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Abstract 
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Abstract 

In order to simulate coal combustion and develop optimal and stable boiler control systems in 

real power plants, it is imperative to obtain the detailed information in coal combustion processes 

as well as to measure species contents in fly ash, which should be controlled and analyzed for 

enhancing boiler efficiency and reducing environmental pollution. The fly ash consists of oxides 

(SiO2, Al2O3, Fe2O3, CaO, and so on), unburned carbon, and other minor elements. Recently, 

laser-induced breakdown spectroscopy (LIBS) technique has been applied to coal combustion 

and other industrial fields because of the fast response, high sensitivity, real-time and non-

contact features. In these applications it is important to measure controlling factors without any 

sample preparation to maintain the real-time measurement feature. The relation between particle 

content and particle diameter is also one of the vital researches, because compositions of 

particles are dependent on their diameter. In this study, the contents of size-segregated particles 

have been detected using LIBS. Particles were classified by an Anderson cascade impactor. The 

plasma conditions such as plasma temperature are dependent on the size of particles and these 

effects must be corrected to obtain quantitative information. The plasma temperature was 

corrected by the emission intensity ratio from the same atom. Using this correction method, the 

contents of particles can be measured quantitatively in fixed experimental parameters. This 

method was applied to coal and fly ash from a coal-fired burner to measure unburned carbon and 

other contents according to the particle diameter. The CO2 effect was also discussed to 

accurately evaluate unburned carbon in fly ash in exhausts. The acquired results demonstrate that 

the LIBS technique is applicable to measure size-segregated particle contents in real time and 

this method is useful for the analyses of coal combustion and its control because of its sensitive 

and fast analysis features. 

 It has been highly recognized heavy metals and other trace species pollution concerns the 

environment, as well as human health. This paper also describes the rapid detection of trace 

species such as mercury and iodine using low pressure laser-induced breakdown spectroscopy 

(LIBS) and laser breakdown time-of-flight mass spectrometry (LB-TOFMS) at improved 

sensitivity. One of the challenging targets of LIBS is the enhancement of detection limit. In this 

study, the detection limit of gas phase LIBS analysis has been improved by controlling the 

pressure and laser pulse width. In order to verify this method, low pressure gas plasma was 

induced by nanosecond and picosecond lasers. Several trace species of mercury (Hg), iodine, 

cesium (Cs), strontium (Sr) and so on were measured using low pressure LIBS. For example, the 

method was applied to the detection of Hg, and the emission intensity ratio of Hg atom: IHg to 

NO emission signal: INO (interference signal), which was formed during the plasma generation 

and cooling process of N2 and O2 in the air, was analyzed to evaluate LIBS detection limit. It was 

demonstrated that the enhancement of IHg/INO arose by decreasing the pressure to a few kPa and 

IHg/INO of picosecond breakdown was always much higher than that of nanosecond breakdown at 



Doctoral dissertation of The University of Tokushima 

 

II 
 

low buffer gas pressure. The measurement results of iodine in N2 demonstrated that low-pressure 

LIBS is the favorable method for trace species measurement in analytical application. The 

plasma generation process can be controlled by the pressure and laser pulse width for the larger 

ionization and excitation processes of iodine, which was discussed by the intensity ratio of iodine 

emission at 183 nm to nitrogen emission at 174.3 nm. The buffer gas effect was also discussed 

by the measurements of Hg and iodine in different buffer gases of air and N2. The Hg detection 

limit (1 min) in air of nanosecond breakdown was 450 ppb (3σ/ms) at 700 Pa. According to the 

enhancement of picosecond breakdown at low pressure, the detection limit was evaluated to be 

30 ppb (3σ/ms) in picosecond (35 ps) breakdown at 700 Pa. The detection limit can be enhanced 

when employing the buffer gas of N2. Iodine detection limit (1 min) in the buffer gas of N2 

was 60 ppb (3σ/ms) in nanosecond breakdown at pressure of 700 Pa. there was not evident 

enhancement of iodine detection limit in N2 employing short pulse width breakdowns. The 

detection limit of iodine in air became worse due to the high quenching rate of excited iodine in 

buffer gas of air.  

 In the measurements of Hg and iodine using LB-TOFMS, two irradiation wavelengths of 

1064 nm and 532 nm were employed under various experimental conditions without partial 

fragmentation interference from other species. The second harmonic 532 nm performs excellent 

measurement results. The influence of pressure on signal intensity displays a linear growth when 

increasing the pressure. The power dependence shows that as the laser power increased, mercury 

ion and iodine ion signal intensity increased first and then decreased. Experiment with different 

buffer gases clarified the recombination of mercury ion and iodine ion with electrons when the 

laser power increased, resulting in the decrease of mercury ion and iodine ion signal intensity. 

Mercury ion signal intensity can be enhanced 3.8 times and the signal intensity of iodine ion can 

be enhanced 1.3 times employing 35 ps 532 nm breakdown. The detection limits (2 mins) of 

mercury ion and iodine ion signals using 35 ps laser were 0.82 ppb (3σ/ms) and 6.18 ppb (3σ/ms) 

respectively.  

 

Keywords: Fine particles; Size-segregation; Temperature correction; Trace species; Sensitive 

measurement; Low pressure laser-induced breakdown spectroscopy (LIBS); Laser breakdown 

time-of-flight mass spectrometry (LB-TOFMS) 
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Main symbol table 

amu Atomic Mass Unit 

LB-TOFMS Laser Breakdown Time-of-Flight Mass Spectrometry 

LIBS Laser-Induced Breakdown Spectroscopy 

ppm parts-per-million; 10
-6

 

ppb parts-per-billion; 10
-9

 

ppt parts-per-trillion; 10
-12

 

Di,j emission intensity correction factor from the upper energy level j of 

species i 

Ei,j upper level energy of species i/J 

Ii emission intensity of species i/J·s
-1

 

Im,j1 emission intensity from the upper energy level j1 of species m 

Im,j2 emission intensity from the upper energy level j2 of species m 

         Ki,j a variable that includes the Einstein A coefficient from the upper 

energy level j/J·m
3
·s

-1
 

L ion distance of flight/m 

T plasma temperature /K 

              V acceleration electric field potential/V 

         bi,m temperature correction factor of the emission pair of Im,j1 and Im,j2 for 

species i 

gi,j statistical weight of species i at the upper energy level j 

k the Boltzmann constant/1.38×10
-23

J·K
-1

 

               m ion mass/kg 

              ms slope of the calibration curve 

 ni concentration of species i/m
-3

 

             t time of flight/s 

             z ionic valence /C 

        α angle/
o
 

        αi a variable factor related to species i, which contains the plasma 

temperature correction factor 

        σ standard deviation 

Subscript  

        i element 

        j energy level 

       m element 
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1 Introduction 

1.1 Background and significance 

With the development of economy, the environmental pollution is becoming increasingly 

severe and much more attention should be paid to the issue
[1-3]

. In recent years, various pollution 

incidents result in serious influences on environment and human health
[4-6]

. The major sources of 

these contaminations include industry, traffic and domestic waste. The atmosphere as an 

important part of the urban environment suffers from human interference. Increased combustion 

of fossil fuels is responsible for the progressive change in the atmospheric composition. Air 

pollutants, such as CO, SO2, NOx, VOCs, O3, heavy metals, PM2.5 and PM10, have both acute 

and chronic effects on human health. Several regulations and standards have been set by such 

agencies as the United States Environmental Protection Agency (US EPA) and the World Health 

Organization (WHO). Air pollution can also travel hundreds of miles and cause multiple health 

and environmental problems on regional or national scales
[7,8]

. It is imperative to detect these 

contaminations compounding in complex substances in the atmosphere.  

As mercury is widely used in various industries, mercury pollution or its potentiality is one of 

the serious environmental problems concerning human health
[9-12]

. Power plants are currently the 

dominant emitters of mercury, acid gases and many toxic metals in the U.S. because the other 

sources of mercury have already reduced their emissions, such as medical waste incinerators and 

municipal waste combustors. In 2011, EPA finalized the first ever national standards to reduce 

mercury and other toxic air pollution from coal and oil-fired power plants. There are some 

examples of mercury vapour exposure guidelines, such as worker exposure of 25,000 ng/m
3
 (one 

hour exposure, ACGIH) and residential exposure of 300 ng/m
3 

(average annual exposure, New 

York State recommendations). It is necessary to make efforts to protect natural ecosystems and 

effectively utilize fossil fuels in various fields. Therefore, the understanding of the reaction 

mechanism of combustion is becoming more important to minimize environmental disruption 

and to improve the efficiency of combustors. 

Electricity is the world’s fastest-growing form of end-use energy consumption. The coal 

provides the largest share of world electricity generation and the thermal power plant share is 

dominant in total electric power supply in the world. Operating characteristics of coal-fired 

boilers are heavily influenced by factors such as differences in fuel properties and the 

combustion conditions. Accordingly, in order to achieve optimal operation of multiple coal-fired 

boilers, it is necessary to accurately understand the state of combustion and to adjust the control 

parameters. Nuclear power is a proven means to supply the growing demand for clean energy in 

our energy future. The importance of nuclear power is obviously depending on the basis of safe 

and rational utilization. Radioactive substances, such as strontium (Sr), iodine (I), cesium (Cs), 

uranium (U), plutonium (Pu) etc. should be paid much more attention to this issue. 
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In thermal power plants, the boiler control system is important for the adjustment of 

combustion process. 2D temperature and concentration distribution also plays an important role 

for the efficiency. The coal and fly ash contents, especially unburned carbon in fly ash, are the 

major factors of efficient combustion. As is well known, fly ash produced during coal 

combustion is one of the sources of fine particles. The compositions of fly ash, which contains 

SiO2, Al2O3, Fe2O3, CaO, unburned carbon and other materials, are complex and highly 

depending on the coal quality and combustion procedure. Fig. 1-1 shows the system of coal-fired 

power plant and the necessary measurement items. Simultaneously, there is an urgent need to 

evaluate the heavy metal emission for the purpose of reducing and eliminating heavy metal 

influence. For example, Mercury (Hg) pollution has greatly increased and been considered as a 

global pollutant because of its long residence time
[9-11]

. Coal combustion in power plant 

constitutes the large share of global anthropogenic Hg emission. The harmful substances, such as 

heavy metals, are produced during the combustion processes in engines, boilers, other 

combustors. The rapid and precise measurement of trace species with variable compositions is 

imperative according to different applications. 

 

(a) Measurement items 

 

(b) Advanced control system by the real-time measurement of unburned carbon in fly ash 

Fig. 1-1 System of coal-fired power plant 
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Nuclear power is a proven means to supply the growing demand for clean energy in our 

energy future. The importance of nuclear power is obviously depending on the basis of safe and 

rational utilization. Radioactive substances, such as strontium (Sr), iodine (I), cesium (Cs), 

uranium (U), plutonium (Pu) etc. should be paid much more attention to the radioactive 

contamination. The radioactive contamination released from the nuclear power plant is one of the 

main sources. Simultaneously, nuclear weapons testing fallout, some industry waste discharge, 

and radioactive substances applied for research
[13,14]

 also contribute to the issue. The atmosphere, 

water, and soil are polluted by these released radioactive materials including iodine (I), cesium 

(Cs), strontium (Sr), barium (Ba), zirconium (Zr) and so on
[15-17]

. As is well known, after the 

Fukushima nuclear power plant accident in Japan, there are several serious pollutions to 

environment and human not only in the surrounding area of the nuclear power plant but also in 

the extensive regions
[18-20]

. The pollution of the radioactive materials becomes the focal issue and 

research point. Human and other organisms can be taken the radioactive materials, such as iodine, 

Cs, Sr, Se and so on, which leads to severe disease. Fig. 1-2 shows the schematic diagram of 

nuclear power plant and the necessary measurement items. 

 

Fig. 1-2 System of nuclear power plant 

1.2 Research status 

The rapid and precise measurement of fine particles and trace species is imperative according 

to different applications. Laser diagnostics has attracted a great attention in various industries 

because of the non-contact, fast response and multi-dimensional features as the qualitative and 

quantitative analytical detection technique, such as laser-induced fluorescence (LIF), laser-

induced breakdown spectroscopy (LIBS), tunable diode laser absorption spectroscopy (TDLAS), 

time-of-flight mass spectrometry (TOFMS) and so on
[21,22]

. LIBS is an analytical detection 

technique based on atomic emission spectroscopy to measure elemental composition. With the 

development of lasers and detection systems, LIBS has been applied in various fields containing 

solid, liquid and gas phases, such as combustion
[23-27]

, metallurgy
[28-30]

, food
[31-33]

, human
[34,35]
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and others
[36,37]

. Especially, the advantages of the method are more significant in the areas of 

combustion, metallurgy and the harsh environment. 

TOFMS is another appealing technique for the qualitative and quantitative analysis of atomic 

and molecular ion signal with the features of increased sensitivity and rapid analysis. The 

detection limit of measured species using TOFMS is often ppb or less. TOFMS has been applied 

to measure the hydrocarbons and nanoparticle constituents with the low concentration range of 

ppb-ppt
[38-42]

, as well as waste disposal and treatment plants
[43-45]

. There are other developed 

TOFMS applications in several fields, such as medical and pharmaceutical fields
[46,47]

. 

1.2.1 Measurement of particles 

Measurement of fine particles is important to study the pollution in environmental and 

industrial areas. Some problems of acid rain and photochemical smog are related to particulate 

matter 2.5 (PM2.5), referring to the particles with diameter of 2.5 μm or less, also known as the 

particles into the lungs. The fine particles containing toxic trace elements also affect human 

health. Fly ash produced during coal combustion is one of the sources of fine particles. The 

compositions of fly ash, which contains SiO2, Al2O3, Fe2O3, CaO, unburned carbon and other 

materials, are complex highly depending on the coal quality and combustion procedure. 

Unburned carbon is a major determinant of combustion efficiency in coal-fired boiler. Recently, 

laser-induced breakdown spectroscopy (LIBS) technique has been applied to coal combustion 

and other industrial fields because of the fast response, high sensitivity, real-time and non-

contact features. For the purpose of improving the economy and security of power plant, the 

content measurement of unburned carbon and other materials is essential for adjusting the boiler 

combustion. 

The versatility and multi-elemental capability of LIBS have been demonstrated for the 

analysis of heterogeneous materials such as coal and mineral ores. Various elements included in 

samples can be detected simultaneously within a very short time
[48,49]

. LIBS technique has been 

widely applied to analyze the compositional characterization of coal. For example, inorganic 

species in coal were analyzed quantitatively under different conditions
[50,51]

. The solid sample 

features higher homogeneity than powdered counterparts. The feasibility of using binder for 

carbon measurement in anthracite has been studied
[52]

. In order to enhance the repeatability and 

precision of the results determining coal fly ash elemental composition, different blinders were 

employed for various coal samples
[53]

. This research group also analyzed fly ash and bottom ash 

using the same treating processes with collinear double pulse approach to address the influence 

of matrix effect on the calibration curves
[54]

. In these studies all samples should be prepared 

before measurement.  

