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Abstract: This paper presents a non-contact sensing 
system for nanosized suspended particulate matter (SPM) 
measurements using laser-induced incandescence (LII) and 
laser-induced breakdown spectroscopy (LIBS). The 
elemental composition and density of the SPMs are 
determined using LIBS, and particulate size measurements 
are accomplished using LII. Typically, temporally resolved 
LII enables measurement of soot particulate sizes in a 
combustion process. In the case of the measured object 
consisting of a single element material, it is easy to 
determine the particulate sizes distribution derived from the 
ratio of emission attenuation signals after a laser pulse, 
because the cooling behaviour is characteristic of the 
particulate size in LII technique. However, in actuality, the 
SPMs consist of several different types of elements. The 
elemental analysis using LIBS also allows correcting the 
discrepancy between the LII simulation values and 
observation results.  
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1. INTRODUCTION 

Recent regional atmospheric environment issues in large 
cities of developing countries are related to rapid 
industrialization and growth of automobile use. Increasing 
emission of fossil fuel from factories, power plants, and 
automobiles is recognized as a serious problem. The beta-
ray absorption system is the most typical automatic 
measuring instrument for suspended particulate matter 
(SPM) in Japan. The main advantages of the beta-ray 
absorption method are: 1) the mass absorption coefficient is 
constant with regard to the particulate composition, 2) it 
does not require as frequent cleaning as does the piezo-
balance type dust monitoring method, and 3) unlike the light 
scattering method, it does not require standard calibration 
steps that use reference material. However, recently, 
attention has been focused on designing environmental 
monitoring systems that can detect particulates smaller than 
2.5 μm. It is well known that inhalation of fine particulate 
matter causes a range of health problems [1–4]. Particulates 
that are smaller than 2.5 μm in size (PM2.5) can penetrate the 
gas-exchange region of the lungs. This indicates that 

information on the size of particulates (e.g. distinguishing 
particulates based on their sizes) is as important as the 
information on the elemental components and density of 
particulates. However, it is difficult to simultaneously obtain 
real-time information on the size and composition of 
nanosized SPMs. Laser-induced breakdown spectroscopy 
(LIBS) is a useful tool to determine the elemental 
composition of various materials, and it does not require any 
chemical or physical pre-processing steps. However, 
because of the breakdown of all particulates, the LIBS 
technique is not sufficient for obtaining information on 
specific particulate sizes. The quantitative values obtained 
by LIBS only relate to the total volume of particulates per 
unit volume; in other words, these values relate to the 
weight/volume density. A particulate counter, based on the 
laser light scattering method, has been conventionally 
employed to measure the size and the distribution of 
suspended particulates. However, this method requires 
particulate flow path and proper flow control to guide all 
particulate into the point of measurement. In this article, we 
apply the laser-induced incandescence (LII) technique along 
with the LIBS. The average particulate size is determined by 
using the simulation on the LII technique. The most striking 
feature of the combined LIBS and LII system is its ability to 
perform real-time measurements with non-contact and non-
guiding particulates into the measurement spot. The 
simulation method adopted in this research has undergone 
one of the most detailed studies available, the one provided 
by H. A. Michelsen [5]. This calculation approach requires 
an accurate data or good approximation (Gaussian fit, Voigt 
fit, etc.) of the laser intensity temporal profile used in the 
experiment, in order for it to agree with the actual temporal 
profile of the intensity. The laser intensity profile plays an 
important role in the theoretical estimation of the energy 
absorption rate. We demonstrate that an accurate laser 
intensity profile can be obtained by using a streak camera. 

2. EXPERIMENTAL SETUP 

Figure 1 shows a schematic of the combined system that 
consists of LII and LIBS. The optical layout of the system 
consists of the following devices: a Nd:YAG laser, a 
spectrograph, a streak camera, and a delay pulse generator. 
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The Nd:YAG laser was operated at 1064 nm to generate a 
50 mJ Q-switched pulse with a width of 8 ns (full width at 
half maximum, FWHM). The emissions from the particulate 
target were guided into the spectrograph and dispersed by a 
grating with a groove density of 1200 lines/mm, 
photoemissive electrons were temporally resolved using a 
streak camera, and the data were stored in and processed by 
a computer. The LII technique is based on the analysis of 
the cooling behaviour of the particulates after irradiation by 
the laser pulse. By using the Stefan-Boltzmann law for a 
black body, the LII signal gives the profile of the intensity 
decay time depending on the particulate size. 

