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Abstract 

Fly ash contents can be considered as a basis for optimal and stable boiler combustion control and 

fly ash quality control in power plant, especially the unburned carbon in fly ash. The real-time and 

quantitative measurement of contents in fly ash was studied using a constructed two-stage cyclone 

measurement system and detected using laser-induced breakdown spectroscopy(LIBS) technique. 

The surrounding gas effect, such as CO2 effect on unburned carbon content, was studied 

comprehensively in this paper. The CO2 effect was eliminated using this proposed combination 

method of two-stage cyclone measurement system and LIBS with 1ns pulse-width laser according 

to the efficient gas-particle separation and the controlled laser-induced plasma processes of particle 

flow. The quantitative analysis was improved using the plasma temperature correction method 

with the intensity ratio of the emission pair from magnesium as a plasma temperature indicator. 

The measurement of unburned carbon content in fly ash with temperature correction method 

presented the concordant results analyzed by chemical analysis method. It is demonstrated the 

feasibility and improved detection ability for the real-time measurement of fly ash contents in 

power plant.  

Keywords: laser-induced plasma processes, unburned carbon, CO2 effect, two-stage cyclone 

measurement system 
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1. Introduction 

The coal-fired power plants are the main force of the electric power. The prerequisite for optimal 

operation of multiple coal-fired boilers is the fast and precise measurement of fuel properties and 

combustion conditions. The contents of fly ash highly depending on the coal quality and 

combustion procedure are considered as a basis for optimal and stable boiler combustion control 

and fly ash quality control, especially the unburned carbon in fly ash which is one of the most 

important indicators to evaluate the combustion efficiencies of boilers and the commercial value 

of the produced fly ash. Unburned carbon in fly ash is the major determinant of combustion 

efficiency. However, low-NOx technologies and other pollution control systems usually produce 

high level of unburned carbon in fly ash, which will reduce the overall boiler efficiency[1-4]. The 

utilization remains an effective strategy to prevent landfilling of fly ash, such as the building 

materials production of cement additive and concrete production, electrospun nanofiber membrane, 

aluminosilicate for sequestration of aqueous and gaseous pollutants, applications of fly ash for 

CO2 capture, utilization, and storage, etc.[5-9]. Therefore, the determination of fly ash contents 

and properties is very important, especially unburned carbon in fly ash.  

Laser-induced breakdown spectroscopy(LIBS) based on the atomic emission spectroscopy is the 

technique to analyze the composition and concentration of solid, liquid, gas and aerosol materials. 

Because of its fast response, high sensitivity, multi-elemental detection, real-time and non-contact 

features and simplicity of LIBS apparatus, LIBS technique has been applied in various fields[10-

18]. For example, LIBS technique has been widely applied to analyze the compositional 

characterization of various coals under different conditions[19-24]. The gross calorific value of 

coal, the combustion state, the slagging behavior and other property can also be determined 

according to LIBS measurement[25-28]. In order to overcome the difficulty of direct particle 
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measurement due to the loose feature, particle sample was pressed into solid phase and then 

measured using LIBS to enhance the measurement accuracy[29,30]. The integrated and fully 

software controlled LIBS-based coal quality analyzers were designed for possible application to 

power plants using different sampling equipment[31,32]. As for the fly ash measurement, this 

group also developed an automated prototype LIBS apparatus comprising an isokinetic sampler, a 

sample preparation module, and a LIBS module for on-line analysis of unburned carbon in fly 

ash[33]. Several developed methods were also proposed to measure unburned carbon in fly ash. 

The molecular CN was adopted to rapidly measure unburned carbon in fly ash by LIBS. The 

particle flow-spark induced breakdown spectra(PF-SIBS) was employed for the rapid 

measurement of unburned carbon in fly ash. A series of data processing methods including spectral 

interference correction and quantitative analysis methods were carried out to improve the 

measurement accuracy[34,35]. A homemade gas-solid flow generation system was also developed 

to simulate the gas-solid flow in the duct of a coal-fired plant by this group[36]. LIBS has also 

been applied to detect the pulverized coal, char and unburned carbon in fly ash without any sample 

preparation under high-pressure and high-temperature conditions. The correction factors for 

quantitative measurement were proposed and determined to surpass the calibration difficulty of 

aerosol sample. This automated LIBS apparatus was also transferred to a boiler-control system of 

a coal-fired power plant to achieve the optimal and stable combustion[37,38]. The CO2 effect on 

unburned carbon was rather sensitive to its concentration and less than 1% CO2 caused the spurious 