LIBS has been applied for detection of unburned carbon in fly ash, char and pulverized coal 

under high-pressure and high-temperature conditions without any sample preparation. The 

calibration difficulty of aerosol sample was surpassed by the correction factors for quantitative 
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measurement. This automated LIBS apparatus were also applied in a boiler-control system of a 

power plant with the objective of achieving optimal and stable combustion
[55,56]

, which enabled 

real-time measurement of unburned carbon in fly ash as shown in Fig. 1-1(b). This apparatus 

featured a detection time capability of less than 1 minute, which showed better real-time 

capability compared to other methods (preparation of samples) used in other studies
[49-54]

. The 

boiler control in the real power plant was also demonstrated to achieve an optimized operation 

without time consumption. In these studies, unburned carbon in unclassified fly ash was 

analyzed and the effects of particle size to its contents have not been discussed. Furthermore, 

dependence of elemental signals of LIBS on the plasma temperature attributes to a very complex 

process in plasma. Several studies have reported the LTE (Local Thermodynamic Equilibrium) 

condition of plasma in several types of plasmas
[57]

.
 
The plasma temperature is a very important 

factor for the quantification of the LIBS measurement
[22,56]

. The improvement of quantitative and 

real-time measurement is very necessary for the operation of coal-fired plants.  

1.2.2 Measurement of trace species 

Various harmful materials pollutions releasing from industry, traffic and domestic waste 

result in serious influence on environment and human health. Tighter environmental regulations 

recently have focused on global limit of harmful substances. Several papers have reported the 

measurement of trace species Hg, Cd, and Pb in different fields
[58-63]

. For example, coal 

combustion in power plant constitutes the large share of global anthropogenic Hg emission. 

There is an urgent need to evaluate Hg emission for the purpose of reducing and eliminating Hg 

influence. The behavior of Hg in coal-fired power plants has been studied extensively
[64-67]

. Flue 

gases for Hg analyses are sampled by different chemical methods and measured off-line. 

Because of the low concentration of these species, enrichment and separation are essential to 

analyze the trace species using these conventional methods, however these procedures usually 

take long time. On the other hand, due to the restriction of their detection limits these methods 

cannot obtain satisfactory results in some applications. Inductively coupled plasma-atomic 

emission spectroscopy (ICP-AES) and inductively coupled plasma-mass spectrometry (ICP-MS) 

have also been applied to detect the trace species
[68-71]

. However there is time consumption for 

the sample preparation. 

With the development of laser technology, short pulse width lasers, such as picosecond laser 

and femtosecond laser have been employed to LIBS technique. The ablation mechanisms of 

nanosecond, picosecond and femtosecond pulses are different. As a result of the short duration, 

the laser pulse has terminated before the interactions of laser and material, plasma, and buffer 

gas concerning the complicated procedure. The utilization of short pulse laser for plasma 

generation has been extensively studied. Three femtosecond lasers were employed based stand-

off sensing and spectroscopy techniques including LIBS, coherent Raman spectroscopy and THz 

spectroscopy
[72]

. Femtosecond irradiation allowed for a specificity of excitation that could yield 
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LIBS signals more tightly correlated to particular chemical species. Some comparisons between 

nanosecond and picosecond breakdown were made through LIBS spectra of aluminum, iron, and 

copper in metal samples and glass
[73]

. The picosecond laser pulse showed significantly lower 

background emission than the results of nanosecond laser.  

However, laser-induced plasma process in gas phase is different from that in solid phase. 

There is no ablation process and the laser is used to atomize the molecules and generate the free 

electrons by multi-photon ionization. The interaction between atoms and electrons with enough 

energy makes the atoms ionize continuously and produces more electrons, resulting in the 

generation of plasma. To investigate the phenomena described above, a theoretical model using 

the lattice Boltzmann method (LBM) was applied and plasma creation processes were analyzed 

including multi-photon ionization and electron impact ionization processes. Creation and 

evolution processes of particles (electron, ion, and neutral) in plasma were clarified using LBM 

to solve the continuous Boltzmann equations used to model the generation of plasma
[74]

. One of 

the challenging targets of LIBS is the enhancement of detection limit of gas phase materials. 

Though the experiments have been mainly applied to direct observation of post-breakdown 

processes, a new method to control the LIBS plasma generation process is necessary for the 

enhancement of detection limit. 

1.3 Contents and structure of this dissertation 

The contents of fine particles also depend on particle diameter. Several studies have reported 

the distribution characteristics of trace elements in coal and fly ash
[75-77]

. It has been proved that 

the main elements in particles also have a very important impact on the distribution of some trace 

elements
[78,79]

. Therefore it is also necessary to measure the elemental compositions according to 

the particle diameter. In this study, an improved LIBS method has been applied to detect the 

contents of size-segregated particles with the temperature correction method and surrounding gas 

effect to the further applications. These factors are important for practical applications. Particles 

were classified by an Anderson cascade impactor and then measured using LIBS technique. The 

contents of particles such as fly ash and coal were measured quantitatively according to the 

diameter using a plasma temperature correction method. It has also been demonstrated that this 

method can be applicable to clarify the compositional dependence on the particle diameter of fly 

ash and coal in coal-fired thermal power plants. 

In order to measure the trace species of heavy metals, radioactive materials and others, 

advanced LIBS and TOFMS methods with the features of increased sensitivity and rapid analysis 

have been employed in this study. One of the challenging targets of LIBS is the enhancement of 

detection limit of gas phase materials. Though the experiments have been mainly applied for 

direct observation of post-breakdown processes, a new method to control the LIBS plasma 

generation process is necessary for the enhancement of detection limit, i.e. low pressure and 

short pulse laser-induced breakdown spectroscopy. Considering the features of TOFMS, 
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fragmentation and signal intensity are the important factors for sensitive measurement. In order 

to eliminate or minimize the interference of fragmentation to heavy atoms, the method of laser 

breakdown combined with time-of-flight mass spectrometry was employed to measure trace 

species. The laser is introduced to break and ionize the measured species for the detection of ion 

signals using TOFMS. The trace species of Hg, iodine, Sr, Cs and As were measured in this 

study using low pressure laser-induced breakdown spectroscopy (LIBS) and laser breakdown 

time-of-flight mass spectrometry (LB-TOFMS). The comparison of their detection 

characteristics was discussed by measuring Hg and iodine in detail.  

Therefore, the aim of current research is the applications of laser diagnostics in thermal and 

nuclear power plants. The contents of coal and fly ash, and the trace species of heavy metals and 

radioactive materials were measured using advanced LIBS and LB-TOFMS methods. The 

applicability of these methods to thermal and nuclear power plants was also discussed. 
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2 Theories 

Two types of laser diagnostics technologies were employed in the measurements of fine 

particles and trace species. The principles behind laser-induced breakdown spectroscopy (LIBS) 

and laser breakdown time-of-flight mass spectrometry (LB-TOFMS) were clarified as follows. 

2.1 Laser-induced breakdown spectroscopy and temperature correction method 

In the LIBS process, a laser beam is focused into a small area, producing hot plasma. The 

material contained in the plasma is atomized and the light corresponding to a unique wavelength 

of each element is emitted from excited atoms in the plasma, as shown in Fig. 2-1.  

 

Fig. 2-1 Laser-induced plasma process 

A calibration of the LIBS signal is necessary for quantitative analysis. Despite the fact that the 

LIBS processes involved are complex, the emission intensity from the atomized species can be 

described by the following equation with the assumption of uniform plasma temperature
[22]

: 

i,j

i i i,j i,j exp
E

I n K g
kT

 
  

 
 (2-1) 

In the above expression, Ii is the emission intensity of species i, ni is the concentration of 

species i, Ki,j is a variable that includes the 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. Eq. (2-1) is applicable 

under the conditions of local thermodynamic equilibrium (LTE). In Eq. (2-1), there are several 

factors that affect the emission intensity Ii, including plasma temperature, plasma non-

uniformity, and matrix effects, etc. The appropriate correction factors must be contained in Ki,j to 

obtain quantitative results. 

Because of the strong signal intensity and the relative simplicity of the LIBS technique, LIBS 

can be applicable for real-time composition measurement of coal and fly ash. Quantitative 
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capability of LIBS was improved using the proposed plasma temperature correction method. The 

main components of fly ash are Si, Al, Fe, Ca and C (carbon). The carbon content in fly ash can 

be calculated using the emission intensity ratios of Al, Fe, Ca and C to Si that is the main 

element in fly ash, from the following relation: 

C C Si

Al Al Si Fe Fe Si Ca Ca Si C C Si1
 

I I

I I
Carbon content

I I I I I I



   


   
   (2-2) 

αi is a variable factor related to species i, which contains the plasma temperature correction 

factor. These parameters have to be determined in the experimental operating conditions. Other 

species contents besides carbon, such as Al, Fe and Ca, can also be calculated using the similar 

relation.  

In Eq. (2-1), we assume a uniform plasma temperature. Actually, emission intensity Ii is a 

function of concentration of species i and plasma temperature. The emission intensity for each 

element also fluctuates with plasma temperature, which introduces error into quantitative 

measurements. There are several methods of plasma temperature correction. The following 

equation is used in this study. αi is defined by use of the intensity ratio of Im,j1/Im,j2: 

  i,m

i i,j m,j1 m,j2

b

D I I      (2-3) 

Di,j is the emission intensity correction factor from the upper energy level j of species i. Im,j1 is 

the emission intensity from the upper energy level j1 of species m, Im,j2 is the emission intensity 

from the upper energy level j2 of species m, and bi,m is the temperature correction factor of the 

emission pair of Im,j1 and Im,j2 for species i. (Im,j1/Im,j2)
 bi,m

 is dependent on plasma temperature 

and is used for plasma temperature correction. Different spectral lines from the same species are 

selected to correct the plasma temperature dependence of the emission intensity, and the intensity 

ratio of the emission pair is determined from Eq. (2-1): 

m,j1 m,j1 m,j1 m,j1 m,j2

m,j2 m,j2 m,j2

exp
I K g E E

I K g kT

 
  

 
 (2-4) 

Applying the intensity ratio to Eq. (2-3), αi becomes: 

i,m

m,j1 m,j1 m,j1 m,j2

i i,j i,m

m,j2 m,j2

exp

b

K g E E
D b

K g kT


     
      

   

 (2-5) 

Taking C (carbon) from the upper energy level jC for example, the concentration ratio is as 

follows: 

C,jC C,jC C,jC Si,jSiC C
C C

Si Si Si,jSi Si,jSi

exp
K g E EI n

I n K g kT
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This ratio becomes a function of species concentration and does not depend on the plasma 

temperature on condition that bC,m is given as follows: 

C,jC Si,jSi

C,m

m,j1 m,j2

E E
b

E E


 


 (2-7) 

From this analytical result, the correction factor can be calculated using the above equation. 

However, the correction factor depends on the experimental parameters such as the optical 

setups, pressure, buffer gas composition, and so on. The plasma induced by the LIBS process is 

not uniform and complex and LTE can be assumed in the limited range of these experimental 

conditions. In the case of ion emission intensities it is also necessary to consider the degree of 

ionization which can be calculated by the Saha equation as a function of plasma temperature and 

electron number density in a LTE condition. Therefore the correction factor cannot be 

determined by the theory and should be evaluated under actual experimental conditions.  

2.2 Low pressure laser-induced breakdown spectroscopy (LIBS) 

One of the challenging targets of LIBS is the enhancement of detection limit of gas phase 

materials. Though the experiments have been mainly applied to direct observation of post-

breakdown processes, a new method to control the LIBS plasma generation process is necessary 

for the enhancement of detection limit. Creation and cooling processes of plasma in LIBS can be 

described in detail. The core of plasma is firstly produced by the absorption of the incident laser 

energy, such as multi-photon ionization. The creation of the plasma core induces the rapid 

growth of plasma through the absorption of the laser light by electrons and the electron impact 

ionization process in it. After the termination of the laser pulse, the plasma continues expanding 

because of its high temperature and pressure gradients compared with the ambient conditions. At 

the same time, recombination of electrons and ions proceeds due to the collision process and 

temperature decreases gradually compared with that in the plasma generation process. Emission 

signals arise in the plasma cooling period
[22]

. The emission intensity from the atomized species 

provides information on elemental composition. 

There are several interferences with target signal in LIBS process, generally including the 

continuum emission from plasma itself, coexisting molecular and atomic emissions, noise from 

detectors and so on. At high pressure, the main interference is the continuum emission from 

plasma itself, the intensity of which is proportional to biquadratic temperature. The temperature 

of plasma is also high. The generated plasma is dense and the electrons, ions and neutrals collide 



2 Theories 

11 
 

frequently with each other. The temperatures of electrons, ions and neutrals become 

approximately same through the violent collision to transfer energy in high pressure plasma, 

generally called thermal plasma. At low pressure, however, the density of plasma is rather low 

and few opportunities to the collisions between electrons and other particles cause the large 

difference of kinetic energy. In this case, these particles are not in local thermodynamic 

equilibrium (LTE) condition. Te, Ti and Tn are defined as the temperatures of electrons, ions and 

neutrals respectively, and the temperatures are in the order Te>>Ti, Te>>Tn, which is called cold 

plasma. The interference of coexisting molecular and atomic emissions appears from the 

products of plasma generation process. Compared with this interference, the influence of the 

continuum emission from plasma itself and detectors consisting of dark and shot noises are 

insignificant at low pressure. 

 

Fig. 2-2 Dominant phenomena in the laser breakdown process 

Fig. 2-2 displays the dominant phenomena in the laser breakdown process as a function of 

pressure and laser pulse width. At high pressure the electron impact ionization becomes the 

major source of plasma generation. The multi-photon ionization effect appears at the low 

pressure and short pulse width condition. Another important strategy is the control of electron 

impact ionization process by the laser pulse width. Once charged particles are produced by 

multi-photon ionization, laser energy will be absorbed intensively and plasma grows rapidly by 

electron impact ionization. This plasma growth process can be controlled by using short pulse 

laser, such as picosecond laser. 

2.3 Laser breakdown time-of-flight mass spectrometry (LB-TOFMS) 

The principle behind the time-of-flight mass spectrometry (TOFMS) is illustrated in Fig. 2-3. 

In TOFMS system, a measurement sample is introduced into a vacuum chamber and it is 

atomized and ionized by laser irradiation. The action of laser irradiation on materials mainly 
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consists of multi-photon ionization and laser dissociation at low pressure, i.e. less than 1 Pa. The 

signals are distinguished and detected according to the following process of time-of-flight mass 

spectrometry.  

