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1 Introduction 

The LIBS is based on the optical spectroscopy of laser-induced plasma generated by the breakdown of 

the target in its gas, liquid or solid state. There are several successful applications of LIBS to 

combustion analyses as such to include identification of industrial exhausts [1,2], determination of fuel 

equivalence ratio in off gas and flame [3-5], and composition measurements of hydrocarbons [6].  

Previously, LIF (laser induced fluorescence) has been used to measure combustion radicals such as 

OH, CH and CN. Raman spectroscopy has been used to measure CH4, H2O and CO concentrations in 

flame [7]. The chemical species in the flame is also evaluated by LIBS. Eseller et al. used LIBS with 

an ungated detector for diagnosing methane and biodiesel flame [8]. They used N, O and H LIBS 

signals from a CH4/air flame to determine the equivalence ratio in the flame. Mansour et al. evaluated 

the turbulent premixed flame using double pulse LIBS method [9]. And Kiefer et al. evaluated the 

methane and DME(dimethyl ether) flame using LIBS [10]. They provided the optimal laser energy to 

generate laser plasma and the fuel air equivalence ratio according to the flame radial position. Rai et al. 

measured the metallic particle in the hydrocarbon flame for rocket engine health monitoring using 

LIBS [11]. Previous studies of LIBS for combustion diagnostics are focused on the measurement of 

chemical species in the small local volume or 1-dimensional positions. But, the 2-D mapping of 

chemical species by LIBS has not been attempted previously.  

EOH (electrolytic oxyhydrogen) gas is a stoichiometric mixture of hydrogen and oxygen produced 

from water through electrolysis [12]. As the water electrolysis is quite instantaneous, it can be 

produced on demand without the need for storage. Thus the EOH gas is safer and easier to use than its 

alternative, namely hydrogen gas. Nonetheless the combustion mechanism of the EOH-hydrocarbon 

mixture has not been studied in detail in the literature. 

In this paper, we have developed a 2-dimensional LIBS mapping which can provide chemical species 

information about the flame. A 2-D LIBS mapping allows the spatial extension of the conventional 

point measurement to areal mapping concept similar to LIF and Raman spectroscopy in combustion. 

The information about the dissociated chemical species and particle (soot) are unique feature of the 

system not attainable via conventional LIF and Raman spectroscopy. We present both atomic and 

molecular chemical contours of LPG, LPG-EOH mixture and LPG-AIR mixture flames using LIBS.  

2   Experiment 
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Figure 1 shows the experimental set-up. A Brown Gas Generator (Best Korea, BB-2000) generates 

EOH (electrolytic oxyhydrogen) gas. The generated EOH gas is mixed with LPG(C3H8) gas through 

the mass flow controllers (MFCs) to control flow rates. The mixed fuel is fed into the burner which 

has a 0.68-mm diameter opening. The Reynolds number for our case is about 100, corresponding to a 

laminar flame condition. The burner traverses along the x, y axis to draw 2-D mapping images. The 

burner used in our experiment is a torch used for welding, and thus the resulting flame may not be 

symmetrical.    

The LIBS system is used to map out the contour of flame chemical information. The plasma is 

generated by a laser beam (Continuum Inc., Powerlite) with a 532-nm wavelength through a convex 

lens having a 120-mm focal length. Since the flame has different density according to the fuel, the 

laser energy generating plasma is changed for different fuel mixture. So the selected laser energies for 

generating plasma are 200 mJ for LPG 50 ccm (cubic centimeter per min), LPG 50 ccm-EOH 10 ccm 

mixture, LPG 50 ccm-AIR 10 ccm mixture flame and 500 mJ for EOH 500 ccm, EOH 500 ccm-LPG 

70 ccm mixture flames. These laser energies are minimum values for generating laser plasma which 

provides enough LIBS signal. The plasma light is collected by a quartz lens having a 100 mm focal 

length which is perpendicular to the laser shooting direction for LIBS analysis. The collected plasma 

light is sent to the echelle spectrometer (Andor Mechelle 5000) which has 0.1 nm resolution and an 

ICCD (Andor iStar 1024 x 1024) for recording the signal. The 2 μs delay time and 20 μs TTL width 

are used for LIBS measurement. The several atomic and molecular band peak are selected for mapping 

of chemical signal (C : 247.8 nm, CN band : 388.3 nm, C2 : 516.2 nm, H : 656.2 nm, O 777.3 nm). 