C signal for unburned carbon in fly ash[38]. The quantitative elemental detection of size-

segregated particles, such as coal and fly ash, was studied to clarify the content dependence on 

particle diameter. The capability for quantitative analysis of particle contents was improved using 

the plasma temperature correction method by choosing the appropriate temperature correction 
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range[39-41]. Fig.1 shows one schematic diagram of optimal boiler control system using LIBS in 

actual coal-fired power plant for fly ash measurement. Actually, measurement of fine particles is 

not only benefit to industrial processes, but also important for the environmental protection and 

human health aspects. Except for thermal power plant, particles also produce and release from 

other industries, transportation, etc. Therefore, fine particle measurement is very significant. 

 

Figure 1. Advanced control system by real-time measurement of unburned carbon in fly ash using 

LIBS 

Plentiful studies have been reported the measurement methods and quantitative analysis methods 

of unburned carbon in fly ash using LIBS. Influence of surrounding gases and its appropriate 

diminution approaches, especially CO2 effect on unburned carbon in fly ash flow, have not been 

clarified comprehensively. The plasma temperature is also a very important factor for the LIBS 

quantification. Therefore, the plasma temperature correction is necessary to assure the quantitative 

measurement, especially for the particle measurement in gases. In this study, the surrounding CO2 
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effect and the quantitative analysis method of fly ash contents were discussed to accurately 

evaluate unburned carbon in fly ash. Two different nanosecond pulse-width lasers were employed 

here to study the laser-induced plasma processes of particle flow to reduce surrounding CO2 effect. 

The developed two-stage cyclone measurement system for fly ash flow was also proposed to 

reduce the surrounding CO2 gas effect on unburned carbon content in fly ash. 

2. Theory 

LIBS technique is based on atomic emission spectroscopy to analyze the material composition and 

concentration. A laser beam is focused into a small area to atomize material and produce hot 

plasma. The light emitting from the excited atoms corresponds to a unique wavelength of each 

element in plasma. The relation between emission intensity and species concentration can be 

characterized simplistically by the following equation with the assumption of uniform plasma 

temperature[11]: 

i,j

i i i,j i,j exp
E

I n K g
kT

 
  

 
 (1) 

Where, Ii is the emission intensity of species i, ni is the concentration of species i, Ki,j is a variable 

that includes Einstein A coefficient from the upper energy level j, gi,j is the statistical weight of 

species i at the upper energy level j, Ei.j is the upper level energy of species i, k is the Boltzmann 

constant and T is the plasma temperature.  

The main elements of fly ash are Si, Al, Fe, Ca and C. The carbon content can be calculated using 

the emission intensity ratios of Al, Fe, Ca and C to Si that is the main element in fly ash according 

to the following equation[39,40]: 
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Where, αi is a variable factor related to species i and containing the plasma temperature correction 

factor. These parameters should be determined under the experimental conditions. In equation (1), 

a uniform plasma temperature is assumed. The plasma temperature intrinsically fluctuates, which 

causes the calibration fluctuation from LIBS signal intensities. Therefore, emission intensity Ii is 

a function of species i concentration and plasma temperature. A plasma temperature correction 

method was proposed to improve the quantitative analysis capability of LIBS signal by our group, 

which was described in detail elsewhere[39,40]. Different emission spectra from the same species 

are selected as a plasma temperature indicator to correct the plasma temperature dependence of 

emission intensity. αi is defined by using the intensity ratio of different emission spectra from the 

same species with the temperature correction factor. The concentration ratio will become a 

function of species concentration and does not depend on the plasma temperature. The temperature 

correction factor theoretically can be calculated using the atomic parameters. However, the laser-

induced plasma is non-thermodynamic equilibrium plasma with complex processes. The 

correction factor depends on the experimental conditions such as the optical setups, pressure, 

buffer gas composition, etc. Therefore, the correction factor should be evaluated under specific 

experimental conditions. In this study, the emission intensity ratio of ionic magnesium to atomic 

magnesium was employed as the plasma temperature indicator for fly ash sample. 

