was quantified and mitigated by increasing the laser pulse energy and using a proposed data processing method. The technique was finally applied to the measurement of local air-fuel ratio in a diffusion methane flame stabilised in the opposed jet burner and the measured spatial distribution of local air-fuel ratio was compared to numerical results from the CHEMKIN simulation with GRI-Mech 3.0 as the chemical reaction mechanism. 
3.1 Temporal evolution of a laser-induced plasma and its spectrum
[image: ]
[bookmark: _Ref41989093]Fig. 2 Measured sequences of the temporal development of laser induced plasma, generated by incident laser pulse with 125 mJ energy in non-reacting zone of premixed methane-air mixture with equivalence ratio of 0.6
In our previous study [30], the laser-induced plasma decay process in air has been experimentally investigated. Figure. 2 shows typical sequences of the temporal evolution of the plasma with a 125 mJ incident laser pulse in the methane-air mixture between times of 0.2 µs and 100 µs after the laser pulse. The laser beam propagated from the left-hand side of the image and the dimensions of all images were 11.5 mm horizontally and 11.5 mm vertically. Since the intensity of the emitted light spans several orders of magnitude during the lifetime of the plasma, the gain of the ICCD had to be adjusted to an appropriate level for each condition to avoid sensor saturation. Each image displays the time after the laser pulse and the exposure time and was normalized by its own maximum intensity. Compared with the plasma induced in air, the plasma in methane-air mixture has higher intensity and larger size at the same delay time. However, this appearance was probably caused by the presence of more visible spectra lines, such as H at 656 nm and CN at 388.3 nm. Since the laser beam inducing the plasma is focused by a 300 mm focal-length lens, it results in a formation of an axially asymmetric but cylindrically symmetric spark geometry, which generates toroidal-shaped vortices at late times after the plasma formation. The flow patterns developed during the decay of the laser-induced plasma are formed by the asymmetric laser energy deposition caused by the optical breakdown method. This observation is in agreement with references [30–34]. 
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[bookmark: _Ref41993321]Fig. 3 Temporal evolution of the LIBS spectra after the incident laser pulse with 125 mJ energy in the non-reacting zone of premixed methane-air mixture with equivalence ratio of 0.6. The spectra are ensemble averages at specific times after the laser pulse over 50 realisations.
[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Similar to the temporal evolution process in air [30], the plasma induced by nanosecond pulse width laser in the methane-air mixture also leads to similar emission decay processes in the spectra. The strong continuous emission, caused by the Bremsstrahlung effect and recombination radiation during the time window of 0 ~ 1 µs is presented in Fig. 3 (a), which also includes the ionized atom emissions, such as N II at 463 nm and 500.5 nm, which were also chosen as the indicator for the ion emissions in Fig. 4. Figure. 3 (b) presents the low energy level neutral atomic emission lines during 1 ~ 10 µs. Finally, Fig. 3 (c) presents molecular emissions CN (388.3 nm Δν=0 of the CN band system B2Σ+-X2Σ+) and C2 (516.5 nm Δν=0 of C2 Swan system d3Пg-a3Пu), observed when the equivalence ratio is higher than 0.6 during 10~50 µs. The intensity of the spectra was calculated from the intensity of plasma emissions divided by the exposure time and this approach allows the quantitative comparison of the reported intensity at the graphs of Fig. 3. Typically, the time window from 1 µs to 10 µs, which is dominated by the neutral atomic emissions, is the preferred time window for LIBS measurements, since it avoids the continuous emissions and collects most of the atomic emissions. 
[image: ]
[bookmark: _Ref41996183]Fig. 4 Temporal evolution of intensity of plasma emissions, generated by an incident laser pulse with 125 mJ (a) and 406 mJ (b) energy in the non-reacting zone of premixed methane-air mixture with equivalence ratio of 0.6.