 

Fig. 2-3 Concept of TOFMS 

The electric field potential is simultaneously applied for acceleration of ions after ion 

generation. The accelerated ions enter the drift region with no potential difference and undergo 

uniform motion. An ion detector records the signals of ionized species and ion counter takes over 

to digitize and display the results. Due to the law of energy conservation, the ions’ electric field 

potential is equivalent to their kinetic energy. The following formula is established by the energy 

conservation law
[22]

: 

2

2

m L
zV

t

 
  

 
 (2-8) 

In the above expression, z is the ionic valence, V is the acceleration electric field potential, m 

is the ion mass, L is the ion distance of flight, t is the time of flight. 

TOFMS distinguishes the ions of different atoms or molecules based on their arrival time to 

ion detector. The following relation between the ion mass and the time of flight can be expressed 

from Eq. (2-8): 

2

2

2zV
m t

L
  (2-9) 

TOFMS with ionization processes of laser ionization, electrospray ionization (ESI), matrix-

assisted laser desorption/ionization (MALDI) and so on are the appealing technique for 

qualitative and quantitative analysis of atom and molecule with the features of increased 

sensitivity and rapid analysis. The detection limit of measured species using the technique of 

TOFMS with ionization process is often ppb or less. The current research focused on the 

measurement of trace species with heavy mass, which often compound in complex materials or 
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as a form of molecules. Considering the features of TOFMS, fragmentation and signal intensity 

are the important factors for sensitive measurement. Therefore laser breakdown is combined with 

TOFMS to atomize the molecules and then ionize in order to eliminate or minimize the 

interference of fragmentation from the coexisting materials to the atomic ion signals. 

The laser breakdown processes of materials consist of laser dissociation, multi-photon 

ionization, electron impact ionization and so on. At low pressure, i.e. less than 1Pa, the effect of 

electron impact ionization is reduced significantly. The major interference in this method is 

partial-fragmentation and daughter ions with target atomic ion signals from the materials, which 

usually restricts the enhancement of its sensitivity. The feasibility to measure the trace atoms 

with heavy mass using laser breakdown time-of-flight mass spectrometry (LB-TOFMS) was 

demonstrated and the merits of the method was discussed in terms of  the sensitive measurement, 

fast analysis and especially the efficient breakdown without interferences of partial 

fragmentation. 
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3 Experimental systems 

The employed experimental systems of particles measurement using LIBS and trace species 

measurement using LIBS and LB-TOFMS are illustrated respectively as follows.  

3.1 LIBS system for elemental detection of coal and fly ash 

The objective of present experiment is to detect the size-segregated particles according to the 

diameter. Fig. 3-1 illustrates the experimental apparatus used in this study. The experimental set-

up was composed of laser, beam focusing system, detection system, separator and auxiliary 

device. The beam from a Q-switched Nd:YAG laser (LOTIS TII, LS-2137U, energy stability: 

2.5%, beam diameter: 8 mm) operating at 1064 nm with 6-8 ns pulse width was focused into the 

measurement area using the lens with focus length of 200 mm. The laser power was 30 mJ/p for 

unclassified particle composition measurements and 60 mJ/p for size-segregated particles. Since 

the samples were introduced to the measurement area using the 1.8 mm (inner diameter) stainless 

steel pipe, the breakdown of the particles was occurred along the laser path around the focusing 

point and the averaged LIBS signals were detected for the analyses. The temperature correction 

factors were detected and checked using the laser power between 30-60 mJ/p and different delay 

times from 300 ns to 3000 ns. Temperature correction factors were determined in each fly ash 

and coal sample. The delay time of 500 ns was used for unclassified particle composition 

measurements. The emission signals were separated from the laser path using a splitter and 

focused into an optical fiber. The spectra were dispersed using a spectrometer (JASCOCT-10S) 

and detected by an ICCD camera (iStar 334T Series, Andor) with the wavelength resolution of 

0.072 nm/pixel, FWHM of 0.5 nm and spectral bandwidth of 65 nm. The ICCD camera consisted 

of 1024 × 1024 active pixels with an effective active area of 13.3 mm × 13.3 mm and was cooled 

to -30 ℃. 

 The significant device is the separator, Anderson cascade impactor. The Andersen cascade 

impactor employs the impacting method with multistage and porous jet nozzles and can measure 

the granularity distribution of aerosol according to aerodynamics. Since the method utilizes 

inertial impaction to classify particles by the difference of aerosol inertial force, diameter of 

particles gradually decreases from top down. Generally, the particle diameter for each stage can 

be calculated according to the density of particles and flow rate. In order to measure the particles 

in real time, the structure of the Andersen cascade impactor was modified. The pipe for each 

stage was placed in the wall of the separator to continuously separate and measure size-

segregated particles with a vacuum pump.  
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Fig.3-1 Experimental system of size-segregated particles 

Three samples of Fe2O3 (FEO10PB, Kojundo Chemical Laboratory CO, LTD.), fly ash and 

coal were measured using the following procedure. The fly ash and coal (Newlands Coal) in 

powder form with a range of elemental composition were provided by Central Research Institute 

of Electric Power Industry (CRIEPI, Japan) as practical samples. According to the density of 

particles used in the experiment, the diameter of 50% particles for each stage was calculated, as 

listed in Tables 3-1, 3-2 and 3-3. The particles of Fe2O3, fly ash and coal were separated using 

the Anderson cascade impactor under the following two operation conditions. Particles were 

sampled from the pipe of each stage in the wall of the Anderson cascade impactor and measured 

continually, which is called the dynamic mode. Samples were also assembled from the collecting 

plate of each stage and then measured in turn, called the static mode. The signals of 100 laser 

shots (10 seconds) in the dynamic mode and 50 laser shots (5 seconds) in the static mode were 

accumulated on the CCD chip and transferred to a computer for later analyses.  
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Table 3-1 Experimental condition of size-segregated Fe2O3 sample 

Stage number 
Static mode 

Range[dp50%*] (μm) 

Stage 0  4.37~       [4.37] 

Stage 1  3.09~4.37 [3.09] 

Stage 2  2.06~3.09 [2.06] 

Stage 3  1.41~2.06 [1.41] 

Stage 4  0.85~1.41 [0.85] 

Stage 5  0.50~0.85 [0.50] 

Stage 6  0.30~0.50 [0.30] 
*
dp50% is the diameter of 50% particles on each collecting plate. 

Table 3-2 Experimental condition of size-segregated fly ash sample 

Stage number 
Dynamic mode 

Range (μm) 

Static mode 

Range[dp50%] (μm) 

Stage 0   6.75~       [6.75] 

Stage 1  < 6.75 4.77~6.75 [4.77] 

Stage 2  < 4.77 3.18~4.77 [3.18] 

Stage 3  < 3.18 2.18~3.18 [2.18] 

Stage 4  < 2.18 1.32~2.18 [1.32] 

Stage 5  < 1.32 0.77~1.32 [0.77] 

Stage 6  < 0.77 0.47~0.77 [0.47] 

Table 3-3 Experimental condition of size-segregated coal sample 

Stage number 
Dynamic mode 

Range (μm) 

Static mode 

Range[dp50%] (μm) 

Stage 0   7.92~       [7.92] 

Stage 1  < 7.92 5.60~7.92 [5.60] 

Stage 2  < 5.60 3.73~5.60 [3.73] 

Stage 3  < 3.73 2.56~3.73 [2.56] 

Stage 4  < 2.56 1.54~2.56 [1.54] 

Stage 5  < 1.54 0.90~1.54 [0.90] 

Stage 6  < 0.90 0.55~0.90 [0.55] 

Firstly, the experimental system including the Anderson cascade impactor and detectors was 

demonstrated by measuring the uniform sample of Fe2O3. Next the fly ash and coal samples were 

measured to get the temperature correction factors. Meanwhile, the contents of fly ash and coal 

samples were also analyzed using the conventional chemical analysis methods (Japanese 

Industrial Standards: JIS-M-8813[Coal and coke - Determination of constituents], JIS-M-

8819[Coal and coke −Mechanical methods for ultimate analysis], JIS-M-8801[Coal -Testing 

methods] for the composition and size distribution of coal, JIS-M-8815[Methods for analysis of 
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coal ash and coke ash] and JIS-Z-8825[Particle size analysis−Laser diffraction methods]). Then 

size-segregated fly ash and coal were detected under two operation conditions, the dynamic and 

static modes. The composition and particle size distribution of coal and fly ash samples used in 

this study were shown in Table 3-4 and Fig. 3-2, respectively. 

Table 3-4 Composition of coal and fly ash samples 

Species Coal (%) Fly ash (%) 

C 56.2 17.25 

SiO2 7.31 45.01  

Al2O3 5.19 25.13  

Fe2O3 1.05 6.17  

CaO 0.54 0.75  

 

          (a) Diameter distribution of coal                    (b) Diameter distribution of fly ash 

Fig.3-2 Particle size distribution of coal and fly ash samples 

Improvement on quantification of LIBS has been demonstrated in terms of plasma 

temperature and surrounding gas effects to further applications. Fig. 3-3 shows the experimental 

apparatus used with burner. The same LIBS system above was employed in the developed study. 

Temperature correction factors and LTE conditions were determined using a fly ash sample by 

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

The data was acquired by setting the accumulation of 10 seconds each time. 

Pulverized coal (Newlands Coal) was added to combustion-supporting gas of methane and air 

using a feeder (Nisshin Engineering Inc. Feedcon-μ Mtype) and then introduced to the Bunsen-

type burner. The flow rates of methane, air and coal were 3.9 l/min, 15.6 l/min and 0.41 g/min, 

respectively. A sampling pipe above the burner was employed to connect with the vacuum 

chamber of LIBS analyzer. The compositions of coal and fly ash used here were same as 

previous experiment summarized in Table 3-4. 
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Fig. 3-3 Experimental system of particles using burner 

3.2 LIBS system for the measurement of trace species 

The schematic diagram of the experimental apparatus in this study is illustrated in Fig. 3-4(a). 

The apparatus fundamentally consisted of lasers, vacuum chamber, lens, detectors and so on. 

Four different pulse width lasers were used here. The parameters of nanosecond laser (Quantel 

Brilliant b, 6 ns, 10 Hz, beam diameter: 9 mm) output radiation were: 1064 nm and 800 mJ/p for 

Hg measurement. Nanosecond laser employed for iodine measurement is pulse Nd:YAG laser 

(Quanta-Ray Pro-230, 6-12 ns, 10 Hz, beam diameter: 9 mm) operated at fundamental radiation 

1064 nm and second harmonic 532 nm with different pulse energy, respectively. The parameters 

of picosecond laser 1 (EKSPLA SL312, 150 ps, 10 Hz, beam diameter: 10 mm) output radiation 

were: 1064 nm and 150 mJ/p. The picosecond laser 2 (Quantel YG901C-10, 35 ps, 10 Hz, beam 

diameter: 9.5 mm) was operated at 1064 nm with power of 64 mJ/p and 66 mJ/p. The output 

laser beam was focused into the measurement chamber using the lens with focal length of 80 mm. 

The measurement chamber was a vacuum cell with four quartz windows and its internal volume 

was about 200 cm
3
. Perpendicular to laser propagation direction, emission from another window 

of the chamber was focused onto the spectrometer slit. The focal length of the lens between the 

vacuum chamber and the spectrometer was 60 mm. Emission signals were finally detected by 

combination of a spectrometer (JASCOCT-10S), an ICCD camera (Princeton Instruments Inc., 

Model ITEA/CCD-576-S/RB-E), and auxiliary equipment. In the measurement of iodine, the 

iodine signal was located at vacuum UV region such as 183 nm, in which there was the effect of 
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O2 absorption. Therefore N2 was purged along the detection path from the vacuum chamber to 

the spectrometer, which is shown as the dashed range in Fig. 3-4(a). 

The standard gas of CH3I with concentration of 101 ppm was used and diluted by the buffer 

gases of N2 and air to reduce the concentration around few ppm levels. The gaseous mixture of 

air and Hg was fed into the chamber from the constant-temperature bath at 370 K. The pressure 

was controlled with valves between the constant-temperature bath and chamber and measured 

with a pressure gauge (Tem-Tech Lab. SE1000-SNV-420T1) installed at the evacuation port of 

the chamber. The concentration of Hg was determined using a mercury gas detector tube 

(Komyo Rikagaku Kogyo K.K. No. 142S), sampling from the gas outlet. In the case of Hg 

measurement, different areas of plasma were defined to represent the central and edge signals, as 

shown in Fig. 3-4(b). 

 

(a) Schematic diagram of the experimental apparatus 

 

(b) The selective areas of plasma emission 

Fig. 3-4 Experimental system of Hg and iodine measurements using LIBS 
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The verification of low pressure LIBS was extended to various trace species measurements 

including Hg, Sr and Cs. The schematic diagram of the experimental apparatus is illustrated in 

Fig. 3-5. The nanosecond laser (Quanta-Ray Pro-230, 6-12 ns, 10 Hz, beam diameter: 9 mm) was 

operated at 1064 nm. The fundamental apparatus has been explained above. The emission was 

focused onto the optical fiber employed here. Emission signals were finally detected by 

combination of a spectrometer (JASCO CT-10S), an ICCD camera (Princeton Instruments Inc. 

Model ITEA/CCD-576-S/RB-E), and auxiliary equipment. Measured trace species generally 

compound in various mixtures or as a form of molecules with other elements, such as 

hydrocarbons from exhaust in industries. In this system, there are several samples including 

mercury (Hg), HgCl2(Kojundo Chemical Laboratory Co. HgCl2), Sr[C5(CH3)5]2 (Kojundo 

Chemical Laboratory Co. Sr(C5Me5)2), and Cs(C11H19O2) (Kojundo Chemical Laboratory Co. 

Cs dpm). The gaseous mixtures of Hg, HgCl2, Sr[C5(CH3)5]2, Cs(C11H19O2) with buffer gases of 

air or N2 were fed into the measurement chamber from the constant-temperature bath according 

to the vaporizing pressure (VP). The temperatures of Hg, HgCl2, Sr[C5(CH3)5]2 and Cs(C11H19O2) 

in the constant-temperature bath were 370 K (VP: 39 Pa), 370 K (VP: 11Pa), 420 K (VP: 2.9 Pa) 

and 470 K respectively. Hg concentration was determined using the mercury gas detector tube 

(Komyo Rikagaku Kogyo K.K. No. 142S), sampling from the gas outlet. 

 

Fig. 3-5 Experimental system of various trace species measurements using LIBS 

3.3 LB-TOFMS system for the measurement of trace species 

These trace species were also measured using the method of laser breakdown time-of-flight 

mass spectrometry (LB-TOFMS). The schematic diagram of the experimental apparatus in this 

study is shown in Fig. 3-6(a), consisting of sample containers, lasers, jet chamber, test chamber, 
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flight chamber (R.M. Jordan Co., D-850 AREF; drift tube length: 500mm), ion detector (R.M. 