In the measurement of particle flow, the breakdown thresholds of gas and particle are different, 

which result in different laser-induced plasma processes of fly ash particles and surrounding gases. 

The breakdown threshold of particle is usually lower than that of gas. The laser-induced particle 

plasma firstly will become the plasma core. During the plasma expending process, the surrounding 
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gas can be induced by the electron collision ionization process. There is the time difference 

between the particle plasma and gas plasma generation. Therefore, The laser energy and laser pulse 

width can be altered to control the surrounding gas plasma generation by multi-photon ionization 

and electron collision ionization to study the surrounding CO2 effect on unburned carbon 

measurement in fly ash, especially the laser pulse width[42]. 

3. Experiment 

Fig. 2 illustrates the experimental systems of fly ash measurement using LIBS in this study. A two-

stage cyclone measurement system was constructed for fly ash flow measurement, especially for 

the unburned carbon measurement to eliminate the surrounding CO2 effect, that is, cyclone 1 and 

cyclone 2, as showed in Fig. 2(a). Cyclone 3 was utilized to recapture the measured fly ash. The 

feature of cyclone was detected continuously for a certain period of time after the fly ash flow 

became stable. Table 1 lists the recaption rate of cyclone in different cases, which were more than 

90%. The feeder (Nisshin Engineering Feedcon-μ Mtype) was employed to introduce the fly ash 

sample into the experimental system by adjusting the rotational speed. The measurement chamber 

was a cylindrical cell with four quartz windows. The surrounding mixture gas of N2 and CO2 was 

also introduced into the experimental system to form the continuous and steady fly ash flow. 

Several ejectors were installed to introduce N2 to maintain the stable flow in this system. Around 

the input pipe of the measurement chamber, the surrounding gas of N2 was introduced into the 

chamber to stabilize the fly ash flow in chamber. The fly ash flow with the surrounding mixture 

gas of N2 and CO2 was also directly introduced into the measurement chamber, as shown in Fig. 

2(b), to clarify CO2 effect on unburned carbon measurement. The measured fly ash particle 

samples with different unburned carbon contents were provided using a coal-fired furnace as the 

practical samples. The contents of different fly ash samples analyzed using the chemical analysis 
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methods (Japanese Industrial Standards JIS-M-8801, JIS-M-8815) were listed in Table 2. Fig. 2(c) 

shows one picture and particle size distribution of fly ash sample. The fly ash sample with 

unburned carbon of 24.9% was measured using the two-stage cyclone system and the direct 

measurement system of fly ash flow to discuss the CO2 effect on unburned carbon content when 

introducing different CO2 concentration and utilize different pulse-width lasers. Different fly ash 

samples were measured using the two-stage cyclone system of fly ash flow to quantitatively 

analyze the fly ash contents with the temperature correction method. 

Table 1. Cyclone recaption rate 

Number Feeder input (g) Captured ash (g) Recapture rate(%) 

1 4 4 1.00 

2 4.2 3.9 0.93 

3 4.4 4.2 0.95 

4 4.4 4.4 1.00 

5 4.5 4.6 1.02 

 

(a) Two-stage cyclone measurement system of fly ash flow 
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(b) Direct measurement system of fly ash flow 

 

(c) Fly ash sample and particle size distribution 

Figure 2. Schematic diagram of fly ash measurement using LIBS 

Table 2. Contents of fly ash samples 

number 
Ash (%) Unburned 

carbon(%) SiO2 Al2O3 Fe2O3 K2O CaO TiO2 P2O5 SO3 MgO Na2O 

1 54.0 19.5 4.5 0.9 2.3 1.0 0.2 1.8 1.0 0.2 14.0 

2 45.0 25.1 6.2 2.5 0.8 1.1 0.2 0.2 0.6 0.3 17.3 

3 49.6 18.0 4.1 0.8 2.1 0.9 0.2 1.6 0.9 0.2 21.0 

4 39.0 26.4 5.7 0.4 1.3 0.8 0.4 0.5 0.6 0.7 23.1 

5 37.4 25.9 6.3 0.4 1.4 0.8 0.4 0.5 0.6 0.8 24.9 

6 46.0 16.6 3.8 0.8 2.0 0.9 0.2 1.5 0.9 0.2 26.8 

7 38.1 13.8 3.2 0.6 1.7 0.7 0.1 1.3 0.7 0.2 39.3 

8 29.4 10.6 2.4 0.5 1.3 0.6 0.1 1.0 0.6 0.1 53.2 
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The LIBS experimental setup for these two measurement systems was composed of lasers, beam 