[bookmark: _Hlk96256261]Figure. 4 presents the three stages of the temporal evolution of the laser induced plasma in the non-reacting zone of premixed methane-air mixtures for laser energies of 125 and 406 mJ, including ionization stage from 0 to 1 µs, neutral atomic emission from 1 µs to 10 µs and molecular emission from 5 µs to 100 µs. The molecular emission is more extended in time than expected for the high laser beam energy. Since the emission lifetime is defined as the time when the emission intensity decays to 1/e of the peak intensity and the emission intensity decreases in logarithm form, if the sensor is sensitive enough or the laser energy is higher, the emission intensity can be detected over a long time. Comparing the results for 125 and 406 mJ laser beam energies of Fig. 4, the molecular emission duration is longer for 406 mJ. due to the ability of the camera to detect the emitted intensity for a longer period of time. Therefore, variations of the laser pulse energy and the sensitivity of the spectrometer can lead to small changes in the duration of the three stages described above. Nevertheless, the time scales and the sequences of the three stages remain approximately the same, which are also observed in references [3, 34]. In Fig. 4, the emission line at 550 nm was chosen as an indicator of the continuous background emissions due to the following reasons: (a) the evolution of the continuous background emissions is not wavelength sensitive, (b) emission at 550 nm does not correspond to any atomic or molecular emission lines expected in this study, and (c) continuous background emissions have a relatively high intensity at 550 nm. In this study, in order to evaluate the performance of LIBS measurement over a wide range of methane-air mixtures, different delay time windows, i.e., 1 µs ~ 6 µs (mainly collecting the atomic emissions) and 1 µs ~ 50 µs (collecting both atomic and molecular emissions), were used for comparison. 
[image: ]
[bookmark: _Ref41998602]Fig. 5 Plasma length Lx (a) and diameter Lz (b) as a function of time after the laser pulse for different laser pulse energies. X and Z coordinates are along and normal to the direction of the laser beam respectively.
[bookmark: _Hlk6217752]Figure. 5 shows the temporal evolution of the plasma dimensions in the non-reacting zone of premixed methane-air mixtures with an equivalence ratio of 0.6. The vertical error bars in the figure represent the standard deviation of the plasma dimension, based on the analysis of 300 images for each condition. The gain of the ICCD was adjusted for different time delays to optimise the detection of the plasma. The plasma dimensions were measured by evaluating the area of the plasma at 5% of the maximum plasma intensity for each time delay. In Fig. 5, both the plasma length Lx and diameter Lz (assume the plasma was cylindrical symmetry) first increased with time after the laser pulse and began to decrease at around 1 ~ 2 µs. However, after around 20 µs, both Lx and Lz began to increase continuously again until the plasma decayed. The asymmetric laser energy deposition and the ionization effects determine the local fluid properties in the post-breakdown period and the flow pattern is characteristic of the laser-induced plasma decay [30]. From Fig. 2 and Fig. 3, it can be seen that the plasma and the molecular spectra were already very weak and difficult to be recorded by the spectrometer after 30 µs. The peak dimensions of Lx and Lz during the time window of 0.2 ~ 10 µs determined the probe volume of the LIBS measurement, during which most of the spectral emissions were captured. Therefore, for LIBS measurements in the non-reacting zone of premixed methane-air mixtures with a laser pulse beam with energy of 125 mJ, the probe volume dimensions were around . Increase of the laser energy by a factor of 3 increased the plasma length Lx by around 50%, while the diameter Lz remained the same. In this study, the laser beam direction was oriented perpendicular to the main flow of the opposed jets, so that only the smallest dimension of the probe volume Lz was affected by the flow. Although large size plasma could deliver higher SNR, the decrease in the spatial resolution should also be considered. Therefore, there was a compromise between the SNR and spatial resolution, which determined the selection of the laser energy for LIBS measurements.
It should be noted that there is no agreement in the literature on the definition of the spatial resolution of the LIBS technique. One method uses the spot size, calculated from the optical characteristics of the focusing lens and laser specifications, which is about 90 μm diameter in the current work and much smaller than the plasma dimension. A second method uses the size of the plasma to represent the minimum spatial resolution, which means that the plasma size and the spatial resolution change with the time. There is a possibility that most of the observed emitted intensities from different species originate from the initial breakdown process within 0.1 µs. Although the plasma gradually expands at later times, the spectral emissions originating from the initial breakdown spot mainly convey the information of the original kernel. Consequently, the spatial resolution of the LIBS measurements may be better than the reported dimensions of the plasma in Fig. 5. This possibility remains to be evaluated, but the spatial resolution of the results, reported later, for the diffusion flame provide support that the spatial resolution of the LIBS measurement is better than the plasma dimensions suggest. 