Fig. 1 Schematic of the LII and LIBS combined system 

Figure 2 shows the temporal profile of the laser power 
density for LII measurements. 

Fig. 2 Temporal profile of laser power density  
(t = 0 – 250 ns) 

3. SIMULATION OF LII 

According to the H.A. Michelsen's model, the energy 
balance for the interaction of a particulate with a laser is 
given by: 

Int abs rad cond sub ann oxQ = Q Q Q Q +Q +Q ,  (1)

where QInt represents the energy storage in a particulate;
Qabs is the rate of laser energy absorption; Qrad is the 
blackbody emission radiation rate; Qcond represents the rate 
of energy dissipation by conduction; Qsub represents the rate 
of energy loss by sublimation of carbon clusters and 
accounts for energy consumption during photodesorption of 
the annealed particulate in forming small carbon clusters; 

Qann represents the rate of energy production by particulate 
annealing; and Qox represents the rate of energy generation 
by oxidation. Each term in this energy flow rate equation is 
accounted for by the temporal intensity profile of a laser 
beam, the time dependence of the particulate temperature, 
and the initial state of the particulate. The time-derivative 
term of the particulate temperature dependence yields: 

3

6 (  –  –  – )abs rad cond sub ann ox
S S

dT Q Q Q Q Q Q
dt D c

  (2) 

where T is the particulate temperature, D is the primary 
particulate diameter, ρs is the density of the particulate, and 
cs is the specific heat of solid carbon. From Planck's 
equation for a blackbody, the LII signal at wavelength λ' is 
given by: 
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  (3) 

Where Ω is the normalization constant; ελ is the 
emissivity at wavelength λ for a Rayleigh particulate; h is 
the Planck constant; c is the speed of light; kB is the 
Boltzmann constant; and Σλ is the integration of the Planck 
function over wavelength. Solving Eq. (2) gives each term 
of the energy flow ratio calculated from the laser beam 
intensity profile that was obtained from the actual 
measurement. 

Absorption: The energy absorption rate was calculated 
as:

2 3 ( ) ( )abs
D E mQ q t   (4) 

The intensity profile q(t) is given by the experimental 
result shown in Fig. 2. The function E(m) is the complex 
refractive index and can be expressed as: 

2 2 2 2 2
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m m m m
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n k n k

  (5) 

A refractive index of m = nm−kmi is given by the laser 
wavelength (1064 nm) with nm = 1.63 and km = 0.7. Figure 3 
shows the temporal profile of the energy absorption rate 
caused by the laser, obtained from Eq. (4). 

Fig. 3 Variation in the temporal profile of energy 
absorption rate  
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Radiation: The rate of radiation was calculated as: 
53 3

3

199 ( )
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rad

D k T E m
Q

h hc
  (6) 

Figure 4 shows the temporal profile of the energy loss 
rate caused by radiation from the particulate. This profile 
was obtained by successive iterations, starting with the 
initial temperature of T0= 1060 K, on the assumption that the 
measured nano-sized particulates exist in the flame. 

Fig. 4 Variation in the temporal profile of radiation 
energy rate 

Conduction: The thermal conductivity of the soot was 
calculated as: 

2

0
2 a

cond
DQ T T

D GL
  (7) 

here, κa is the thermal conductivity of the surrounding gas 
(κa =1.0811×10-4+5.1519×10-7 T 0 was used in this study), L
is the mean free path (L = 2.24×10-8 T 0 cm/K), and G is the 
heat transfer factor, given by:

8
( 1)T

fG   (8) 

where f is the Eucken factor (f = (9γ−5)/4), γ is the heat 
capacity ratio (γ = 1.3), and αT is the thermal 
accommodation coefficient of the ambient combustion gases 
with the surface (αT = 0.3). Figure 5 shows the temporal 
profile of the conduction energy loss rate caused by thermal 
conductivity of the surrounding gas. 