focusing system, detection system and auxiliary devices. The beam from a Q-switched Nd:YAG 

laser (LOTIS TII, LS-2132UTF, 6ns, 10Hz) operating at 1064nm was focused into the 

measurement area using the lens with focus length of 200mm.  In order to clarify the laser pulse-

width effect, one small laser with the shorter pulse width of 1ns (Hamamatsu Photonics, Microchip 

Laser L12968-01) was also employed and operated at 1064nm in this study. The frequency of this 

small laser was adjusted by a function generator (Wave Factory 1941, Multifunction Synthesizer) 

to 10Hz. The laser power employed in this study was lower than that of gas breakdown threshold. 

The laser power of 1ns pulse-width laser was 9mJ/pulse. The laser power of 6ns pulse-width laser 

was 9mJ/pulse to compare the pulse width effect and 21mJ/pulse to discuss the two-stage cyclone 

measurement system features. The emission signals were separated from the laser path direction 

using a filter and focused into an optical fiber using the lens with focus length of 220mm. The 

emission signals were dispersed using a spectrometer (SOL instruments, NP250-2) and detected 

by an ICCD camera (Andor, iStar DH334T-18U-03) with the wavelength resolutions of 

0.076nm/pixel and 0.012nm/pixel, and the wavelength ranges of 240nm-320nm and 247nm-

255nm respectively. The spectrometer employed here with two channels can detect two 

wavelength ranges simultaneously when using different gratings of 600l/mm and 3600l/mm. The 

signal was accumulated by adjusting the exposure time and the spectra were averaged by multiple 

measurement.  

4. Results and discussion 

4.1 Identification of characteristic spectra 

The different fly ash samples were measured using the experimental system shown in Fig. 2(a) 

under different delay time conditions. The fly ash samples with air as the buffer gas were 



12 

 

introduced into the measurement chamber with two-stage cyclone measurement system.  Fig. 3 

shows the emission signals of fly ash with unburned carbon of 24.9% in delay time of 10ns using 

1ns pulse-width laser without CO2. The clear signals of fly ash contents were distinguished. The 

fly ash contains SiO2, Al2O3, Fe2O3, CaO, unburned carbon and other materials. The main 

compositions were detected as shown in Fig. 3(a) at the wavelength resolution of 0.076nm/pixel. 

The characteristic emission spectra and their relevant parameters are listed in Table 3[43]. Fig. 

3(b) shows the measured spectra of fly ash with clearly distinguishable C emission line at the 

wavelength resolution of 0.012nm/pixel. The emission spectra at the wavelength range of 247nm-

255nm were discussed for the detection characteristics of C signal. The intensity of carbon 

emission line increased with the increase of unburned carbon content. The spectra emission 

intensity concerning species concentration also varied with different delay times, which means the 

alteration of plasma temperature. A detailed description was presented elsewhere[39-41]. 

Table 3. Upper level energy of detected species in fly ash[43]                 

Species Upper energy (cm-1) Wavelength (nm) 

Si 39683.16-39955.05 250.69-252.85 

Si 40991.88 288.16 

Fe 38660.04-59663.46 

(ion and atom) 

259.66-263.13 

Fe 36686.16-45289.80 

(ion and atom) 

274.20-275.63 

Al 32435.45 308.21 

Al 32436.8 309.27 

Ca ion 56839.25 315.89 

Ca ion 56839.25 318.13 

C 61982.2 247.86 

Mg1 ion 35760.88 279.55 

Mg1 ion 35669.31 280.27 

Mg2 35051.27 285.21 
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(a) Spectra at resolution of 0.076nm/pixel  (b) Spectra at resolution of 0.012nm/pixel 

Figure 3. Measured spectra of fly ash with unburned carbon of 24.9% using two-stage cyclone 

measurement system with 1ns pulse-width laser without CO2 

In the measurement of fly ash contents, CO2 caused the spurious C signal for unburned carbon in 

LIBS spectra of fly ash[38]. The surrounding gas of CO2 was also introduced into the measurement 

chamber to clarify the CO2 effect on the emission intensity of C signal. The measured spectra 

varied with the sample and delay time, as well as surrounding gas and laser pulse width. The 

quantitative analysis method of fly ash contents was also studied under different conditions to 

quantitatively calculate the unburned carbon content of fly ash. 