Jordan Co., 40 mm MCP Z-gap detector), ion counter (SRS, Model SR430 multi-channel scaler) 

and auxiliary equipment. One nanosecond laser is a pulse energy Nd:YAG laser (LOTIS TII, LS-

2134UTF, 5-8 ns, 10 Hz, beam diameter: 6 mm) operated at fundamental radiation 1064 nm and 

fourth harmonic 266 nm. Another two nanosecond lasers employed are pulse energy Nd:YAG 

lasers (Quantel Brilliant b, 6 ns, 10 Hz, beam diameter: 9 mm and Quanta-Ray Pro-230, 6-12 ns, 

10 Hz, beam diameter: 9 mm) operated at fundamental radiation 1064 nm and second harmonic 

532 nm with different pulse energy. The picosecond laser (Quantel YG901C-10, 35 ps, 10 Hz, 

beam diameter: 9.5 mm) was operated at second harmonic 532 nm. The power of the lasers 

employed in this study was measured as an average value (energy per pulse). For the 

measurement of sample with heavy mass, the jet chamber was used to ensure heavy materials go 

straight ahead to the test chamber. The temperature of gas inlet and outlet pipes was controlled at 

423 K to reduce the adhesion effects of input species. There are two turbo pumps (Pfeiffer 

vacuum, MVP 055-3) belonging to the test chamber and the flight chamber respectively. 

Pressure gauge-1 and pressure gauge-2 (Pfeiffer vacuum, PBR 260) were also installed in the test 

and flight chambers. The pressure gauge-3 (Pfeiffer vacuum, TPR 280) was installed between 

the jet chamber and the vacuum pump to measure the pressure in the jet chamber. The pressure 

in the test chamber is an important parameter as an indicator under different experimental 

conditions. The ion counter was triggered by the laser q-switch signal and operated at two 

detection modes. Two mass resolutions at 200 amu were employed in this experiment including 

0.07 amu (5 ns resolution) for isotope measurement and 0.6 amu (40 ns resolution) for all other 

measurements to detect the ion signals up to 300 amu simultaneously. Ions are created between 

repeller plate (VA1 = +4430 V) and extraction grid (VA2 = +2900 V). During the acceleration to 

the flight chamber the ions pass through the Einsel lenses (no power supply is provided) and 

between the deflection plates (VXY1 = 0 V, VXY2 = +1871 V). At the end of the flight chamber 

the ions pass through the retarding grid (VR1 = +2900 V), then reflected out of the reflector 

assembly by the reflector grid (VR2= +4430 V). When each of these ions arrives at the detector 

it will impact the microchannel plate (VD= -2600 V). 

The aim of our research is to clarify the breakdown patterns of hydrocarbons and its 

application to evaluate interferences to heavy metals, such as Cd, Hg, Pb and so on. A 

preliminary study is to eliminate or minimize the interference of fragmentation of molecules 

especially hydrocarbons to the detection of elemental compositions. Therefore the breakdown 

pattern dependence of hydrocarbons was analyzed by laser breakdown time-of-flight mass 

spectrometry using different hydrocarbons. In this system, several hydrocarbons were measured 

under different conditions. The influence of 1064 nm and 266 nm breakdowns was examined 

using a gaseous mixture of p-C7H6Cl2, C7H8, C6H5C2H3, p-C8H10, p-C6H4(C2H5)2 and 

C6H3(CH3)3. The concentration of each hydrocarbon was 1 ppm in the mixture. The method of 

laser breakdown time-of-flight mass spectrometry using wavelength 1064 nm and 532 nm was 
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also applied to various hydrocarbons, including C2H4, C2H6, C3H8, n-C4H10 and p-C8H10. The 

concentrations of these standard gases in buffer gas of N2 were 0.986%, 1.00%, 0.996%, 0.996%, 

and 9.78 ppm, respectively. Diluent gas of N2 was used to reduce the concentration of the 

samples introduced to the jet chamber. In order to examine the detailed breakdown 

characteristics, p-C8H10 was measured under different laser power and pressure conditions. 

 

(a) Schematic diagram of the experimental apparatus 

 

(b) Different position of the focal lens 

Fig. 3-6 Experimental system of various trace species measurements using LB-TOFMS 

In order to demonstrate the applicability of this method, several samples including Hg, HgCl2, 

Sr[C5(CH3)5]2, Cs(C11H19O2), As, I2, CH3I, hydrocarbons and fine particles of fly ash were 

measured using LB-TOFMS. The chamber was purged between each measurement due to the 

sensitive features of TOFMS system. As for fine particles, Andersen cascade impactor (Tokyo 

Dylec. Corp., Model AN-200) was used to separate the particles according to particle diameter, 

which has been explained in section of elemental detection of coal and fly ash. The samples were 
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fed into the jet chamber from the constant-temperature bath according to the vaporizing 

temperature. For example, the gaseous mixture of Hg with buffer gas, such as N2, Ar and He, 

was fed into the jet chamber from the constant-temperature bath according to the vaporizing 

temperature of mercury at 370 K. I2 in the constant-temperature bath was vaporized at low 

temperature and introduced into the chambers. The standard gas of CH3I with concentration of 

101 ppm was also measured to demonstrate the method of laser breakdown time-of-flight mass 

spectrometry. Diluent gas of N2 was used to reduce the concentration of the samples introduced 

to the jet chamber. The concentration of Hg was determined using the mercury gas detector tube 

(Komyo Rikagaku Kogyo K.K. No. 142S), sampling from the gas outlet, as shown in Fig. 3-6(a). 

The objective of the present experiment is to rapidly detect trace species using laser breakdown 

time-of-flight mass spectrometry at high sensitivity. The lasers operated at wavelengths 1064 nm, 

532 nm, and 266 nm were employed to break and ionize the samples under different laser power 

and pressure conditions to compare the features of dissociation and ionization processes. 

Picosecond laser with 35 ps pulse width was also employed to enhance the detection limit. In 

order to improve the detection ability of this method, the focal area was enlarged by tilting the 

focal lens, as shown in Fig. 3-6(b). Angle α was defined to represent different position of the 

focal lens. 
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4 Coal and fly ash measurement using LIBS 

The Fe2O3 sample was measured according to particle diameter. It was demonstrated that the 

experimental system has the good performance as we expected by measuring Fe2O3 sample under 

static mode. Fig. 4-1 shows the measurement results of size-segregated particles from stage 3 to 

stage 6. The difference of spectra of each stage was rather small because of the simplicity of 

Fe2O3 sample and similar upper energy levels of Fe around 40000 cm
-1 

between 240-290 nm, as 

listed in Table 4-1. The relative signal intensity was not affected by species concentration and the 

dependence of plasma temperature was rather small when each emission has the comparable 

upper energy at its emission wavelength. Therefore the similar patterns of spectra were observed 

from different stages. 

Table 4-1 Upper energy levels of Fe 

Wavelength (nm) Upper energy (cm
-1

) 

249.8 40421.85 

254.1 40052.03 

260.6 45294.85 

261.8 ion 38858.96 

263.1 ion 38660.04 

275 36766.96 

275.57 ion 44232.51 

 

Fig. 4-1 Measurement results of size-segregated Fe2O3 particles from different stages 

4.1 Temperature correction factors 

In LIBS applications the plasma generation process contains several physical phenomena such 

as electron impact ionization and ion recombination, and its plasma temperature intrinsically 

fluctuates causing the fluctuation of evaluated concentrations from the LIBS signal intensities. 

Therefore the plasma temperature correction becomes important to assure the quantitative 

measurement, especially for the particle measurement in gases. The fly ash and coal samples 

were measured to set up the plasma temperature correction factors under different experimental 

conditions, such as detection delay time. Fig. 4-2 shows LIBS spectra of fly ash in delay time of 
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800 ns, 1500 ns and 3000 ns with the laser power of 30 mJ/p. These temperature correction 

factors were measured in each experimental condition such as fly ash and coal. The intensity 

concerning species concentration varied with different delay time, which means the alteration of 

plasma temperature. There are several Fe lines between 240-290 nm as shown in Fig. 4-1. 

Because of the low concentrations of Fe2O3 in coal and fly ash, elemental signals in coal and fly 

ash can be distinguished with little interference of Fe signals. Employing the detection system in 

this study, the emission lines with this spectral resolution can be used reasonably in the sense of 

signal intensities for applications such as thermal power plants
[55,56]

. The emission lines listed in 

Table 4-2 were used for the analysis of species concentration
[80]

. The ratio of IMg1/IMg2 was used 

for the plasma temperature correction factor as shown in Eq. (2-3). IMg1/IMg2 was altered between 

4-24 by changing the delay time between 800 ns - 3000 ns. IMg1/IMg2 became bigger according to 

the decrease of the delay time. The typical temperature correction curves between IMg1/IMg2: 4-24 

and temperature corrected results of IC/ISi and IFe/ISi are shown in Fig. 4-3. A fly ash sample was 

used in this experiment of temperature correction. It is clear from Fig. 4-3(a) and Fig. 4-3(b) the 

ratios are influenced by the plasma temperature, which is directly related to the ratio of IMg1/IMg2. 

By applying the temperature correction scheme described in Eq. (2-2)-(2-7), the fluctuation of 

IC/ISi and IFe/ISi became smaller under different plasma temperatures conditions, i.e. IMg1/IMg2, as 

shown in Fig. 4-3(c) and Fig. 4-3(d). However, the plasma temperature dependencies of IMg1/IMg2 

are apparently different between IMg1/IMg2: 4-8, which means the low plasma temperature 

condition, and IMg1/IMg2: 12-24, i.e. high plasma temperature condition. This result means that the 

plasma induced by the LIBS process is not uniform and complex and LTE can be assumed in the 

limited range of plasma temperature, i.e. IMg1/IMg2. The limitation of LTE assumption has been 

also discussed in the glow discharge plasma
[57]

, and the understanding of the phenomena is 

important for the quantitative measurement, which requires the accurate plasma correction. 

Table 4-2 Upper energy levels of detection species in fly ash and coal 

Species Upper energy (cm
-1

) Wavelength (nm) 

Si 39955.05 251.6 

Si 40991.88 288.2 

Fe 
45206.45-36766.96 

(ion and atom) 
274.9-275 

Al 32436.8 309.27 

Ca ion 56839.25 315.9 

Ca ion 56839.25 318.1 

C 61982.2 247.9 

Mg1 ion 35760.88 279.6 

Mg1 ion 35669.31 280.3 

Mg2 35051.27 285.2 
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                       (a) Delay time: 800 ns                                       (b) Delay time: 1500 ns 

 

(c) Delay time: 3000 ns 

Fig.4-2 LIBS spectra of fly ash with different delay time 

 

            (a) Correction factor for the IC/ISi ratio            (b) Correction factor for the IFe/ISi ratio 

  

            (c) Correction result for the IC/ISi ratio              (d) Correction result for the IFe/ISi ratio 

Fig. 4-3 Correction curves and results of plasma temperature between IMg1/IMg2: 4-24 
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              (a) Correction factor for the IC/ISi ratio              (b) Correction factor for the IFe/ISi ratio 

   

             (c) Correction result for the IC/ISi ratio             (d) Correction result for the IFe/ISi ratio 

Fig. 4-4 Correction curves and results of plasma temperature between IMg1/IMg2: 4-8 

  

              (a) Correction factor for the IC/ISi ratio             (b) Correction factor for the IFe/ISi ratio 

   

             (c) Correction result for the IC/ISi ratio              (d) Correction result for the IFe/ISi ratio 

Fig. 4-5 Correction curves and results of plasma temperature between IMg1/IMg2: 12-24 
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The temperature correction curves between IMg1/IMg2: 4-8 and temperature corrected results of 

IC/ISi and IFe/ISi are shown in Fig. 4-4. Fig. 4-5 shows those between IMg1/IMg2: 12-24. It is clear 

from Fig. 4-4(a)-(b) that the correction curves are more accurate than those in Fig. 4-3(a)-(b) and 

Fig. 4-5(a)-(b), and bi,m in Eq.(2-3) takes the different values depending on the range of IMg1/IMg2, 

which means the limitation of LTE assumption. The fluctuation of the concentration ratios of 

C/SiO2 and Fe2O3/SiO2 corrected by the correction factor bi,m in the range of IMg1/IMg2: 4-24 are 

17% and 8.9%, respectively. The fluctuation of the concentration ratios does not improve by 

limiting the range of IMg1/IMg2: 12-24. On the other hand the fluctuation of these ratios corrected 

by the correction factor bi,m in the range of IMg1/IMg2: 4-8 reduces to be 11% and 3.7%, 

respectively. The results for C/SiO2, Al2O3/SiO2, Fe2O3/SiO2 and CaO/SiO2 are summarized in 

Table 4-3. The correction characteristics for these concentration ratios show the same tendency 

as described above and it is important to set measurement condition within an appropriate 

IMg1/IMg2 range. The cause of the fluctuation in the temperature correction results is also 

attributed to the sample uniformity, because the fly ash contents are not uniform in the 

microscopic sense. This phenomenon also appears in other species such as IAl/ISi and ICa/ISi. 

Using this set of experimentally determined correction factors by choosing the appropriate 

IMg1/IMg2 range, the fluctuation of the concentration ratios such as Fe2O3/SiO2, Al2O3/SiO2, 

CaO/SiO2, C/SiO2, was greatly reduced. Unburned carbon in fly ash (C content) can be evaluated 

down to less than 1%
[56]

, which can satisfy the requirements in most pulverized coal fired boilers. 

The detection limit (S/N=1) of Fe, Al, and Ca can be estimated to be 0.1%, 0.3%, and 0.02%, 

respectively. The fluctuation of measured results stems from inhomogeneity of fly ash because 

fly ash particles consist of inhomogeneous compositions. Consistent results have also been 

acquired in the case of coal measurement. With temperature correction, signals became much 

more stable than those without plasma temperature correction. 

Table 4-3 LIBS standard deviation depending on IMg1/IMg2 correction range 

Composition 

ratio 

Chemical 

analysis 

LIBS standard 

deviation (%) : 

No correction 

(IMg1/IMg2: 4-24) 

LIBS standard 

deviation (%) : 

Corrected 

(IMg1/IMg2: 4-24) 

LIBS standard 

deviation (%) : 

Corrected 

(IMg1/IMg2: 4-8) 

LIBS standard 

deviation (%) : 

Corrected 

(IMg1/IMg2: 12-24) 

C/SiO2 0.383 34 17 11 17 

Al2O3/SiO2 0.558 48 20 4.9 14 

Fe2O3/SiO2 0.137 27 8.9 3.7 9.3 

CaO/SiO2 0.017 44 27 10 22 

There are several plasma temperature correction methods such as employing the 

Boltzmann plot method with many emission pairs. However, considering the system 

simplicity and real-time measurement capability, the temperature correction method 

employing emission pair of IMg1 and IMg2 is preferable compared with others, which 
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demonstrated that the method is workable and satisfactory for practical applications by 

choosing the appropriate plasma temperature correction range. 