[image: Chart
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[bookmark: _Ref42001975]Fig. 6 Relative intensity of atomic emissions lines as a function of laser pulse energy in the non-reacting region of methane-air mixtures with equivalence ratio of 0.6. Note that CN/O *15 indicates that the CN/O ratios are presented 15 times larger to fit better the scale of the figure.
In Fig. 6, the energy of the excitation laser was varied from 80 to 406 mJ with 1 µs delay time and 5 μs exposure time. In this energy range, compared to H/N and CN/O intensity ratios, the relative intensity H/O could be regarded as an independent index, which was not influenced by the laser energy. It is also noted that the error bar decreased with increasing the laser energy. In the flame, using higher laser pulse energy can offset the attenuation of the plasma spectra by the flames, especially in the high temperature region. Since the gas density in the high temperature region is less than 15% of the room temperature region. The number density of the atoms and molecules which can emit light in high temperature region is much lower than room temperature region. The temperature effect will be further discussed in section 3.5. For lower laser energy, e.g. 125 mJ/pulse, the intensity of plasma was not only attenuated, but also the breakdown of local gas could not be ensured for every single pulse. Therefore, the use of the high laser energies is more justified in flame.
[bookmark: _Hlk94020599][bookmark: _Hlk94020612]The LIBS measurement process can induce shockwave in non-reacting flows and flames. The shockwave was generated after few microseconds after the laser pulse. Although the local spectral information is obtained within 50 µs after the laser pulse, Figure. 2 shows the plasma (hot core) was generated before the shockwave, the plasma was not disturbed by the shockwave or expended significantly before 50 µs after the laser pulse. Therefore, the disturbance of the flow/flames by the shockwave did not affect the recorded spectra, the equivalence ratio was obtained before the disturbance change the local gas composition. It is also noted that the laser was operated at 10 Hz and the outlet flow velocity is about 1 m/s. Therefore, during the 0.1 s time between the measurements, the disturbed flow region is convected at least 0.1 m away from measurement location and the local flow and flame behaviour is restored and the next LIBS measurement is not affected.
3.2 Correlation of equivalence ratio of premixed methane-air mixture with LIBS spectral intensity ratios
[image: ]
[bookmark: _Ref42067448]Fig. 7 (a) Typical LIBS full spectrum (raw data), (b) corrected with the relative intensity measured at time 1 µs ~ 6 µs after the laser pulse in the non-reacting premixed methane-air mixture and (c) Image of lean (Φ = 0.6) premixed methane-air flames with strain rate 120 s-1 and laser induced plasma at Z = 3 mm from the lower jet exit. Laser pulse energy was 406mJ.
Figure 7 (a) and (b) illustrate typical ‘raw’ and corrected LIBS spectra before and after the calibration with the Xenon lamp at 3 mm above the lower nozzle jet exit, while Fig. 7 (c) shows the plasma image at 3 mm above the lower nozzle exit in lean (Φ = 0.6) premixed opposed jet methane-air flames. The laser pulse energy was 406 mJ. In Fig. 7 (b), two main factors, namely the quantum efficiency (QE) of the camera and the Echelle grating efficiencies of the spectrograph, were corrected following the calibration. The spectrum was recorded with time delay of 1 µs after the laser pulse and with 5 μs exposure time of the spectrometer. The laser beam was focused on the centreline (X = 0 mm) and at Z = 3 mm above the lower jet exit, which was in the non-reacting zone. Therefore, both the laser beam and the plasma were not influenced by the flames at this measurement location. The influence of plasma background continuous emissions was very weak and could be neglected at the selected delay time window, as shown in Fig. 3. The peak intensities of neutral atomic nitrogen (N I) at 742.4, 744.2 and 746.8 nm, oxygen (O I) centred at 777.4 nm, hydrogen (H I) at 656.3 nm, CN (violet system, B2Σ+-X2Σ+) at 388.3 nm were observed. The corresponding intensities were quantified by integrating over a range of wavelengths, namely H 650.0~661.1 nm, O 776.5~778.3 nm, N 742.0~747.7 nm, CN 387.8~388.6 nm and C2 516~517 nm respectively for the spectral analysis that can quantify the local equivalence ratio. Due to the reduction of measurement accuracy and precision in flames [8], researchers used the time-averaged results to detect the air-fuel ratios in turbulent flames [10,18]. Here, we aim to evaluate the ability to obtain instantaneous local equivalence ratio measurements in flames with the LIBS technique.