4.2 Effect of surrounding gas on fly ash contents 

The CO2 effect on unburned carbon content was rather sensitive to its concentration in surrounding 

gas. Therefore, the CO2 effect was clarified to accurately evaluate unburned carbon in fly ash. In 

order to reduce the CO2 effect on unburned carbon measurement, two different approaches were 

employed in this study, such as the short pulse-width laser of 1ns and the two-stage cyclone 

measurement system. The two-stage cyclone measurement system was employed to mainly reduce 

the surrounding CO2 concentration efficiently. On the other hand, the laser-induced plasma 

processes were affected by the laser pulse width to reduce the surrounding gas breakdown. 

4.2.1 Laser pulse-width effect 
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In the measurement of aerosols, the particles in surrounding gases can firstly become the core of 

plasma, which expands to the surrounding gases. Due to the different laser-induced plasma 

processes of particles and surrounding gases, the different pulse-width lasers were employed to 

verify the laser pulse-width effect on the laser-induced plasma processes. Two different pulse-

width lasers including 1ns and 6ns were employed to measure the fly ash sample with unburned 

carbon of 24.9% for detection features comparison using the direct measurement system of fly ash 

flow under the same experimental conditions except for delay time. The delay time was different 

for different pulse-width lasers due to different plasma generation and development lifetime 

concerning the plasma state and signal quality. The measured spectra using 1ns pulse-width laser 

in delay time of 25ns were compared with that using 6ns pulse-width laser in delay time of 1000ns 

because of their similar plasma temperature. When the laser pulse width became shorter, the time 

of plasma reheating by laser pulse became shorter resulting in shorter plasma lifetime. More 

plasma was formed within the particles vapour due to the reduction of electron collision ionization 

for surrounding gas plasma by particle plasma. Therefore, when employing 1ns pulse-width laser, 

the breakdown rate of the surrounding gas decreased. The C signal from the CO2 breakdown 

reduced. The fly ash flow breakdown processes including particle breakdown and surrounding 

gases breakdown, as well as the plasma states, were discussed by our group in detail presented 

elsewhere[42]. Fig.4(a) and Fig.4(b) show the measured results of fly ash with and without CO2 

using 6ns and 1ns pulse-width lasers, respectively. There was no significant change of the 

measured spectra with different CO2 concentrations using 1ns pulse-width laser, as shown in 

Fig.4(b). However, C signal intensity increased obviously when introducing 3.8% CO2 using 6ns 

pulse-width laser shown in Fig.4(a). This is because the CO2 breakdown was induced by 6ns pulse-

width laser and the fly ash particle plasma. The compared results indicated that CO2 breakdown 
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rate using 1ns pulse-width laser was much smaller than that using 6ns pulse-width laser. The CO2 

influence on the measurement of unburned carbon in fly ash can be obviously decreased when 

utilizing 1ns pulse-width laser to control the laser-induced particle plasma and surrounding gas 

plasma.  

 

(a) Spectra using 6ns pulse-width laser        (b) Spectra using 1ns pulse-width laser 

Figure 4. Comparison of measured spectra of fly ash with unburned carbon of 24.9% under 

different CO2 concentration conditions using direct measurement system with 1ns and 6ns 

pulse-width lasers 

4.2.2 Two-stage cyclone measurement system 

The CO2 effect on unburned carbon measurement can also be decreased by reducing the CO2 

concentration in flue gases. The sampling of fly ash from gas duct using the cyclone measurement 

system in the coal-fired power plant is one of the effective methods to reduce the CO2 effect. Due 

to the high concentration of CO2 in exhaust, a cyclone measurement system has been employed to 

reduce the spurious C signal from CO2 for unburned carbon measurement. However, the 

experimental conditions and parameters should be carefully controlled according to previous 

measurement system, such as the laser power[38]. Based on this previous study, a two-stage 

cyclone measurement system was constructed in the current experiment to reduce the influence of 

surrounding gases, especially CO2, which concerning the measurement system. The fly ash sample 

with surrounding mixture gases were introduced to the two-stage cyclone measurement system. 
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The mixed sample was separated to fly ash particles and gases by cyclone 1. The recaptured fly 

ash particles with N2 from ejector flowed into cyclone 2 to separate the fly ash particles efficiently. 