  

(a) Dependence of IMg1/IMg2 on plasma temperature     (b) Dependence of IC/ISi on IMg1/IMg2 

Fig. 4-6 The dependence of intensity ratio on plasma temperature 

The theoretical dependence of intensity ratio IMg1/IMg2 on the plasma temperature is shown in 

Fig. 4-6(a)
[80]

. Based on the emission intensity ratio IMg1/IMg2, which is clearly related to the 

plasma temperature, the theoretical dependence of IC/ISi on plasma temperature is also shown in 

Fig. 4-6(b). In these figures IMg1/IMg2 and IC/ISi were normalized at 9000 K. The result agrees 

with the experimental one shown in Fig. 4-3(a). According to the theory, the correction factor 

can be determined by the upper energy levels. When calculating the intensities, it is assumed the 

plasma induced by LIBS is in thermodynamic equilibrium and plasma temperature is uniform. 

The populations of excited levels are given by Boltzmann distribution. The ratio of ions to 

neutrals can be controlled by Saha equations, and an ionization temperature can be determined. 

In reality, the plasma induced by LIBS is non-thermodynamic equilibrium plasma and the 

plasma temperature is difficult to determinate due to its complexity. There are some influencing 

factors, such as background noise, stability of plasma, matrix effects, etc. As a result of actual 

complexity, several processing methods are employed to get approximate results based on the 

applications. However no standard method is available to determine accurate results for all kinds 

of plasma conditions. In this sense, our experimental results are in agreement with calculated 

results. The fluctuation of temperature can also be predicted according to the calculated results 

above. Temperature of different stages fluctuated in the range of 2000 K. 

4.2 Measurement results of size-segregated fly ash 

Size-segregated fly ash was detected under two operation conditions, dynamic and static 

modes. As introduced in experimental apparatus, there are pipes in the wall of the Anderson 

cascade impactor, from stage 0 to stage 6. Under dynamic mode, particles were separated and 

measured continuously. Here, the diameter of fly ash measured for each stage was less than that 

on the collecting plate from upper stage as shown in Table 3-2. For example, the diameters of fly 

ash on plates for stage 2 and stage 3 were 3.18 and 2.18 μm, which means the diameter of 
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particles from the pipe in stage 3 was less than 3.18 μm. Size-segregated fly ash was detected 

according to this variation tendency of diameter under dynamic mode. 

 

  (a) Variation of concentration ratio C/SiO2              (b) Variation of concentration ratio Fe2O3/SiO2 

 

  (c) Variation of concentration ratio Al2O3/SiO2    (d) Variation of concentration ratio CaO/SiO2 

Fig. 4-7 Real-time LIBS measurement results of fly ash in different stages 

Fig. 4-7 shows real-time measurement results of fly ash from stage 0 to stage 3 under dynamic 

mode. The particles from the pipe in stage 0 were fly ash samples that had not been separated yet. 

At different stages, concentration ratio Fe2O3/SiO2 unchanged and was stable. On the other hand, 

concentration ratios C/SiO2, Al2O3/SiO2 and CaO/SiO2 decreased slightly by 2.7%, 4.2% and 0.3% 

according to the stage number, i.e. the decrease of particle diameter. The smaller particles 

combust much more adequately, resulting in lower carbon concentration in smaller particles. 

Because the boiling points of Ca and Al are lower than that of Fe, concentration ratios 

Al2O3/SiO2 and CaO/SiO2 also decreased during coal combustion, which were consistent with 

chemical analysis results. The standard deviations at stage 0 for C/SiO2, Fe2O3/SiO2, Al2O3/SiO2 
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and CaO/SiO2 were 9.9%, 10%, 5.9% and 29% respectively, and 17%, 6.7%, 7.7% and 10% at 

stage 2. The inhomogeneity of fly ash samples mainly caused the fluctuation of each 

measurement. 

Variation of carbon content was apparent according to particle diameter. Furthermore, carbon 

content fluctuated broadly at the same stage and different measurement time because the content 

of carbon in fly ash was different from particle to particle. It is also demonstrated the dependence 

of elemental concentration on the diameter can be measured even if elemental distribution in fly 

ash is very complex. From this perspective, the experimental system and method can be applied 

for online measurement in real power plant. Variation of calcium content was also measured 

though the low calcium concentration (0.75%, see Table 3-4) in fly ash. 

  

       (a) Spectra of stage 1 (dp50%=4.77 μm)             (b) Spectra of stage 5 (dp50%=0.77 μm) 

Fig. 4-8 The measurement results of fly ash of stage 1 and stage 5 

Under static mode, the fly ash was separated onto each collecting plate from stage 1 to stage 6. 

The diameters of 50% particles for each stage were 4.77, 3.18, 2.18, 1.32, 0.77 and 0.47 μm. The 

spectra of stage 1 and stage 5 are shown in Fig. 4-8. Compared with spectra of stage 1, the 

intensity of Al, Ca, and C signal in stage 5 decreased as the particle diameter decreased. The 

normalized concentration ratios of each stage to stage 1 are shown in Table 4-4 and Fig. 4-9. The 

concentration ratio Fe2O3/SiO2 was not dependent on particle diameter and the concentration 

ratios C/SiO2, Al2O3/SiO2 and CaO/SiO2 decreased with the decrease of particle diameter. These 

results agree with the results under dynamic mode. As shown Fig. 3-2, the amount of fly ash and 

coal samples decreases according to the diameter. The meaningful LIBS signal was detected up 

to stage 6. The fly ash employed in this study was sampled from a practical coal burner and the 

contents in the fly ash were inhomogeneous, especially for fine particles. Because of the sample 

amount and inhomogeneity, the ratios in smaller particles such as C/SiO2 of stage 6 in Fig. 4-9 

show the deviation from the tendency. 
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Table 4-4 Average results of LIBS measurement of fly ash 

Normalized concentration ratio 
 

Fe2O3/SiO2 

Concentration 

Al2O3/SiO2 

ratio 

CaO/SiO2 

 

C/SiO2 

Stage 1/Stage 1 1 1 1 1 

Stage 2/Stage 1 0.90 0.80 0.83 0.65 

Stage 3/Stage 1 0.81 0.75 0.44 0.41 

Stage 4/Stage 1 0.82 0.73 0.32 0.33 

Stage 5/Stage 1  0.81 0.74 0.32 0.32 

Stage 6/Stage 1 0.89 0.78 0.34 0.47 

 

Fig. 4-9 Average results of LIBS measurement of fly ash 

4.3 Measurement results of size-segregated coal 

The experimental procedure and parameters were the same as the measurement of fly ash 

under static mode. The diameters of 50% particles for each stage were 5.60, 3.73, 2.56, 1.54, 

0.90 and 0.55 μm, respectively. The spectra of stage 1 and stage 5, which indicate significant 

difference of C signal, are shown in Fig. 4-10. The concentration ratios of each stage normalized 

by those of stage 1 are shown in Table 4-5 and Fig. 4-11. Concentration ratios, Fe2O3/SiO2, 

Al2O3/SiO2, CaO/SiO2, were similar for different stages. However, C/SiO2 decreased when 

reducing the particle diameter. One reason for these results is the variation of mineral matter 

during coal grinding process. Coal ash particles packed in combustible components of coal are 

named included particles and coal ash particles expelled from combustible components are called 

excluded particles. During the coal grinding process, some of the mineral matter is released from 

the coal matrix (excluded), while some remains within the organic particles (included)
[81]

. It 

means contents of different species in fine particles are uneven. Acquired results are in good 

agreement with this fact. It is hereby displayed that LIBS can quantitatively measure size-

segregated particles according to diameter with temperature correction method.  
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          (a) Spectra of stage 1 (dp50%=5.60 μm)          (b) Spectra of stage 5 (dp50%=0.90 μm) 

Fig. 4-10 The measurement results of coal of stage 1 and stage 5 

Table 4-5 Average results of LIBS measurement of coal 

Normalized concentration ratio 
 

Fe2O3/SiO2 

Concentration 

Al2O3/SiO2 

ratio 

CaO/SiO2 

 

C/SiO2 

Stage 1/Stage 1 1 1 1 1 

Stage 2/Stage 1 0.92 0.97 0.98 0.81 

Stage 3/Stage 1 1.08 0.97 0.91 0.74 

Stage 4/Stage 1 0.85 0.99 1.17 0.57 

Stage 5/Stage 1  0.98 1.05 1.02 0.47 

Stage 6/Stage 1 1.11 1.16 1.15 0.46 

 

Fig. 4-11 Average results of LIBS measurement of coal  

4.4 Influence of coexisting gases 

In the case of fly ash measurement at actual conditions such as the real-time 

measurement of fly ash contents in exhausts of coal-fired boilers, influence of coexisting 

gases such as CO2 must be considered to maintain the quantitative measurement of this 

method. In the particle contents measurement in gases using LIBS, the effects of 

coexisting gases become important because the gas phase materials also produce plasma 
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caused by the particle breakdowns. Fig. 4-12 shows the LIBS signals of burned gas from 

the burner without coal addition using different laser power. It is clear from Fig. 4-12(a), 

the burned gas was broken by the laser input in the case of 90 mJ/p laser power and the 

strong C signal caused by the CO2 breakdown was detected at 247.9 nm. When reducing 

the laser power, the C signal became small and disappeared at 37 mJ/p laser power as 

shown in Fig. 4-12(b). On the other hand, when the pulverized coal was added in the fuel 

and the fly ash in the burned gas was measured, the signals of fly ash contents such as Si 

and Fe were measured along with the strong C signal as Fig. 4-13(a) shows. This C signal 

is mainly produced by CO2 in burned gas and it interferes with the measurement of 

carbon content in fly ash. Fig. 4-13(b) shows that the C signal was also detected using the 

37 mJ/p laser power in the case of the fuel with pulverized coal, though it was not 

detected without pulverized coal as shown in Fig. 4-12(b). This is because the particles 

such as fly ash became the core of the plasma and the plasma expands to the surrounding 

gases. The influence of coexisting gases in LIBS depends on the measurement conditions, 

especially the particle conditions in gases, and its effects must be evaluated in the actual 

measurement applications. 

    

                     (a) Laser power: 90 mJ/p                                        (b) Laser power: 37 mJ/p 

Fig. 4-12 LIBS spectra of burned gas without pulverized coal addition 

 

                      (a) Laser power: 90 mJ/p                                       (b) Laser power: 37 mJ/p 

Fig. 4-13 LIBS spectra of burned gas with pulverized coal addition 
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Fig. 4-14 shows the LIBS spectra of fly ash with different CO2 concentration. In this 

experiment the fly ash was introduced into the measurement area with the addition of CO2 

in air. As CO2 concentration increases, the C signal increases compared to other signals 

while other signal ratios such as Fe and Si remains the same. This is because the 

breakdown of CO2 added in air was induced by fly ash plasma. As shown in Fig. 4-12(b) 

the C signal does not appear without pulverized coal addition. Fig. 4-15 shows the 

dependence of IC/ISi on CO2 concentration that was measured two times at each CO2 

concentration. The CO2 effect is rather sensitive to the concentration in surrounding gas 

and less than 1% CO2 will cause the spurious C signal in fly ash LIBS spectra. The 

measured results also fluctuated at the conditions with CO2 because of the unstable 

breakdown phenomena of CO2 induced by fly ash. Therefore it is important to reduce the 

CO2 content in burned gas when applying LIBS for unburned carbon content in fly ash 

under burned gas conditions. The threshold level of CO2 depends on the measurement 

conditions such as the range of carbon contents and particle density. The sampling of fly 

ash using a cyclone used in the coal-fired power plant
[56]

 is one of the effective methods 

to reduce this CO2 effect. 

  

                               (a) CO2: 0.84%                                                      (b) CO2: 2.5% 

Fig. 4-14 LIBS spectra of fly ash with different CO2 concentration 

 

Fig. 4-15 CO2 concentration dependence of IC/ISi 
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5 Trace species measurement using LIBS 

5.1 Laser breakdown processes and pressure effect 

Fig. 5-1 shows measured results of the gaseous mixture at 30 kPa using nanosecond (6 ns) and 

picosecond (150 ps) breakdowns. The emission line of Hg atom at 253.7 nm in air was difficult 

to distinguish from the spectra in this high pressure condition in both cases because of serious 

background interference of continuum emission from plasma itself. At high pressure, electron 

impact ionization process following multi-photon ionization strengthens the background 

interference besides the enhancement of Hg signal. Due to the dense plasma and high plasma-

quenching rate, LIBS spectra under high pressure condition are buried in the background 

interference during the high plasma temperature period, and appear at rather low plasma 

temperature. Low pressure laser induced plasma was employed to minimize the background 

interference and enhance the detection limit. 

 

                     (a) 6 ns breakdown                                             (b) 150 ps breakdown 

Fig. 5-1 LIBS spectra at high pressure of 30 kPa 

In LIBS process, there are several interferences with target signal, generally including 

continuum emission from plasma itself, coexisting molecular and atomic emissions, detectors 

and so on. At high pressure, the main background interference is the continuum emission from 

plasma itself, as shown in Fig. 5-1. In this study, low pressure laser induced plasma method was 

employed to reduce this background interference, which means the interference from coexisting 

molecular and atomic emissions became the main influencing factor under the low pressure 

condition. The (0,3) emission band of A
2
Σ→X

2
П electronic transition of NO centered at 258 nm, 

which was formed during the plasma generation and cooling process of N2 and O2 in the air, was 

the interference with Hg signal. The NO formation rate is dependent on plasma temperature and 

more NO is produced in the plasma cooling process because of the faster reaction rate of species 

in plasma. The ratio of Hg signal at 253.7 nm to NO(0,3) at 258 nm (IHg/INO) was employed to 

evaluate the capability of low pressure and short pulse laser-induced plasma method. Here, the 

signal intensities IHg and INO are the Hg and NO signals of the peak height. 
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         (a) Central spectra with nanosecond laser         (b) Edge spectra with nanosecond laser 

                  (Lcenter =1.69 mm, X=3.38 mm)                      (Ledge =2.46 mm, Y=0.77 mm)  

 

             (c) Central spectra with picosecond laser        (d) Edge spectra with picosecond laser  

                  (Lcenter =1.125 mm, X=2.25 mm)                     (Ledge =2.475 mm, Y=1.35 mm) 

Fig. 5-2 Comparison of central and edge signals 

The areas of plasma were determined as Fig. 3-4(b) shows. The range of X and Y varied from 

plasma under different conditions because of the different size and shape of plasma. Fig. 5-2 

shows the comparison of central and edge signals between nanosecond (6 ns) and picosecond 

(150 ps) breakdowns at low pressure 2000 Pa. These results suggest there was no obvious 

variation in IHg/INO between central and edge signal in nanosecond plasma generation. On the 

other hand the edge IHg/INO of picosecond plasma generation was significantly higher than the 

center IHg/INO. This phenomenon attributes to the plasma expansion, that is, the plasma expansion 

characteristics vary with laser pulse width. The plasma induced by picosecond laser was much 

smaller and the edge of plasma becomes thermally non-equilibrium due to the rapid plasma 

expansion process. NO emission was not strong comparing to Hg emission at the edge of plasma 

because of this non-equilibrium effect, resulting in the increase of IHg/INO. 