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[bookmark: _Ref42004503]Fig. 8 Total intensity of spectral lines of H (656 nm) and O (777 nm) atomic lines as well as CN (388 nm) and C2 (516 nm) molecular bands as a function of methane mole fraction in non-reacting premixed methane-air mixtures. With different exposure time (a) and (c); with different laser energy (b) and (d).
Figure. 8 shows the total intensites of the atomic lines H 656 nm and O 777 nm and of the molecular lines CN 388.3 nm and C2 516.5 nm as a function of methane mole fraction in premixed methane-air mixtures. Laser pulse energies 125 mJ/pulse and 406 mJ/pulse were used in the calibration measurement with 1 µs delay and 5 or 50 µs exposure time. From Fig. 8 (a), the main atomic emissions H and O show different trends with the increase of methane mole fraction. The oxygen line decreased monotonically with the mole fraction due to the reduction of oxygen concentration and the quenching effects of high fuel concentraion, as reported by Ferioli and Buckley [8]. The observed trends are in good agreement with other results in the literature [1,24,35]. In contrast, after a linear increase, the hydrogen line reached a plateau and then began to decay at around 0.4 mole fraction, as seen in reference [18]. Different from the suggestion of Eq. (1), the intensity of hydrogen was not propotional to species concentration in the whole range, which was probably caused by self-absorption and quenching effects. Figure. 8 (c) and Figure. 8 (d) show that CN emissions increased to the maximum at 0.3 methane mole fraction and eventually decreased to zero due to the lack of nitrogen atoms. The intensity of C2 began to appear in the spectra after methane mole fraction higher than 0.2 and kept increasing until methane mole fraction about 0.5. Eventually, C2 intensity decreased to a small value in pure methane flow. Figure. 8 also shows that under different laser pulse energies and exposure time, the overall trend of how the spectral line intensity changing with methane mole fraction remains the same for all spectral lines of interest. Compared to the intensity of the atomic emissions of H and O, the intensity of the molecular emissions CN and C2 were more sensitive to the exposure time, since their radiations last longer. 
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[bookmark: _Ref42005662]Fig. 9 Correlation of non-reacting premixed methane-air equivalence ratio with the intensity ratio H/O (a) and C2/CN (b) of the LIBS spectral lines.
Although the complex mechanisms in plasma emission are still not fully understood, a correlation of the intensity ratio H/O and C2/CN with the methane mole fraction has been used in combustion [18] to determine the local equivalence ratio for different mole fraction ranges. In order to extract quantitative mixture composition data from the spectra, a calibration was performed for a wide range of equivalence ratios. The plasma was created in the non-reacting zone. In Fig. 9 (a), the intensity ratio of H/O shows a nearly linear behavior with equivalence ratio for methane mole fraction range of 0.0 ~ 0.8. At higher methane mole fractions, the correlation of the H/O ratio and mole fraction became non-monotonic, due to the considerably low oxygen emissions caused by the reduced oxygen concentration in the mixture. On the other hand, Fig. 9 (b) shows that the molecular emissions C2/CN is a better indicator for high mole fraction of methane mixtures from 0.3 ~ 1.0. Both these two intensity ratios were not sensitve to the laser pulse energy. However, due to the longer duration of the molecular emissions, the intensity ratio C2/CN time window was more sensetive to the time window width chosen compared to that of the H/O. In this study, to ensure high SNR, 1 µs delay and 50 µs gate time are used in the measurements, when it is necessary to collect the molecular emissions. The uncertainty of the above calibration, determined from the standard deviation of the spread of the resulting probability function, was within 5%. The experimental data could be fitted with a 2nd order polynomial function, which could be used as a calibration curve. The following polynomials were used:
	,	(3)
	.	(4)
Equation. (3) and Equation. (4) were respectively used for the methane mole fraction in the range 0 ~ 0.5 and 0.5 ~ 1.0. Since the air used in this experiement contained water vapor and the spectra contained the background noise, neither the H/O ratio nor the C2/CN ratio increased to infinity for pure methane.