The recaptured fly ash particles from cyclone 2 were introduced to the measurement chamber. 

Therefore, the two-stage cyclone measurement system employed here can eliminate the CO2 effect 

efficiently.  

In order to verify the improved performance of the two-stage cyclone measurement system, the fly 

ash sample with unburned carbon of 24.9% was measured using the two-stage cyclone 

measurement system with 6ns pulse-width laser, as illustrated in Fig. 2(a). The fly ash was 

introduced into the measurement chamber with the surrounding gas of CO2 in N2 to compare the 

C content measurement results. When measuring the fly ash with different CO2 concentrations 

using the two-stage cyclone measurement system, the measured spectra are showed in Fig. 5. 

When comparing the measured results without CO2 and with 12.5% CO2, the C signal showed the 

similar spectra with different CO2 concentrations using the two-stage cyclone measurement system. 

However, C signal intensity increased obviously when introducing 3.8% CO2 using the direct 

measurement system with 6ns pulse-width laser shown in Fig.4(a). 

 

Figure 5. Measured spectra of fly ash with unburned carbon of 24.9% using two-stage cyclone 

measurement system with 6ns pulse-width laser under different CO2 concentration conditions  

The fly ash sample was measured using 6ns pulse-width laser with two-stage cyclone measurement 

system and direct measurement system respectively to compare the detection features. Fig. 6 shows 
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the comparison of CO2 effect on C signal with and without cyclone system using 6ns pulse-width 

laser under different CO2 concentration conditions. C signal intensity increased rapidly without 

cyclone system when increasing the CO2 concentration even if the CO2 concentration was less 

than 1%. However, when employing the two-stage cyclone measurement system, C signal intensity 

became almost constant as increasing the CO2 concentration. It is demonstrated the feasibility of 

this two-stage cyclone measurement system to eliminate the CO2 effect for the actual power plant 

application. 

  

Figure 6. CO2 effect on C signal with or without cyclone system using 6ns pulse-width laser 

According to these measurement results, CO2 effect on unburned carbon measurement in fly ash 

can be reduced efficiently when using 1ns pulse-width laser and the two-stage cyclone 

measurement system. In the actual power plants, the flue gas was not stable and constant. For 

example, the variations of pressure, flow rate and so on can affect the performance of two-stage 

cyclone measurement system. Some parameters of LIBS, especially laser power, can affect the 

laser-induced plasma processes of fly ash particle flow. Therefore, the combination of these two 

approaches can provide much better contents detection improvement for fly ash flow. Another 

merit is the system integration for the actual application in power plant due to the small size of 1ns 

pulse-width laser, which is a microchip laser with high durability and long lifetime. 

4.3 Quantitative analysis of fly ash contents 
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The two-stage cyclone measurement system can separate fly ash particles and its surrounding gases 

effectively to reduce the influence of CO2 on the unburned carbon content in fly ash. The CO2 

effect can also be reduced when using 1ns pulse-width laser. In this paper, the LIBS system for fly 

ash flow measurement using the two-stage cyclone measurement system with 1ns pulse-width 

laser was employed for quantitative analysis. The quantitative analysis method of fly ash contents 

was discussed using different fly ash samples. Fig. 7 shows the signal intensity ratio of IC/ISi 

variation with the unburned carbon contents for different fly ash samples. IC/ISi increased with the 

increase of unburned carbon content. Due to the temperature fluctuation of laser-induced plasma, 

IC/ISi was also fluctuated. Therefore, the plasma temperature correction is very essential to assure 

the quantitative analysis of LIBS measurement. The signal intensity ratios of IAl/ISi, IFe/ISi and 

ICa/ISi were also calculated to quantitatively analyze the carbon content in fly ash according to 

equation (2). 