Comparing the measurement results at different pressure, the signal of Hg at 253.7 nm was 

distinguished obviously with the high signal intensity at low pressure. The interference of the 

continuum emission from plasma itself can be reduced dramatically under reducing pressure 

conditions. Fig. 5-3 shows the measurement results of Hg, CH3I, Sr[C5(CH3)5]2 and Cs(C11H19O2) 

in the buffer gas of N2 under low pressure condition. The apparent signals of Hg at 253.7 nm, 
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iodine at 183 nm (I-3), Sr at 460.7 nm and Cs at 852.1 nm can be detected with little interference 

of continuum emission and coexisting materials. At low pressure, the temperature of plasma was 

low because of the control of the electron impact ionization process, resulting in the decrease of 

interference of continuum emission from plasma itself. Therefore low pressure LIBS (a few kPa) 

has been applied to measure the trace species of Hg and iodine in this study. 

    

                     (a) Hg measurement result                               (b) Iodine measurement result  

     

                     (c) Sr measurement result                                   (d) Cs measurement result 

Fig. 5-3 LIBS spectra of Hg, CH3I, Sr[C5(CH3)5]2 and Cs(C11H19O2) in N2 

Trace species of Hg and iodine were measured using low pressure LIBS with 1064 nm and 

532 nm breakdowns at different pressure. In LIBS detection system, the coexisting molecular 

and atomic emissions became the main interference when reducing the pressure. The coexisting 

molecular and atomic emissions in Hg detection employing air as the buffer gas are the NO 

emissions due to the recombination of N and O in plasma generation. In the measurement of 

iodine, the buffer gas was N2 that produced N atom emissions which appear around the iodine 

emission wavelength region. The intensity ratios of IHg/INO and II-3/IN-1 were defined to evaluate 

the emission characteristics of Hg and iodine compared with emissions (NO centered at 258 nm 

and N at 174.3 nm) from the buffer gases. Fig. 5-4 shows the pressure dependence of IHg/INO and 

II-3/IN-1 ratios using LIBS detection system. When the pressure decreased the ratios of IHg/INO and 

II-3/IN-1 increased, which indicates the influence of the coexisting materials (air and N2) was 

reduced to enhance the detection ability. The electron impact ionization process was controlled 

when reducing the pressure. The comparison of IHg/INO and II-3/IN-1 ratios between 532 nm and 
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1064 nm breakdowns at different pressure reveals higher IHg/INO and II-3/IN-1 ratios in the case of 

532 nm laser-induced plasma process because of the larger ionization and excitation for Hg and 

iodine atoms. 

     

                      (a) The ratio of IHg/INO                                         (b) The ratio of II-3/IN-1 

Fig. 5-4 Comparison of IHg/INO and II-3/IN-1 ratios between 1064 nm and 532 nm 

breakdowns at different pressure using LIBS 

5.2 Delay time and power effect on the emission signals 

LIBS signals appear during the plasma cooling process, which means the atomic emissions 

arise after a certain time delay. Therefore, the delay time corresponding to plasma temperature is 

an important parameter for LIBS measurement. There is an appropriate delay time—that is, the 

plasma temperature—to get a maximum signal-to-noise ratio. Delay time dependence of IHg/INO 

and II-3/IN-1 was measured using 1064 nm and 532 nm breakdowns, as shown in Fig. 5-5. The 

ratios of IHg/INO and II-3/IN-1 were improved using 532 nm breakdown, which was consistent with 

the measurement results of the pressure dependence using 1064 nm and 532 nm breakdowns. 

At low pressure, the delay time was not a determining factor for the IHg/INO ratio in Hg 

measurement because of their similar upper level energies, as shown in Fig. 5-5(a). In the case of 

iodine measurement using 532 nm breakdown shown in Fig. 5-5(b), II-3/IN-1 increased when the 

delay time increased. In general, the density of plasma is rather low and few opportunities to the 

collisions between electrons and other particles cause the large difference of kinetic energy under 

these low pressure conditions. The particles of cold plasma are not in local thermodynamic 

equilibrium (LTE) condition. On the other hand, the temperature of plasma reduced as increasing 

the delay time, leading to the decrease of coexisting N atom emission due to the high upper level 

energy of N at 174.3 nm, as listed in Table 5-1. Therefore the intensity ratio of II-3/IN-1 increased 

when increasing the delay time. 
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                  (a) The ratio of IHg/INO                                        (b) The ratio of II-3/IN-1 

Fig. 5-5 Comparison of IHg/INO and II-3/IN-1 dependence on delay time between 1064 nm and 

532 nm breakdowns using LIBS 

Table 5-1 Upper level energy of measured species 

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

) 

Hg 253.7 39 412.2
[82]

 

NO 258 38 759.7
[83]

 

I-3 183 54 633.5
[84]

 

N-1 174.3 86 220.5
[85]

 

    

                         (a) The ratio of IHg/INO                                         (b) The ratio of II-3/IN-1 

Fig. 5-6 Comparison of IHg/INO and II-3/IN-1 dependence on delay time between different 

laser powers 

In LIBS detection system, trace species of Hg and iodine were measured in two laser power 

conditions. Fig. 5-6 shows the measurement results of Hg and iodine using 1064 nm breakdown 

with laser power of 400 mJ/p and 1000 mJ/p. These results indicate that the ratios of IHg/INO and 

II-3/IN-1 at low power of 400 mJ/p were larger than that at power of 1000 mJ/p. When the laser 

power increased, all the emission signals increased, especially NO and N signals due to the effect 

of electron impact ionization on the plenty buffer gases of air and N2, resulting in the decrease of 

the ratios of IHg/INO and II-3/IN-1. At the initial process of plasma generation, multi-photon 
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ionization was the dominant effect for Hg and iodine emission signals because of the larger 

ionization and excitation feature. 

5.3 Pulse width effect on the emission signals 

At the initial period of the LIBS process, multi-photon ionization is dominant for the 

plasma generation and after a certain time delay electron impact ionization becomes the 

influencing process. It means the electron impact ionization process can be controlled by 

the laser pulse width. On the other hand, the laser pulse width also affects the multi-

photon ionization process. Therefore different pulse width lasers, such as nanosecond and 

picosecond (150 ps and 35 ps) lasers were employed to measure Hg and iodine using 

LIBS. Fig. 5-7 shows LIBS measurement results of Hg and iodine employing different 

pulse width lasers at various pressure, which shows decrease in pressure led to increase in 

IHg/INO and II-3/IN-1. The intensity ratios were the highest in shortest pulse case at the same 

pressure condition, i.e. picosecond (35 ps) laser breakdown. These findings suggest that 

the low pressure and short pulse LIBS performs remarkable detection characteristics. Fig. 

5-7(b) shows the pressure dependence of II-3/IN-1 under different breakdown conditions. 

When reducing the pressure, the intensity ratio of I-3 to N-1 increased in all cases. Short 

pulse width and short wavelength breakdown performed improved intensity ratio of I-3 to 

N-1. Taking all the conditions into consideration, the reasons for the improved results 

were the control of the laser-induced plasma process, especially electron impact 

ionization process, and the larger ionization and excitation of iodine. The coexisting 

molecular and atomic emissions usually appear during the electron impact ionization 

process. The interference of coexisting atomic emission, i.e. N emission, was diminished 

employing short pulse width and short wavelength breakdown. 

    

               (a) The intensity ratios of IHg/INO                         (b) The intensity ratios of II-3/IN-1 

Fig. 5-7 Pressure dependence of IHg/INO and II-3/IN-1 under different conditions 
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5.4 Buffer gas effect and their detection limits 

The concentration dependence of Hg and iodine signals was measured employing different 

pulse width lasers. Fig. 5-8(a) and Fig. 5-8(b) show the measurement results of Hg and iodine 

using ns 1064 nm breakdown, which displays the linear growth. 

    

                          (a) Hg
 
emission signal                                       (b) Iodine emission signal 

Fig. 5-8 Concentration dependence of Hg and iodine emission signal intensities 

Different buffer gases of N2 and air were employed in the case of elemental Hg measurement 

to compare the buffer gas effect on the plasma process, especially the O2 effect. Fig. 5-9(a) and 

Fig. 5-9(b) show the Hg spectra in different buffer gases of N2 and air at low pressure 2.6 kPa. 

Hg signal in Fig. 5-9(a) is very clear without any interference of continuum emission and 

coexisting N2 effect. Employing air as the buffer gas, several signal lines including N and NO 

emissions were detected besides the Hg signal because of the O2 in air. The NO emissions were 

formed during the plasma generation and cooling process of N2 and O2 in the air, which were the 

interference with Hg signal. The intensity of Hg signal also became weak due to the presence of 

O2. Therefore the signal to background ratio reduced rapidly compared with that in buffer gas of 

N2. The results can be explained by the quenching of Hg signal in O2. 

    

                                (a) Hg in N2                                                          (b) Hg in air            

Fig. 5-9 LIBS spectra of Hg in different buffer gases 

The Hg detection limit of 600 shots (1 min) was estimated in the buffer gas of N2 and it was 

calculated by evaluating the ratio of the slope of the Hg calibration curve (ms) to the background 
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noise (standard deviation: σ) around 253.7 nm. The detection limit of nanosecond breakdown 

was 3.5 ppb (3σ/ms) at 6.6 kPa. Low pressure laser-induced plasma process was also employed 

to measure Hg with buffer gas of air using different pulse with lasers. The detection limit of 

nanosecond breakdown was 450 ppb (3σ/ms) at 700 Pa. According to the enhancement of 

picosecond breakdown at low pressure, the detection limit was evaluated to be 30 ppb (3σ/ms) in 

picosecond (35 ps) breakdown at 700 Pa. According to comparison of Fig. 5-9(a) and Fig. 5-9(b), 

these results suggest that the signal to background ratio became worse in buffer gas of air due to 

the quenching of Hg signal in O2 and the NO emission effect on the background signal. In the 

buffer gas of air, the NO emission was reduced to enhance the detection limit using short pulse 

laser. However, there is no NO emission effect in the case of Hg in N2. Therefore the detection 

limit was enhanced significantly by reducing the pressure to control the electron impact 

ionization process when employing N2 as the buffer gas.  

Iodine was also measured in buffer gas of air to evaluate the buffer gas effect at reduced 

pressure conditions. Fig. 5-10 shows the measurement results of iodine in air at 700 Pa using ns 

and 35 ps lasers operated at 1064 nm. O2 absorption around 183 nm was not significant at such 

low pressure of 700 Pa inside the chamber because the absorption cross section of O2 at 183 nm 

is around 10
-21

 cm
2
 

[86]
 and its effect is less than 1% according to the Beer-Lambert law. The 

LIBS spectra in buffer gas of air were different from that in buffer gas of N2 because of the 

reduction of iodine signal by the effect of oxygen. The iodine signal (I-3) at 183 nm was reduced 

markedly due to the high quenching rate of excited iodine in buffer gas of air. According to the 

comparison of Fig. 5-10(a) and Fig. 5-10(b), the continuum emission from plasma itself was 

reduced when employing 35 ps breakdown, which led to the increase of signal to background 

ratio in the case of short pulse laser breakdown. These measurement results were consistent with 

those in buffer gas of N2. 

    

                       (a) ns 1064 nm breakdown                             (b) 35 ps 1064 nm breakdown 

Fig. 5-10 LIBS spectra of iodine signal in air 

According the measurement results, the detection limit can be enhanced using low pressure 

LIBS. As for the measurement of iodine in N2 under low pressure condition, the iodine detection 

limit of 600 shots (1 min) in buffer gas of N2 was estimated by evaluating the ratio of the slope 
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of the iodine signal calibration curve (ms) to the background noise (standard deviation: σ). The 

iodine detection limit was 60 ppb (3σ/ms) in nanosecond breakdown at pressure of 700 Pa. The 

background emission around I-3 at 183 nm was not eminent and the iodine detection limit was 

mainly determined by the detector noise in buffer gas of N2. Therefore, there was not evident 

enhancement of iodine detection limit employing short pulse width breakdowns. The detection 

limit of iodine in air became worse due to the high quenching rate of excited iodine in buffer gas 

of air.  
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6 Trace species measurement using LB-TOFMS 

For the purpose of detecting elemental compositions in high-mass region compounding in the 

complex molecules, such as hydrocarbons, laser breakdown time-of-flight mass spectrometry 

was applied to the mixture of hydrocarbons, i.e. p-C7H6Cl2, C7H8, C6H5C2H3, p-C8H10, p-

C6H4(C2H5)2 and C6H3(CH3)3. Laser wavelength dependence of this method was evaluated using 

1064 nm, 532 nm and 266 nm laser outputs. The mixture of hydrocarbons was used to find the 

preferable laser wavelength for this method as a first step. Fig. 6-1 and Fig. 6-2 show the laser 

breakdown mass spectra employing different wavelengths. The fragment ion signals easily 

become noise for the detection of target heavy atoms such as Pb, Cd, Cr, Hg, As and so on. In 

this method, the interference of fragment ion signals with target atomic ion signals becomes the 

important parameter. 

    

                    (a) 266 nm breakdown                                           (b) 1064 nm breakdown 

 

(c) 1064 nm breakdown (magnification) 

Fig. 6-1 Laser breakdown mass spectra of hydrocarbons (mixture of p-C7H6Cl2, C7H8, 

C6H5C2H3, p-C8H10, p-C6H4(C2H5)2 and C6H3(CH3)3) using different wavelengths 

Fragment ion signals from the hydrocarbons appear using 266 nm breakdown, as shown in 

Fig. 6-1(a). Laser breakdown time-of-flight mass spectrometry with wavelength 266 nm can 

produce partial fragmentation, especially for large fragile molecules which will be dissociated 

and ionized using 266 nm laser output. The target atoms, such as As, Sr, Cs and so on, can be 

submerged in the interference of partial fragmentation. On the other hand, it was found that the 
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mass spectra of atoms were detected using 1064 nm breakdown process without intermediate 

fragment signals in the mass region of 30-300 m/z, as shown in Fig. 6-1(b), which demonstrates 

that the target atoms can be easily distinguished. Fig. 6-1(c) displays the mass spectra of 

hydrocarbons with magnification using 1064 nm breakdown, which shows very distinct atomic 

ion signals, such as Cl
+
, without any interference. The molecules were broken efficiently using 

long wavelength such as 1064 nm. According to these results, fundamental radiation 1064 nm 

breakdown and second harmonic 532 nm breakdown were employed to compare the breakdown 

characteristics of this method. Fig. 6-2(a) and Fig. 6-2(b) show the measured results of p-C8H10 

using 1064 nm and 532 nm breakdowns. These findings suggest the detection of trace species 

without any interference of fragmentations in the mass region of 30-300 m/z. The measured 

result of Hg and CH3I using 532 nm breakdown is shown in Fig. 6-2(c), which indicates the 

legible I
+
 and Hg

+
 signals. There are several Hg

+ 
signal lines, such as 198, 199, 200, 201, 202 

and 204 amu, representing the isotopes of Hg, as shown in Fig. 6-3(d). The element can be 

measured precisely, as the method depends on the mass of atom and molecule with high 

sensitivity. 