Fig. 5 Variation in the temporal profile of energy 
conduction loss rate 

Sublimation: The sublimation at high temperatures 
during laser irradiation, producing gas-phase carbon atom 
clusters, was calculated as: 

10
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  (9) 
where the summation is assumed to include 

contributions from C1 to C10 desorbed species with 
vaporized molecular weights from W1 to W10. The quantity 
ΔHj is the enthalpy for the formation of the carbon vapour 
species Cj, Psat

Cj is the saturation partial pressure of Cj, and 
Pphot

Cj is the instantaneous partial pressure of Cj from 
photodesorption of the particulate. The energy required to 
remove carbon clusters from the unannealed particulate by 
non-thermal photodesorption is ΔHλs, Pλs is the effective 
pressure calculated from the rate of non-thermal 
photodesorption from the unannealed particulate, and ΔHdiss
is the estimated enthalpy of pyrolysis. The effective pressure 
Pdiss is calculated from the rate of thermal photodesorption 
from the annealed particulate, ΔHλa is the energy required to 
remove carbon clusters from the annealed particulate by 
non-thermal photodesorption, and Pλa is the effective 
pressure calculated from the rate of non-thermal 
photodesorption from the annealed particulate. A more 
detailed discussion and the setting parameters that are 
needed for solving this equation can be found in 
Michelsen’s work [5]. Figure 6 shows the temporal profile 
of sublimation. 

Fig. 6 Variation in the temporal profile of sublimation 
energy loss rate 

Annealing: The annealing energy production rate was 
calculated as: 

imig imig d vmig vmig d
ann

a

H k N H k N
Q

N
  (10) 

where ΔHimig is the estimated enthalpy for interstitial 
migration (ΔHimig = −1.9×104 J/mol), ΔHvmig is the enthalpy 
for vacancy migration derived from the theoretical 
calculation (ΔHvmig = −1.4×105 J/mol), Nd is the number of 
lattice defects in the particulate, and Na is the Avogadro 
constant (6.02214×1023 mol-1). The quantities kimig and kvmig
are given by: 
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where Aimig and Avmig are factors used to calculate the rate 
constant for interstitial migration and vacancy migration 
(Aimig = 1×108 s-1, Avmig = 1.5×1017 s-1); Eimig is the activation 
energy for the annealing rate associated with the di-
interstitial migration (Eimig = 8.3×104 J/mol); and Evmig is the 
activation energy for the annealing rate from vacancy 
migration (Evmig = 6.7×105 J/mol). The quantity R is the 
universal gas constant (8.3145 J/mol·K). Figure 7 shows the 
temporal profile of annealing. 

Fig. 7 Variation in the temporal profile of the annealing 
energy rate 

Oxidation: The rate of oxidation was calculated as: 

2

2 co ox
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  (12) 

where ΔHox is the enthalpy of reaction (ΔHox = −2.215×105

J/mol) and CP
CO is the molar heat capacity of CO, given by 

the Fried and Howard equation: 
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The parameters are a4 = 1, a1 = 3.494, θ1 = 1, a2 =

0.98449, θ2 = 3085.1, a3 = 2.6164×10-5. In Eq. (12), kox is 
given by: 
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 (14) 
where PO2 = 1 atm, ka = 5.0×1023exp(−1.255×105/RT),  

kb = 5.0×1021exp(−6.352×104/RT), χA = 1/(1+kT/kbPO2),  
kT = 3.79×1027exp(−4.06×105/RT), and kZ =
21.3exp(1.713×104/RT). The annealed mass fraction Xann is 
given by: 

1 d
ann

d p

NX
X N

  (15) 

where Nd is the number of lattice defects in the particulate,
Xd is the initial density of defects in the soot, and Np is the 
number of atoms in the particulate. In this calculation, Xann
was estimated to be 1.0×10-6 and Xd and Nd are considered to 
be uncertain. The collision rate Zox of ambient O2 with the 
particulate surface is given by:

0 0

0 2
m

ox
p a

P R TZ
k T W

  (16) 

This rate was derived to be 3.03×1022 s-1·cm-2. The 
ambient pressure is P0; Wa is the average molecular weight 
(in this equation, P0 = 0.209 atm, Wa = 31.99 g/mol); kp is 
the Boltzmann constant in effective pressure units 
(1.3626×10-22 atm cm3/K); and Rm is the universal gas 
constant in effective mass units (8.3145×107 g
cm2/mol·K·s2). Figure 8 shows the temporal profile of the 
oxidation. 