3.3 LIBS measurements and uncertainty analysis in premixed flames
According to Eq. (1), the intensity Ia of an arbitrary transition line, a, of the spectrum emitted by a stable laser induced plasma in a gas mixture, which is mainly influenced by the collection efficiency of the optical system, can be determined as follows:
	,	(5)
where ηa is the efficiency of the collection optics to measure the intensity of spectral line a. This factor includes all uncertainties contributed by the collection system. Although the exact value of ηa is still unknown, its variations with SNR can be quantified in the perfect premixed mixtures. It is found in this study that the fluctuation of ηa is inversely proportional to the plasma intensity, which is determined by the SNR. It is noted that the definition of the plasma intensity in this paper is the integrated intensity across the full spectral range. For LIBS measurements of local equivalence ratio, an intensity ratio between two transition lines is usually used to eliminate the intensity fluctuations between different laser pulses. The ratio R of intensities at spectral lines a and b is:
	,	(6)
	.	(7)
In Equ. (6), na and nb are the numbers of excited atoms. Thus, under LTE conditions, C(T) is treated as a constant because the plasma temperature is very weakly dependent on the plasma energy. Since the total energy delivered to the plasma is a portion of laser energy, for simplicity, we regard the laser pulse energy as the plasma energy. The relative uncertainties of the intensity ratio R can be calculated through the following equations:
	,	(8)
	,	(9)
where ηa and ηb are the collection efficiencies of spectral lines a and b respectively; σR is the relative uncertainty of the measured value; σηa, σηb, σna and σnb are the relative uncertainty associated with efficiencies of ηa and ηb and atom numbers of na and nb, respectively. The uncertainties for both na and nb resulting from the mass flow controllers that meter the supplied gases are less than 2%. Therefore, the measurement accuracy in premixed flames mainly depends on the SNR of the recorded spectrum.
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[bookmark: _Ref42074777]Fig. 10 Instantaneous measurements of H/O (a) and C2/CN (b) intensity ratios as a function of the intensity of the whole spectrum measured in premixed methane-air flames with equivalence ratio of 0.6 and 50% methane in methane-air mixture, respectively.
The simultaneously measured plasma pattern and spectra in the premixed methane-air mixtures show the plasma spectra were almost independent with the laser pulse energy, plasma shape, plasma size and plasma locations, which was consistent with Eq. (5). Figure. 10 (a) shows that the accuracy and precision of instantaneous measurements increase with the plasma intensity. Each circle on the graph represents one instantaneous measurement of H/O intensity ratio inside the premixed fields, including the reactants, flames and products. For the high methane mole fraction cases, Fig. 10 (b) shows that C2/CN intensity ratio has similar distribution as H/O intensity ratio. Compared to H/O ratio uncertainty (10% for SNR > 0.4 × 107), C2/CN has relatively larger uncertainty (15% for SNR > 1 × 107) due to the quenching effects. For fuel rich mixtures, the abundance of C and H atoms can result in saturation and even decay of atomic spectral line intensities, perhaps caused by quenching effects between the species themselves [8]. In this study, the narrow width of the entrance slit of the spectrometer, which is used to ensure high spectral resolution, make the accuracy of the instantaneous measurements very sensitive to SNR. Therefore, increasing the SNR is the most important method to decrease the uncertainty of instantaneous LIBS measurements of local equivalence ratio.
3.4 Flame effects on LIBS measurements
To quantify in-flame LIBS measurement uncertainty, the conditions of flow strain rate of 120 s-1 and lean premixed flame of methane-air mixture with Φ = 0.6 were used as a reference case (as shown in Fig. 7 (c) and Table 1). The selected lean premixed flame condition is justified from the linear dependence of the intensity ratio H/O of the LIBS spectra on the fuel mole fraction shown in Fig. 9 (a). The findings for the reference condition are expected to be relevant for other fuel lean cases. However, for fuel rich conditions, quenching effects, as also discussed earlier, may lead to non-linear dependence. The main reason is the significant collisional quenching between certain species, which occurs when the excited species collide with an atom or molecule that can facilitate non-radiative transitions to the ground state [8,18]. 
Due to the flat feature of the premixed opposed jet flames, it is possible to maintain the gas density and temperature almost constant, and then vary the laser beam propagation distance in flames. The laser beam started from the left side and propagated horizontally through a certain distance of the flat flames to create plasmas at target locations. The laser induced plasma was maintained at Z = 15 mm, while its radial location X was varied from -30 mm to 30 mm along the flat flames. Spectra from 200 single laser shots were recorded at each location. 