    

            (a) 1064 nm breakdown of p-C8H10                    (b) 532 nm breakdown of p-C8H10 

    

           (c) 532 nm breakdown of Hg and CH3I            (d) Hg isotopes using 1064 nm breakdown 

Fig. 6-2 Laser breakdown mass spectra using different wavelengths 

As hydrocarbons contain various types of molecular structures, the energy of chemical bonds 

including C-C, C=C, C≡C, C-H, etc. is different from each other. Hydrocarbon molecules 

consisting of hydrogen, carbon and other atoms, such as chlorine and fluorine, can be broken 
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apart by laser irradiation, which destroys the bond between atoms. In the molecules, other atoms 

such as iodine (I), etc. are easily separated from the hydrocarbons because of lower bond energy 

than the bond energy between carbon and carbon or carbon and hydrogen. An approximate level 

of bond energy in hydrocarbons is shown as follows: C-C < C-H < C=C < carbon-carbon bond in 

a benzene ring < C≡C. It implies that the breakdown pattern will vary according the different 

structure of hydrocarbons.  

6.1 Measurement of breakdown pattern from several hydrocarbons 

The method of laser breakdown time-of-flight mass spectrometry using wavelength 1064 nm 

was applied to measure C2H4, C2H6, C3H8, n-C4H10 and p-C8H10 respectively under the condition 

of laser power 800 mJ/p and pressure 0.1 Pa. For example, Fig. 6-3 shows the different 

breakdown patterns of hydrocarbons including straight chain hydrocarbon of C2H6 and cyclic 

hydrocarbon of p-C8H10. Each hydrocarbon shows its characteristic breakdown mass spectra and 

it becomes possible to distinguish each hydrocarbon by the characteristic breakdown mass 

spectra. There is no fragment from hydrocarbons using long wavelength 1064 nm breakdown 

around 30-300 m/z. Second harmonic 532 nm breakdown was also employed to detect each 

hydrocarbon, which shows the different breakdown patterns of these hydrocarbons without any 

fragmentations around 30-300 m/z. The 1064 nm and 532 nm breakdown results of different 

hydrocarbons are listed in Table 6-1 and Table 6-2. Under the conditions of 1064 nm and 532 nm 

breakdowns, the bond energy of C-H in C2H4 is lower than that of C=C, therefore the ratio of 

atomic hydrogen (H) and carbon (C) to partial fragments, such as CH and CH3, was high. In the 

case of straight chain hydrocarbons of C2H6, C3H8 and n-C4H10, the bond energy of C-H is higher 

than that of C-C. At the same time, when increasing the number of carbon atom, the dissociation 

energy of hydrocarbons will decrease and the ratio of atomic H and C to partial fragments 

increased. As for p-C8H10, the lower bond energy of C-H lead to the high ratio of atomic H and C 

to partial fragments, such as CH and CH3. 

    

                       (a) Mass spectra of C2H6                                 (b) Mass spectra of p-C8H10 

Fig. 6-3 1064 nm breakdown mass spectra of hydrocarbons 
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Table 6-1 1064 nm breakdown of different hydrocarbons 

Ion Mass (m/z) 
Normalized intensity in different hydrocarbons 

C2H4 C2H6 C3H8 n-C4H10 p-C8H10 

H 1 0.05 0.12 0.24 0.46 0.32 

H2 2 - 0.02 0.02 0.05 0.02 

C 12 0.09 0.09 0.30 0.67 0.59 

CH 13 0.03 0.08 0.20 0.38 0.20 

N 14 1 1 1 1 1 

CH3 15 0.02 0.14 0.31 0.24 0.08 

C2 24 - - 0.01 0.04 0.06 

C2H2 26 - - 0.01 0.10 0.01 

C2H3 27 0.01 - 0.04 0.27 0.01 

N2 28 0.12 0.13 0.11 0.12 0.13 

C2H5 29 0.01 0.01 0.01 0.12 0.01 

Table 6-2 532 nm breakdown of different hydrocarbons 

Ion Mass (m/z) 
Normalized intensity in different hydrocarbons 

C2H4 C2H6 C3H8 n-C4H10 p-C8H10 

H 1 0.19 0.16 0.28 0.35 0.09 

H2 2 0.01 0.01 0.03 0.03 - 

C 12 0.25 0.14 0.30 0.37 0.20 

CH 13 0.06 0.06 0.16 0.22 0.04 

N 14 1 1 1 1 1 

CH3 15 0.05 0.11 0.20 0.20 0.07 

C2 24 - - 0.01 0.02 0.02 

C2H2 26 0.01 - 0.04 0.09 0.01 

C2H3 27 - - 0.01 0.04 - 

N2 28 0.37 0.41 0.48 0.50 0.34 

C2H5 29 0.02 0.03 0.04 0.07 0.03 

In addition, the breakdown characteristics of these molecules were analyzed to evaluate the 

possibility of quantitative measurement. Fig. 6-4 shows the comparison between H and C atomic 

ratio of breakdown ion signals and molecular H and C element ratio of different hydrocarbons 

using 1064 nm breakdown. The ratios of H to C in p-C8H10, C2H4, n-C4H10, C3H8 and C2H6 

molecules are 1.25, 2, 2.5, 2.67 and 3. In TOFMS system, an ion detector records the signals of 

ionized species and ion counter takes over to digitize and display the results by counting the 

number of different ions. According to the breakdown results of these hydrocarbons listed in 

Table 6-1 and Table 6-2, the number of H and C ions including atoms contained in fragments, 
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such as H, H2, CH, CH3, C2H2, and C2H3, was totalled to acquire the ratios of H to C. It is found 

that the element ratio of breakdown ion signals increases according to that of molecules. These 

findings demonstrate the breakdown characteristics of quantitative detection possibility of 

different hydrocarbons employing 1064 nm and 532 nm laser breakdown time-of-flight mass 

spectrometry. 

 

Fig. 6-4 Comparison between H and C atomic ratio of 1064 nm breakdown ion signals and 

molecular H and C element ratio 

H and C atom yields of breakdown ion signals of these hydrocarbons were compared to p-

C8H10 according to the ion number of H and C atoms. Table 6-3 presents the calculated results of 

1064 nm and 532 nm breakdowns. H and C yields were calculated by the number of H and C 

atoms divided by each hydrocarbon H and C contents (i.e. : p-C8H10 : C=8, H=10). Since the H 

and C ion yields of p-C8H10 were the highest, the H and C yields of other molecules were 

compared to that of p-C8H10. The H and C yields of 532 nm breakdown ion signals increased 

compared with that of 1064 nm breakdown due to the higher photon energy. It is demonstrated 

the high efficiency of 532 nm breakdown. 

Table 6-3 H and C atom yields by 1064 nm and 532 nm breakdowns 

Molecule 
Molecular 

weight 

H and C 

element ratio 

H yield of breakdown ion 

signals compared to 

p-C8H10 

C yield of breakdown 

ion signals compared to 

p-C8H10 

1064 nm          532 nm 1064 nm           532 nm 

p-C8H10 106 1.25 1                        1 1                       1 

C2H4 28 2 0.07                    0.37 0.10                 0.35 

n-C4H10 58 2.5 0.25                    0.40 0.39                 0.39 

C3H8 44 2.67 0.17                    0.42 0.25                 0.44 

C2H6 30 3 0.11                    0.25 0.10                 0.24 

6.2 Laser power and pressure dependence of p-C8H10 measurement 

p-C8H10 was measured under different laser power and pressure conditions to examine the 

detailed breakdown characteristics using 1064 nm and 532 nm breakdowns. Fig. 6-5 shows the 
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1064 nm breakdown mass spectra of p-C8H10 in different laser power. The difference of two 

breakdown patterns is N and N2 signals released from buffer gas of N2 due to the higher laser 

power as shown in Fig. 6-5(b). The breakdown pattern of p-C8H10 is identical and doesn’t vary 

within this laser power range. Other hydrocarbons also showed this tendency. Fig. 6-6 shows the 

laser power dependence of 1064 nm breakdown C and H ion signal intensity at pressure 0.55 Pa. 

When increasing the laser power, the intensities of C and H ion signals present a linear growth. 

In the process of laser breakdown, the molecules were broken and then ionized. Laser operated at 

higher power can break much more molecules leading to an increase in the number density of 

ions. The signal intensity was enhanced by increasing the laser power. Considering the linear 

dependence of ion signals on laser power, the ion generation process depends on the breakdown 

process of hydrocarbons rather than the simple multi-photon ionization which usually shows the 

power-law of laser power. Power dependence of 532 nm breakdown at pressure 0.55 Pa also 

showed the linear relation.  

    

                  (a) Laser power: 320 mJ/p                                 (b) Laser power: 600 mJ/p 

Fig. 6-5 1064 nm breakdown mass spectra of p-C8H10 in different laser power 

    

                  (a) Carbon ion signal (p-C8H10)                        (b) Hydrogen ion signal (p-C8H10) 

Fig. 6-6 Dependence of 1064 nm breakdown signal intensity on laser power 

The influence of pressure in the test chamber on signal intensity was measured using 1064 nm 

breakdown. The signal intensities of C and H ions increased with an increase of pressure and it 

shows a nonlinear growth over 0.5 Pa. These results suggest that there is a possibility of other 

factors besides the direct laser-molecule interaction which influence the relation between the 
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pressure and the number density of ions because the ratio of N to N2 ions was changed at high 

pressure, as shown in Fig. 6-7. One possible explanation for this phenomenon is that excited 

electrons with high energy break and ionize the molecules or radicals simultaneously at high 

pressure conditions. Associative effects of the pressure and the excited electrons led to the 

nonlinear variation. It is demonstrated that the signal intensity will be enhanced at high pressure, 

as well as that in the case of 532 nm breakdown. 

 

Fig. 6-7 Pressure dependence of 1064 nm breakdown of N
+
/N2

+
 

Diluent gas of N2 was introduced to detect the concentration dependence of hydrocarbons 

using 1064 nm and 532 nm breakdowns. Fig. 6-8 shows the relation of the ion signals on their 

parent hydrocarbon concentration using 1064 nm breakdown including the measurement results 

of C, H, CH and C2 of p-C8H10 with laser power of 740 mJ/p and at pressure of 0.55 Pa. Signal 

intensities of C
+
 and H

+
 were directly proportional to the concentration of their parent 

hydrocarbon. Compared to C
+
 and H

+
, CH

+
 and C2

+
 signal intensities show fluctuation from the 

linear relation, which is also recognized by the R
2
 values of linearity (0.99, 0.99, 0.89, and 0.91) 

for C
+
, H

+
, CH

+
, and C2

+
,respectively. Under this condition, the detection limit is in the range of 

ppb. According to the results of power dependence and pressure dependence, this detection limit 

will be enhanced considerably when increasing the laser power and pressure. Concentration 

dependence of ion signals was also detected by the measurement of p-C8H10 using 532 nm 

breakdown. The linearity of CH
+
 and C2

+
 signal intensities to the concentration of their parent 

hydrocarbon became better in the case of 532 nm breakdown.  
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                   (a) C ion intensity (p-C8H10)                            (b) H ion intensity (p-C8H10) 

    

                   (c) CH ion intensity (p-C8H10)                           (d) C2 ion intensity (p-C8H10) 

Fig. 6-8 Dependence of 1064 nm breakdown
 
signal intensity on concentration 

Laser breakdown time-of-flight mass spectrometry (LB-TOFMS) method was developed and 

applied for the detection of hydrocarbons in order to measure elemental compositions such as 

heavy metals compounding in complex molecules. This method features the rapid detection 

without complex sample preparation when compared with conventional methods, as well as the 

improved detection ability. This method was developed and applied to detect mercury and iodine 

in mixture. 

6.3 Pressure effect on Hg and iodine ion signals  

The pressure dependence of Hg
+ 

and
 
I
+ 

signal intensity was measured according to the 

pressure in the test chamber. Fig. 6-9(a) shows the pressure dependence of Hg
+
 signal intensity 

using 1064 nm and 532 nm breakdowns. The measurement results present Hg
+
 signal intensity 

increased linearly when the pressure increased. When increasing the pressure in the test chamber, 

the number density of ions increases to enhance the signal intensity in both cases. Hg
+
 signal 

intensity of 532 nm breakdown was much higher in comparison to that of 1064 nm breakdown at 

same pressure. In the case of 532 nm breakdown, the multi-photon ionization process is much 

more efficient due to the higher photon energy, which leads to the improved signal intensity at 

the same condition. The photon energy is 1.87x10
-19

 J/photon at 1064 nm, however the photon 

energy of 532 nm is double. In the pressure range of the TOFMS system, other processes such as 
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plasma heating phenomena by laser irradiation and electron impact ionization are less important 

compared to the multi-photon ionization and laser dissociation. Taking in account the 

comparison of Hg measurement results using different wavelengths, CH3I was measured using 

532 nm breakdown at different pressure. Fig. 6-9(b) shows the pressure dependence of I
+ 

signal 

intensity using 532 nm breakdown, which is linear in accordance with the results of Hg
+
. In the 

case of 1064 nm breakdown reasonable signal was not able to be detected using the same laser 

irradiation condition as shown in Fig. 6-9(a). 