Fig. 8 Variation in the temporal profile of the oxidation 
energy rate 

4. RESULTS 

Size measurement using LII technique:

Figure 9 shows the experimental data of the time-
resolved LII signals obtained from primary soot in a candle 
observed at a wavelength of 400 nm; it also shows the 
results of calculation for four different primary particulate 
diameters. The experimental data is indicated by asterisks. 
The experimental data have been normalized to the maximal
signal. The results of the simulations have also been 
normalized to the maximal signal for each case, and were 
then scaled for comparison with the experimental data. 
When comparing the calculated profiles to the experimental 
data, it is seen that the temporal profile is in good agreement 
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with the estimations for a primary particulate diameter of 6 
nm. 

Fig. 9 Comparison of the experimental profile obtained 
from primary candle soot at a wavelength of 400 nm, with 

the normalized LII calculated profiles 

Elemental analysis using LIBS technique:

Figure 10 shows carbon atomic signals obtained using 
the LIBS. The LIBS signals were obtained from the 
experimental data for a candle flame. The wavelength at 
247.856 nm was determined for detecting carbon (C). 

Fig. 10 Carbon atomic signals that were obtained using 
five successful LIBS measurements in candle flame 

A different elemental analysis for SPMs using LIBS:

1. Diesel particulate matter 

Figure 11 shows a SEM image of diesel particulate 
matter deposited on a trap filter. Particulates of various sizes, 
ranging from a few hundred nanometres to 20 µm, were
deposited on the filter. The trap filter (TX40HI-20-WW) 
was used to test the exhaust emissions from a diesel engine. 
Figure 12 shows the atomic signals corresponding to the 
diesel particulate, as obtained from LIBS measurements. 
Peaks due to carbon (C) and boron (B) were observed in 
these wavelength ranges. 

Fig. 11 SEM image of diesel particulate matter deposited 
on a trap filter 

Fig. 12 Atomic signals obtained from the LIBS 
measurements on diesel particulates 

2. Metal particulates 

Figure 13 shows a SEM image of metal particulates 
deposited on a porous silicon filter. Particulates with sizes of 
2.5 μm and less than 2.5 μm are shown in the image. The 
metal particulates are speculated to come from the motor 
brushes or to be generated during the sputtering or reflow 
processes during the fabrication. 

Fig. 13 A SEM image of metal particulates deposited on 
a porous silicon filter 
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Figure 14 shows the atomic signals corresponding to the 
copper (Cu) particulates, as obtained from LIBS 
measurements. From the results obtained for the nano-sized 
Cu sample, the wavelengths of 324.754 nm and 327.396 nm 
were used to detect the Cu metal particulates. Peaks due to 
Cu were observed in these wavelength ranges. 

Fig. 14 Atomic signals obtained from the LIBS 
measurements on copper particulates 

5. CONCLUSIONS 

We proposed a contactless elemental and size 
measurement system for fine particulates. The system uses 
laser-induced breakdown spectroscopy and laser-induced 
incandescence temporal analytical techniques. When LIBS 
was used for measurements, the proposed system provided 
rapid quantitative information for the components of every 
kind of particulate elements. Particulate size measurement 
was accomplished with the help of the LII technique. In the 
proposed system, one can switch from LIBS to LII by 
merely controlling the power density of the light source that 
operates the measurement, without any processing of the 
measured objects. In the experiment on LII for primary 
particulates in a candle frame, the temporal profile was 
found to be in good agreement with the estimated primary 
particulate diameter of 6 nm. The particulate size obtained in 
this experiment was smaller than the values obtained in 
previous works for carbonaceous soot [6–12]. This fact 
indicates that LII technique allows detecting soot growing 
process from the early steps in the flame. The elemental 
spectra due to carbon, boron, and copper were observed in 
the LIBS experimental results that were obtained from each 
type of the particulates. This system allows facilitating the 
in-situ measurement system of suspended particulate matter 
in the air, monitoring system for oxygen supply during 
combustion process and detection system of the origin of 
metal particulates in a clean room. 
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