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[bookmark: _Ref42082661]Fig. 11 RSD (relative standard deviation) of H/O intensity ratio measurement from single laser shots, obtained at different horizontal locations in the flames at 15 mm height above the lower nozzle jet exit. 
When the laser beam propagated through the flame zone, both the plasma intensity (data not shown here) and the accuracy of the instantaneous measurement (as shown in Fig. 11) decreased with increasing beam propagation path length along the flames; this can be attributed to the temperature gradient in the laser beam path, which leads to fluctuations of the refractive index and the propagated laser intensity. 
Therefore, if ‘bad’ measurements with low SNR are not removed, the overall uncertainty of the instantaneous measurement of equivalence ratio may exceed 30% in the flames, as shown in Fig. 11. Such a large variation limits the accuracy of the instantaneous measurements. A data processing method was proposed to remove the measurements with low SNR. Considering the SNR distributions of H/O and C2/CN, thresholds of 0.4 × 107 and 2 × 107 values were selected respectively for the measurements of the H/O and C2/CN ratios. These measurements, whose SNRs are lower than the selected threshold, were removed. The application of this method on data processing of LIBS measurements ensured a low measurement uncertainty even in flames.
3.5 Data processing method
The influence of the data processing method on the instantaneous LIBS measurements is evaluated in this section.
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[bookmark: _Ref42083067]Fig. 12 Intensity ratio H/O measured in premixed mixture of CH4-air with equivalence ratio of 0.6 for 200 single shot spectra using 125 mJ and 406 mJ laser pulse energy in reacting and non-reacting zones. (a) shows the distribution of the single-shot results with SNR, under different laser pulse energies and reacting conditions. (b) shows the effects of applying the proposed processing method on the results.
Figure. 12 shows the shot-to-shot variations of H/O intensity ratio obtained from 200 single shots in the reacting (X = 0 mm, Z = 15 mm) and non-reacting zone (X = 0 mm, Z = 3 mm) with 125 mJ and 406 mJ laser pulse energy. Since the methane-air mixture was perfectly premixed, such variability of the H/O intensity ratio was mainly caused by the variation of SNR of the recorded plasma spectra. In Fig. 12 (a), the increase of laser pulse energy can lead to better SNR and reduce the variation in both non-reacting and reacting zones. Compared to results in the non-reacting zone, the reacting zone measurement intensity for both laser pulse energies of 125 mJ and 406 mJ moved towards the left side of Fig. 12 (a). Their relative standard deviations (RSD) in the reacting zone (X = 0 mm, Z = 15 mm) rose from 20% to 80% and from 10% to 20% for 125 mJ and 406 mJ energies respectively. In Fig. 12 (b), after applying the proposed data processing method by introducing a threshold value of 0.4 × 107 to filter the ‘bad’ low SNR samples, measurements with laser pulse energy of 406 mJ in the reacting zone maintained a narrow distribution with RSD below 10%. Therefore, by using higher laser pulse energy and applying a threshold level on the spectra SNR, the RSD of instantaneous H/O ratio measurement remains below 4% for a laser pulse energy of 406 mJ. Similarly, if a threshold of 2 × 107 was applied to the C2/CN intensity ratio measurements, the RSD of the instantaneous intensity ratio was reduced below 15% in the reacting flow.
It should be pointed out that the proposed data filter may lead to bias of measured values when being applied in certain conditions of turbulent non-premixed flames. For example, regions with high gradients of mixture fraction and/or temperature could lead to strong degradation of the laser beam and consequently low SNR. If the gradients are correlated to the local mixture composition at the LIBS measurement location, filtering out the low SNR data points may remove data points with certain equivalence ratios and therefore leads to biased results. 
3.6 LIBS measurements in diffusion flames 
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[bookmark: _Ref42083147]Fig. 13 Spatial distribution of methane and Oxygen mole fractions in a methane-air counterflow diffusion flame obtained from LIBS measurements and CHEMKIN simulation. Methane and air streams both exit the jets with an area-averaged velocity of 50 cm/s. The horizontal error bars represent the size of the plasma.