    

                        (a) Hg
+
 signal                                                              (b) I

+
 signal 

Fig. 6-9 Dependence of Hg
+
 and I

+
 signal intensity on pressure in test chamber 

6.4 Laser power effect on Hg and iodine ion signals 

The power dependence of Hg
+
 and I

+
 signal intensity using 532 nm breakdown was detected 

at the pressure 0.15 Pa. The variations of Hg
+
 and I

+
 signal intensity based on the laser power are 

presented in Fig. 6-10 when the angle α was 0°, which means the laser beam was focused tightly 

into the test chamber. Hg
+
 and I

+
 signal intensity increases first and then decreases when 

increasing the laser power. According to the multi-photon ionization, the signal intensity 

increases as the laser power increases. Under the experimental condition, the laser power 

exceeding 40 mJ/p of 532 nm caused reduction of Hg
+
 and I

+
 signal intensity. This phenomenon 

may have occurred because of the recombination of Hg
+
 and I

+
 with electrons under high laser 

power condition. As increasing the laser power, more samples of N2, Hg and CH3I were broken 

and ionized to produce dense ions and electrons. Because of the high recombination rate of Hg
+
 

and I
+
 with electrons, Hg

+
 and I

+
 signal intensity decreased using high laser power.  
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                           (a) Hg
+
 signal                                                            (b) I

+
 signal 

Fig. 6-10 Dependence of Hg
+
 and I

+
 signal intensity on power using 532 nm breakdown 

when angle α was 0° 

Fig. 6-11 shows the power dependence of Hg
+
 and I

+
 signal intensity when the angle α was 

10°, which means the focal area was enlarged by titling the focal lens. The variations of Hg
+
 and 

I
+
 signal intensity based on the laser power are compatible with the results shown in Fig. 6-10, 

that is Hg
+
 and I

+
 signal intensity increases first and then decreases. When tilting the focal lens to 

enlarge the focal area, more samples were exposed in the laser beam with diminished laser power, 

resulting in reduction the densities of ions and electrons. Because of the recombination of Hg
+
 

and I
+
 with electrons, the curves of power dependence shifted to higher laser power area. These 

findings suggest that the recombination rate of Hg
+
 and I

+
 with electrons can be reduced with 

appropriate focal condition. Comparing the maximum I
+
 signal at different focal area, I

+
 signal 

intensity was improved to 1.5 times when the focal area was enlarged, as shown in Fig. 6-10(b) 

and Fig. 6-11(b). On the other hand the maximum signal intensity of Hg
+
 was kept constant at 

different focal area because elemental Hg ionization occurred in the narrower laser power range 

than that of I
+
 from CH3I. 

    

                             (a) Hg
+
 signal                                                            (b) I

+
 signal 

Fig. 6-11 Dependence of Hg
+
 and I

+
 signal intensity on power using 532 nm breakdown 

when angle α was 10° 
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Hg with different buffer gases was introduced to the test chamber to verify the phenomenon 

of recombination, such as Ar and He besides N2. Fig. 6-12 displays the dependence of Hg
+
 signal 

intensity on the laser power employing different buffer gases. The laser power corresponding to 

the maximum Hg
+
 signal intensity increased when using Ar as the buffer gas comparing to that 

in buffer gas of N2. In the case of He, Hg
+
 signal intensity just increased as the laser power 

increased under the experimental condition. The peak shifted due to the different recombination 

rate resulted from different ionization potential of N2, Ar and He, as listed in Table 6-4. Because 

the ionization potential of He is the highest one among these buffer gases, the minimum He 

atoms can be ionized to produce electrons. Therefore the recombination rate of Hg
+
 with 

electrons was the lowest under same laser power condition.  

 

Fig. 6-12 Power dependence of Hg
+
 signal intensity using 532 nm breakdown with different 

buffer gases 

Table 6-4 Ionization potential 

species Ionization potential (eV) 

Hg 10.4 

N2 15.6 

N 14.5 

Ar 15.8 

He 24.6 

6.5 Enhancement of detection limit 

Analyses above indicate that the measurement results using 532 nm breakdown are much 

more desirable than that using 1064 nm breakdown. It is reasonable to enhance the detection 

limit employing the laser operated at 532 nm. 
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                            (a) Hg
+
 signal                                                          (b) I

+
 signal 

Fig. 6-13 Concentration dependence of Hg
+
 and I

+
 signal intensity using 532 nm breakdown 

The concentration dependence of Hg
+
 and I

+
 signal intensity was measured using ns 532 nm 

breakdown when the diluent gas of N2 was introduced to reduce the concentration, as shown in 

Fig. 6-13. Hg
+
 and I

+
 signal intensity was directly proportional to the concentration. Hg 

concentration was examined using a mercury gas detector tube, sampling point as shown in Fig. 

3-6(a). The concentration of CH3I can be calculated according to the ratio of standard gas and 

diluent gas. 

 

Fig. 6-14 Dependence of (IHg+/IN+)N on pressure using different pulse width lasers operated 

at 532 nm 

    

                   (a) ns 532 nm breakdown                                      (b) 35 ps 532 nm breakdown 

Fig. 6-15 Measured results of Hg and CH3I using different pulse width lasers 
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In order to enhance the detection ability, 35 ps laser operated at 532 nm was also employed to 

measure Hg and CH3I. Fig. 6-14 shows the comparison of the normalized ratio of Hg
+
 to N

+
 

signal intensity between ns laser and 35 ps laser breakdowns operated at 532 nm under different 

pressure conditions. The measurement result using 35 ps laser breakdown was much more 

preferable than that using ns laser breakdown. The measured results of Hg
+
 and I

+
 mass spectra 

using ns laser and 35 ps laser breakdowns are shown in Fig. 6-15. The signal intensity of Hg
+
 

and I
+
 can be enhanced 3.8 times and 1.3 times employing 35 ps laser breakdown. Taking into 

account the experimental conditions, the power of ns laser was 10 times higher than that of 35 ps 

laser. The signal intensity can be enhanced by enlarging the focal area (changing the angle α of 

the focal lens) and increasing the laser power. The enhancement of Hg and iodine was different 

because of the different breakdown features for atomic Hg and molecular CH3I. The ion signal of 

CH3I
+
 (mass:142 amu) can be observed in the case of 35 ps laser breakdown. Therefore higher 

laser power is necessary for more efficient breakdown process. The detection limit depends 

mainly on the signal intensity because the background noises are the same for both ps and ns 

laser breakdown cases in the same conditions. The detection limit of 1200 shots (2 mins) was 

estimated and it was calculated by evaluating the ratio of the slope of the Hg
+
 and I

+
 calibration 

curve (ms) to the background noise (standard deviation: σ) around 200 m/z and 127 m/z. The 

detection limits of Hg
+
 and I

+
 signals using 35 ps laser breakdown were about 0.82 ppb (3σ/ms) 

and 6.18 ppb (3σ/ms) respectively. Further enhancement will be possible by adjusting the system 

parameters such as laser power and breakdown area for individual atoms and introducing the 

resonance ionization process together with breakdown. 
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7 Conclusions and suggestions 

7.1 Conclusions 

The size-segregated particles of coal and fly ash were measured using laser-induced 

breakdown spectroscopy (LIBS) with the temperature correction method. With temperature 

correction, signals became much more stable than those without plasma temperature correction. 

In order to improve the accuracy of carbon content in thermal power plants, the influence of 

coexisting gases such as CO2 was also detected. The trace species such as heavy metal of Hg in 

thermal power plants and radioactive materials of Sr, iodine and so on in nuclear power plants 

concerning the environment and human health were measured using low pressure LIBS and laser 

breakdown time-of-flight mass spectrometry (LB-TOFMS) with the features of enhanced 

detection limit. Major results of different measurements are shown below. 

7.1.1 Elemental detection of coal and fly ash using LIBS 

Contents of fly ash are important factors for the operation of coal-fired plants. LIBS 

technique was applied to measure contents of size-segregated particles depending on particle 

diameter. The plasma temperature correction method was introduced to the size-segregated fly 

ash and pulverized coal to detect their quantitative content information. With temperature 

correction, signal stability has been significantly improved. Acquired results successfully 

clarified the content dependence on particle diameter. Major results of fly ash and coal 

measurements are shown as follows.  

(1) LTE was assumed in a limited range of plasma temperature in laser-induced plasma 

and the quantitative measurement was improved by choosing the appropriate plasma 

temperature range. In the case of fly ash measurement, the emission intensity ratio of Mg: 

IMg1/IMg2 became a plasma temperature indicator and the range of IMg1/IMg2: 4-8 showed 

better LTE condition resulting in the accurate plasma correction compared to the range of 

IMg1/IMg2: 12-24. 

(2) In fly ash, contents of Al, Ca, and unburned carbon decreased as decreasing the diameter 

but Fe was in steady content due to different behavior of these elements during coal combustion. 

Detected results of fly ash under dynamic mode indicate the practicability of measurement of 

size-segregated particles. The fluctuation of composition such as carbon content can be measured 

according to the particle diameter. It is helpful to obtain the detailed and timely information in 

real power plants, which cannot be acquired using a conventional method during coal 

combustion. 

(3) The measured results of coal show the contents of Fe, Al and Ca were almost constant in 

coal particles with different diameters. However, the carbon content decreased when the 

diameter decreased, which display a good agreement with actual situation of coal and further 

support the reasonableness of this method. 
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(4) In the measurement of fly ash contents, CO2 causes the spurious C signal in fly ash 

LIBS spectra. The CO2 effect is rather sensitive to the concentration in surrounding gas 

and less than 1% CO2 will cause the spurious C signal. It becomes important to reduce the 

CO2 content in burned gas when applying LIBS for the measurement of unburned carbon 

content in fly ash under the burned gas conditions. 

7.1.2 Trace species measurement using low pressure LIBS 

The LIBS signals of trace species were detected at low pressure using nanosecond and 

picosecond lasers under various conditions. The detection features of LIBS have been discussed 

in detail. 

(1) Hg, Sr and Cs have been measured using low pressure LIBS under different conditions. 

According to the measurement results of Hg, Sr and Cs, the interference of continuum emission 

from plasma itself decreased dramatically, which led to the increase of signal to background ratio 

at reducing pressure condition. Stable and longer plasma was generated under reduced pressure 

conditions. In the case of Hg measurement, Hg signal with low NO emission intensity was 

observed using picosecond lasers, which demonstrated the enhancement of IHg/INO in the low 

pressure and short pulse plasma generation process, especially using 35 ps laser. There was no 

great difference in IHg/INO by nanosecond (6 ns) breakdown between central and edge signals. 

The edge IHg/INO of the picosecond (150 ps) breakdown was significantly better than the central 

IHg/INO, due to the non-equilibrium plasma generation process.  

(2) The delay time is an important parameter in LIBS process concerning the plasma 

temperature. Under low pressure conditions, the delay time was not a determining factor for Hg 

measurement in air. In the measurement of iodine using 532 nm breakdown, II-3/IN-1 increased 

when the delay time increased. The measured results of IHg/INO and II-3/IN-1 at 400 mJ/p were 

much better than that at 1000 mJ/p because of the effect of electron impact ionization.  

(3) The laser-induced plasma process can be controlled using laser pulse width for the 

influence of multi-photon ionization. IHg/INO of picosecond laser with 35 ps pulse width induced 

plasma was the highest among three pulse width lasers. Meanwhile, the ratio of IHg/INO increased 

when decreasing the pressure to improve the detection limit. Short pulse width lasers 

including 150 ps and 35 ps lasers were employed to measure iodine signal. The intensity 

ratio of I-3 to N-1 was enhanced using short pulse width lasers, especially 35 ps laser. It is 

feasible to enhance LIBS detection limit by low pressure and short pulse laser induced plasma, 

such as picosecond laser with 35 ps pulse width. 

(4) The buffer gas effect has been analyzed by Hg and iodine measurements using N2 and air 

as the buffer gas. The spectra in air were different from that in N2 due to the high 

quenching rates of excited Hg and iodine in buffer gas of air and different coexisting 

molecular and atomic emissions. The detection limit of Hg in N2 using nanosecond breakdown 

was 3.5 ppb (3σ/ms) at 6.6 kPa. Low pressure laser-induced plasma process was also employed 
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to measure Hg with buffer gas of air using different pulse with lasers. The Hg detection limit of 

nanosecond breakdown was 450 ppb (3σ/ms) at 700 Pa. According to the enhancement of 

picosecond breakdown at low pressure, the detection limit was evaluated to be 30 ppb (3σ/ms) in 

picosecond (35 ps) breakdown at 700 Pa. Iodine detection limit in N2 was 60 ppb (3σ/ms) in 

nanosecond breakdown at pressure of 700 Pa. there was not evident enhancement of iodine 

detection limit employing short pulse width breakdowns. Using low pressure LIBS, it is 

feasible to measure iodine in air, especially short pulse laser breakdown. The detection 

limit of iodine in air became worse due to the high quenching rate of excited iodine in buffer gas 

of air. 

7.1.3 Trace species measurement using LB-TOFMS 

Laser breakdown TOFMS method was developed and applied to detect trace species, such as 

mercury and iodine in mixture. In order to measure Hg and iodine with heavy mass in mixture, 

laser breakdown process is essential to eliminate or minimize fragmentation from other species. 

Measurements employing 532 nm and 1064 nm breakdowns display the results without 

interference of fragmentations compared to that the laser breakdown process using 266 nm in the 

mass region of 30-300 m/z. Furthermore, the isotope can be detected because the method 

depends on the mass of atom and molecule with high sensitivity.  

(1) Different breakdown patterns of several hydrocarbons were measured for the detection of 

H and C contents using 1064 nm and 532 nm breakdowns. Each hydrocarbon shows its 

characteristic breakdown mass spectra. It is found that a linear relation between element ratio of 

H to C in molecules and breakdown ion signals. The yields of H and C ions were highly 

consistent with the structure of these molecules. H and C yields using 532 nm breakdown are 

higher compared with that using 1064 nm breakdown. 

(2) Influence of laser power on signal intensity shows the linear growth when increasing the 

laser power. The signal intensity was also correlated with the pressure in the test chamber. 

However, because of the combination influence of laser radiation and produced electrons, the 

signal intensity presents a nonlinear growth. 

(3) As two wavelengths were employed to break and ionize the samples of Hg and CH3I, the 

results using 532 nm breakdown present higher signal intensity than that using 1064 nm 

breakdown. The influence of pressure in the test chamber on Hg
+
 and I

+
 signal intensity shows 

the linear growth when the pressure increases. Because of the recombination of Hg
+
 and I

+
 with 

electrons, power dependence of Hg
+
 and I

+
 signal intensity increases first and then decreases. 

Among the buffer gases of N2, Ar and He, the lowest recombination rate was measured using He 

as a buffer gas because of the highest ionization potential of He. Due to the influence of 

recombination, the method of enlarging focal area and decreasing the laser power reduces the 

recombination rate of Hg
+
 and I

+
 with electrons. It is a proven means to enhance the detection 

limit with appropriate focal area.  



7 Conclusions and suggestions 

61 
 

(4) Using 35 ps laser breakdown process, the intensity of I
+
 signal can be enhanced 1.3 times 

and Hg
+
 signal intensity can be enhanced 3.8 times compared to nanosecond breakdown. The 

detection limits of Hg
+
 and I

+
 signal were 0.82 ppb (3σ/ms) and 6.18 ppb (3σ/ms) using 35 ps 

laser breakdown operated at 532 nm respectively. It is demonstrated that the method is 

significantly desirable to measure Hg and iodine in mixture.  

7.2 Suggestions 

The LIBS technique with the temperature correction method is useful for the analysis of coal 

combustion in the power plants because of its sensitivity, fast analysis and non-contact features. 

Further studies will focus on the real-time content detection of fly ash in real power plant 

applications. Low pressure LIBS and LB-TOFMS feature the sensitive and rapid detection 

without complex sample preparation compared to the conventional methods. These two methods 

will be applied to the practical applications, such as monitoring systems of power plants and 

environment according to the requirements because of their different features. 
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