 

Figure 7. Unburned carbon dependence of IC/ISi using two-stage cyclone measurement system 

with 1ns pulse-width laser for different fly ash samples 

A fly ash sample was measured to evaluate the plasma temperature correction factor under the 

experimental conditions using the two-stage cyclone measurement system. The emission intensity 

ratio of IMg1/IMg2, which is the same atom from different upper level energy, was employed as the 

plasma temperature indicator. One typical temperature correction curve and temperature correction 

result of IC/ISi are shown in Fig. 8. In Fig. 8(a) the emission intensity ratio of IC/ISi altered according 
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to IMg1/IMg2, which means IC/ISi varied with the plasma temperature. When applying the plasma 

temperature correction scheme, the variation of IC/ISi became smaller under different plasma 

temperature conditions, as shown in Fig. 8(b). It can be confirmed the improved quantitative 

analysis. According to equation (2), the plasma temperature correction curves and correction 

results of other elements were also determined using the same method for quantitative calculation 

of carbon content. This plasma temperature correction method and factors were employed in this 

study to quantitatively calculate the contents in fly ash. 

 

(a) Correction factor for IC/ISi             (b) Correction result for IC/ISi  

Figure 8. Plasma temperature correction curve and correction result of carbon signal using two-

stage cyclone measurement system with 1ns pulse-width laser 

The unburned carbon contents in different fly ash samples were measured by LIBS using the two-

stage cyclone measurement system with 1ns pulse-width laser and quantitatively calculated with 

the temperature correction method.  Fig. 9 shows the comparison of unburned carbon content in 

different fly ash samples measured using the chemical analysis method and LIBS technique. The 

measurement results of unburned carbon in fly ash using LIBS were consistent with the chemical 

analysis results with R2=0.9052 and RMSEP(root-mean-square error of prediction)=3.9% in the 

measurement range of 14.0-53.2% unburned carbon. One reason for error was that the fly ash 

particle flow was measured in this study. The laser-induced plasma was not uniform and the 

measured signals, such as unburned carbon, fluctuated due to the un-uniformity of the employed 
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fly ash particle flow. The detection limit of unburned carbon was also evaluated by 

100shots(10seconds) to be 0.65% with S/N(signal to noise ratio)=1. Except for the unburned 

carbon content, other main components of fly ash can also be analyzed using this temperature 

correction method. These results show that the quantitative capability of LIBS for aerosol 

measurement can be improved using the plasma temperature correction method. 

 

Figure 9. Comparison of unburned carbon contents measurement between standard method and 

LIBS using 1ns pulse-width laser 

5. Conclusion 

Particle measurement is not only benefit to industrial processes, but also important for the 

environmental protection and human health aspects. The content measurement of fly ash samples 

in real time was studied using LIBS in this study. A two-stage cyclone measurement system was 

constructed and 1ns pulse-width laser was also employed to measure the fly ash contents, 

especially the unburned carbon in fly ash. The main compositions of fly ash and target element 

can be detected at the wavelength resolutions of 0.076nm/pixel and 0.012nm/pixel simultaneously.  

1. When employing 1ns pulse-width laser, the measured spectra of fly ash with different CO2 

concentrations showed the similar spectra. The CO2 effect on unburned carbon signal can be 

reduced compared to that using 6ns pulse-width laser due to the laser pulse-width influence on the 
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laser-induced plasma processes of particles and surrounding gases. It is also benefit for the system 

integration because of the small size of 1ns pulse-width laser with high durability and long lifetime.  

2. The influence of surrounding gases, especially CO2 effect on unburned carbon measurement in 

fly ash, was discussed when comparing the measured results using the direct measurement system 

and two-stage cyclone measurement system with different CO2 concentrations. The CO2 effect can 

be eliminated efficiently when employing the constructed two-stage cyclone measurement system 

to reduce the CO2 concentration. The C signal showed the similar spectra with different CO2 

concentrations.  

3. In order to improve the quantitative analysis ability, the temperature correction method was 

proposed and applied when employing the intensity ratio of the emission pair from magnesium as 

a plasma temperature indicator. The plasma temperature correction factor was evaluated under the 

experimental conditions. The measured results of unburned carbon in fly ash using LIBS technique 

were consistent with the chemical analysis results.  

These achieved results demonstrated the feasibility of the combination method of 1ns pulse-width 

laser and two-stage cyclone measurement system with temperature correction method to improve 

LIBS detection ability for the content measurement of fly ash in actual power plants.  
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