Also, laser is irradiated from left side and plasma light is collected with 90 º configuration of laser 

direction. So, the LIBS signal at left side flame is higher than at right side flame.  

 

Figure 1. Experimental setup 

 

Figure 2 (a) shows the image of flame for LPG 50 ccm. This hydro-carbonic flame has some zones 

which are called yellow, dark and blue zone [13]. The dark zone is basically an indication of fuel 

pyrolysis and soot inception. This zone is followed by a yellow-luminous zone where soot burning is 

dominant. The flame species contour is obtained by traversing the burner at 0.5-mm steps in 28-mm 

height and 16-mm width grid. Figure 2 (b) represents a LIBS spectrum at a single position (-1 mm, 0 

mm) in the flame and thus multiple mapping of the entire grid can be performed to provide the 

chemical species information about the area. Every measurement presented here will correspond to the 

averaged quantity obtained by taking 10 shots at each position. The error of LIBS signal is about 10 % 

in all cases.  
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(a)                                      (b) 

Figure 2. (a) Flame image of LPG 50 ccm, (b) LIBS spectrum of LPG flame at a single position (-1 mm, 0 mm) 

from 200 mJ laser energy at 2 μs delay time. Three peaks of CN (388.3 nm), C2 (516.6 nm) and H (656.2 nm) are 

identified. 

3 Results 

Figure 3 (a) shows the measurement grid for LPG 50 ccm flame. Each measurement corresponds to a 

spectrum similar to fig. 2(b). Figure 3 (b) shows the LIBS contour of the base signal at LPG 50 ccm 

alone flame. A base is an averaged intensity of the entire LIBS spectra from 320 to 350 nm. Figure 3 

(c) and (d) show the LIBS base signal mappings at LPG 50 ccm–EOH 10 ccm and LPG 50 ccm-AIR 

10 ccm mixtures flames, respectively. The base signal depends on the plasma intensity which is 

related to the density field of flame, thus providing the flame density information. LPG 50 ccm alone 

flame is shown to have high density at the fuel jetting region, and mixture flames (LPG 50 ccm-EOH 

10 ccm, LPG 50 ccm-AIR 10 ccm) have relatively lower density at corresponding region due to the 

existence of oxygen in the mixture fuel. In the mixture cases, the primary oxygen and fuel burn from 

inside toward outside, so the density in the fuel jetting region becomes low. The burning region has 

low density field and the outside of flame has high density field due to a high air concentration for all 

cases. Thus when analyzing a flame with LIBS, one must use signal to base ratios or peak to peak 

ratios to avoid any unwanted signal change due to the difference in density.  

Figure 4 (a), (b) and (c) show the C2/base LIBS ratio mapping for LPG 50 ccm alone, LPG 50 ccm-

EOH 10 ccm mixture and LPG 50 ccm-AIR 10 ccm mixture, respectively. When the laser induced 

plasma from organic substance is generated, there are known pathways leading to production of 

excited species in the previous LIBS study [14]. Three main routes can be cited as: (i) fragmentation 

of the original compound to directly release carbon dimmers, (ii) reaction in the plume of atomic and 

ionic constituents of the original compound with the air surrounding the plasma leading to production 

of CN, and (iii) recombination of C and N atoms from the compound in the plasma to produce both C2 

and CN. The molecular formula of LPG is C3H8. Since there is no nitrogen in the LPG fuel, CN signal 

comes from the recombination between carbon in LPG and nitrogen in air. C2 LIBS signal is 

originated from the fragmentation of the carbonic fuel. So C2/base signal represents the fuel 

concentration in fig. 4 (a). On the other hand, the LIBS signal ratio intensities for both LPG 50 ccm-

EOH 10 ccm mixture and LPG 50 ccm-AIR 10 ccm mixture are lower than for LPG 50 ccm alone. 