[bookmark: _Hlk95906625]In order to evaluate the spatial resolution of the local equivalence ratio measurement across a laminar diffusion flame, methane and air streams were injected from the lower and upper jets of the opposed jet burner with an area-averaged velocity of 50 cm/s respectively, leading to a global flow strain rate of 33.3 s-1, as shown in Table 1. Co-flow of nitrogen was used to quench the secondary flame. The same operating condition was set up and simulated using CHEMKIN with GRI-Mech 3.0 mechanism. The measurements started from the lower nozzle jet exit and progressed along the centreline (X = 0 mm, Z = 0~30 mm) to the upper nozzle jet exit using 406 mJ laser pulse energy. Figure. 13 shows the methane and oxygen mole fraction distribution along the centreline using the calibration results of Fig. 9 and the data processing method proposed in section 3.5, superimposed to the methane and oxygen fraction distribution in non-reacting flows obtained from GRI-Mech 3.0 simulation results. Although the experimental results are shifted by 1.5 mm, which is due to buoyancy effects acting on the flame, there is a good agreement between the simulation and experimental results. The spatial gradient of the measured mole fraction is similar between experiments and computations, which confirms the ability of LIBS to measure the local equivalence ratio of mixtures with high spatial resolution. This supports an argument that the actual probe volume of the LIBS system is smaller than the size of the plasma. However, gradients within the plasma may lead to different results, which need further investigation, since the properties of the plasma are not uniform. The direction of the flow may have assisted to reduce the importance of the size of the plasma on the measurement. It is possible that for LIBS measurements in a random flow field, the LIBS probe size would have been 5 mm × 1.6 mm, which also depends on the size of plasma at different delay time after the laser pulse, and the apparent spatial resolution may have been worse.
4. Conclusions
In this paper, we studied the ability of the LIBS technique to quantify local variations of mole fraction of methane/air mixtures in premixed and diffusion opposed jet flames. This requires accurate instantaneous measurements, which can be evaluated in premixed opposed jet flames. The behaviour of laser induced plasma was analysed spatially, spectrally and temporally. The factors, including laser pulse energy, delay time and exposure time of the ICCDs, were investigated. Appropriate calibration between the H/O and C2/CN intensity ratios and local equivalence ratio has been performed.
[bookmark: _Hlk42156661][bookmark: _Hlk42156674]It was found that the uncertainty of instantaneous intensity ratios H/O and C2/CN depends on the SNR of each instantaneous measurements. The presence of a flame at the location of the LIBS measurements increased the standard deviation of the measured local equivalence ratio greatly due to lower SNR caused by the low gas density and laser beam steering due to the high refractive index gradients in the flames. The results showed that the increased measurement uncertainty in reacting flows, relative to non-reacting flows, could be counteracted by increasing the laser pulse energy and using a proposed processing method based on the calculation of the SNR of the spectra, which resulted in uncertainty below 10% for the instantaneous measurement of local mixture composition even in flames. When methane mole fraction is higher than 50%, the instantaneous measurement uncertainty increases to 15% due to quenching effects.
[bookmark: _Hlk42156722]The LIBS technique was used to measure the local equivalence ratio across diffusion flames and the experimentally measured spatial gradient of the equivalence ratio within the reaction zone agreed well with the corresponding CHEMKIN simulations.
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Nomenclature
A       transition probability
C        coefficient 
D       the distance between the two burners.
E        energies of the upper states
g        statistical weights of the transition upper level
h         Planck's constant
I         emission intensity 
i         i-th energy level
j         j-th energy level
L          the propagation path length.
Lx        dimension along the X axis
Lz        dimension along the Z axis
k          Boltzmann’s constant 
n          the density of emitting species
R         Intensity ration between two transition lines
S        strain rate
T        Temperature
U      Partition function 
V0       area-averaged velocity 
X       axis along the laser path horizontally
Z       vertical axis perpendicular to the laser path  
a.u.        arbitrary unit
ICCD    Intensified Charge-Coupled Device
RSD    relative standard deviation
SNR    signal to noise ratio
LIBS     laser induced breakdown spectroscopy
Greek symbols:
σ     standard deviation
λ      the wavelength of transition
η        the collection system efficiency
v      frequency of the light 
Φ     stoichiometric mixture equivalence ratio 
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