This means that the concentration of unburned fuel in the flame decreases with the EOH gas and AIR 

addition.  
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(a)                                     (b)                                     (c)                                    (d) 

Figure 3. Density mapping of LPG flame using LIBS base signal (a) measurement positions, (b) LIBS base 

signal mapping of LPG 50 ccm flame, (c) LIBS base signal mapping of LPG 50 EOH 10 ccm, (d) LIBS base 

signal mapping of LPG 50 AIR 10 ccm with 200 mJ laser energy and 2 μs delay time. (base : average signal 

from 320 nm to 350 nm)  

 

 
(a)                                    (b)                                      (c) 

Figure 4. C2/base LIBS signal ratio mapping for (a) LPG 50 ccm (b) LPG 50 ccm-EOH 10 ccm mixture (c) LPG 

50 ccm-AIR 10 ccm mixture flame with 200 mJ laser energy and 2 μs delay time. 
 

Figure 5 (a), (b) and (c) show CN/base LIBS ratios mapping for LPG alone, LPG 50 ccm-EOH 10 ccm 

mixture and LPG 50 ccm-AIR 10 ccm mixture flames, respectively. CN LIBS signal is originated 

from recombination between the carbon and the nitrogen from air component [14]. If the carbonic fuel 

is dissociated by the oxidation, the carbon atom can be recombined with the nitrogen from air easily. 

LPG 50 ccm alone flame has uniform CN LIBS signal distribution in fig. 5(a). But, for LPG 50 ccm-

EOH 10 ccm mixture and LPG 50 ccm-AIR 10 ccm mixture cases, CN LIBS signal is high in the 

middle of the flame. Since we add the EOH and AIR or oxygen, the carbonic fuel is dissociated easily. 

Also, the signal distribution of CN/base LIBS signal at LPG 50 ccm-AIR 10 ccm mixture flame is 

broader than LPG 50 ccm-EOH 10 ccm mixture flame near the middle of the flame since the nitrogen 

in the mixture reacts with carbonic fuel directly. 
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(a)                                   (b)                                       (c) 

Figure 5. CN/base LIBS signal ratio mapping for (a) LPG 50 ccm (b) LPG 50 ccm-EOH 10 ccm mixture (c) 

LPG 50 ccm-AIR 10 ccm mixture flame with 200 mJ laser energy and 2 μs delay time. 
 

Figure 6 (a), (b) and (c) show H/O LIBS signal ratios for LPG 50 ccm, LPG 50 ccm-EOH 10 ccm 

mixture and LPG 50 ccm-AIR 10 ccm mixture flames, respectively. H/O LIBS ratio can be used for 

measuring fuel air equivalence ratio in the flame [10]. So H/O LIBS signal ratio has high intensity at 

the fuel jetting region in the figures. The H/O LIBS ratio for LPG 50 ccm-EOH 10 ccm mixture in fig. 

6 (b) has lower intensity than for LPG 50 ccm alone flame due to increasing oxygen concentration in 

fig. 6 (a). When we add EOH to LPG flame, the distance of fuel jetting region is longer due to increase 

of fuel jetting speed shown in fig. 6 (b). Also, the high intensity H/O ratio region became sharp with 

adding EOH gas since the fuel is burned from inside of flame due to the presence of oxygen in the 

flame in fig. 6 (b). And the H/O LIBS ratio for LPG 50 ccm-AIR 10 ccm mixture in fig. 6 (c) is lower 

than LPG 50 ccm-EOH 10 ccm mixture. This is because there is no additional hydrogen, but oxygen 

from air is added to the flame at LPG 50-AIR 10 ccm flame. 

 

 
(a)                                    (b)                                      (c) 

Figure 6. H/O LIBS signal ratio mapping for (a) LPG 50 ccm (b) LPG 50 ccm-EOH 10 ccm mixture (c) LPG 50 

ccm-AIR 10 ccm mixture flame with 200 mJ laser energy and 2 μs delay time. 
 

4 Conclusions 

We have conducted the two-dimensional spectroscopic mapping of flame via LIBS in the combustion 

gases of LPG, LPG-EOH mixture, LPG-AIR mixture for the first time. The LIBS base signal provides 

density information of a flame via the relation between density and   LIBS signal ratio represents the 

rate of dissociation of carbonic fuel. H/O LIBS signal ratio provides fuel air equivalence ratio in the 

flame. Thus we conclude that the present LIBS 2-D mapping can provide crucial information related 

to the flame such as density, atomic and molecular chemical concentration, and fuel/air equivalence 

ratio. 
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