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Abstract. Non-linear properties and the kinetics of laser-induced incandescence in 
aqueous carbon black suspensions are investigated. For explanation of the observed 
properties, a model, which takes into account a decrease of the size of particles caused by 
their vaporization under laser irradiation, is proposed. 
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1. Introduction 

Laser-induced incandescence (LII) is a distinctive 
feature of the interaction of powerful laser radiation with 
fine-grained matter. LII appears at the quick overheating 
of microparticles irradiated by nanosecond laser pulses. 
At a moderate level of laser power density, below 
50 MW·cm2, the local temperature of submicron-sized 
particles is estimated to reach thousands of Kelvins. LII 
is observed with submicron particles suspended in gases 
and liquids or included into solid-state matrices. LII in 
the gaseous phase is investigated in detail and is 
employed as a method to control the content of soot in 
exhaust flows and in flames of different types [1-7]. The 
mechanism of LII in gases presumes the quick heating of 
a soot particle up to the temperature of carbon vapo-
rization (about 4000 K). Upon reaching this value, the 
further increase of the particle temperature slows down 
and the energy received from laser radiation is spent 
almost completely on the particle vaporization. As a 
result, the excitation curve of LII has a plateau [2, 6]. In 
particular, this plateau enables the use of LII for soot 
diagnostics. The spectra of LII are broad and struc-
tureless, ranging from ultraviolet to infrared, and they 
can be fitted by Planck’s black-body emission formula. 
In the literature, there are the reports on laser-induced 
transformations of the internal structure of irradiated 
particles [4]. 

As regards particles suspended in condensed media, 
LII was also observed with uncontrollable inclusions in 
borate glasses [8] and with black pigment particles in 
water (gouache, ink) [9-11]. LII in condensed matter is 
observed at moderate intensities of laser excitation in the 
range of 5−50 MW⋅cm−2. For excitation of LII, the laser 

wavelength is of secondary importance, as well as the 
particle chemical composition. If the infrared beam of an 
YAG:Nd3+ laser is chosen as a source of excitation, then 
LII is clearly seen to the naked eye as a white uniform 
track. In the case of infrared laser excitation, a substantial 
portion of the LII spectrum is contained in the short-
wavelength region relative to the wavelength of 
excitation, i.e. this portion of LII can be considered as a 
typical instance of anti-Stokes emission. It is worth noting 
that this emission possesses non-linear properties. 

LII is an additional source of errors in laser 
spectroscopy. For measuring weak optical signals 
against a background of laser scattering, an investigator 
should be careful in the interpretation of the signals 
detected. As is noted in [12], LII in porous silicon was 
mistakenly interpreted in some cases as a luminescence. 

The thorough theoretical description of LII on the 
microscopic level appears to be a complicated problem 
which is now far from being solved. For laser-heated 
particles in gases, it was determined that the main 
mechanism of energy loss is the vaporization of a 
particle material [17]. Obviously, one of the basic 
distinctions between LII in condensed matter and LII in 
gases is the mechanism of particle energy dissipation. 
The properties of LII in glasses and aqueous suspensions 
at moderate intensities of laser excitation are analyzed in 
[8, 10]. There, assuming that thermal conduction into the 
surrounding medium is the dominant mechanism of 
particle energy dissipation, a satisfactory explanation is 
obtained for most of the experimentally observed LII 
data. In addition, with the same assumption, a method is 
proposed for the particle temperature estimation using 
the results of measuring the LII emission intensity as a 
function of laser excitation intensity. 
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As is known [9, 13-20], LII in suspensions of light-
absorbing particles and carbon nanotubes is 
accompanied by a significant decrease of optical 
transmittance with increase in the laser power (the effect 
of optical limiting). Two main mechanisms of optical 
limiting in suspensions are considered [9]. First, optical 
limiting in suspensions is caused by intensive vapo-
rization of a liquid (water, ethanol) around a laser-heated 
particle. Within a few nanoseconds of the laser action on 
particles, a gaseous shell (a bubble) grows around (or in 
the vicinity of) the particle. The size of the gaseous shell 
is comparable to the size of the particle (approximately 
10−7…10−6 m) or a few times larger. Numerical 
simulations [20] indicate that the vaporization of the 
surrounding liquid is not a dominant mechanism of 
particle energy loss: only a small fraction of the particle 
energy (0.5…1 %) is spent on the vaporization. 
Nevertheless, the formation of microbubbles causes a 
significant increase of the light scattering in the 
suspension, and therefore the optical transmittance of the 
laser-irradiated suspension decreases considerably. The 
second mechanism of optical limiting in suspensions is 
the microplasma formation around heated particles in the 
laser field [9, 13]. Unfortunately, relative contributions 
of the mentioned mechanisms to the particle energy 
general balance and to the effect of optical limiting are 
not known.  

The present paper is devoted to the experimental 
investigation of LII in the aqueous suspensions of black 
submicron particles. The characteristics of LII are 
investigated, which enables to shed light on the 
mechanisms of energy dissipation by laser-heated 
microparticles. The results obtained for aqueous 
suspensions indicate that the process of laser-induced 
particle vaporization plays a significant role in the 
particle energy balance. 

2. Experimental details 

In this paper, all the measurements were carried out with 
the water suspensions of black submicron particles 
prepared by diluting and filtering a black gouache paint. 
Measurements performed with a nephelometer showed 
an average particle radius of approximately 0.1 µm. The 
concentration of particles was controlled by the optical 
transmittance of a cell with suspension in the visible 
spectral region (the transmittance was 0.3–0.7 for a cell 
thickness of 2 cm). During the measurements, the 
suspension was pumped through the cell; hence, each of 
the laser pulses interacted with a “fresh” portion of the 
suspension. All of the experiments were performed at 
room temperature. 

Thermal emission of particles in the suspension 
was excited by a Q-switched YAG:Nd3+ laser (wave-
length λ = 1064 nm, pulse duration τ = 14 ns FWHM). 
The laser operation was close to a single-mode regime, 
with the smooth bell-shaped intensity distribution across 
the beam axis. The shape of optical pulses was moni-

tored with a fast photomultiplier and an oscilloscope 
with response time of 1.3 and 1 ns, respectively. Other 
measurements were carried out using the integrating 
photodetectors. All of the measurements were performed 
in a single-pulse registration mode. 

3. Results and discussion 

A distinctive feature of LII detected at a fixed 
wavelength is its nonlinear response to the intensity of 
laser excitation. Such a behavior is observed both in 
gases and in condensed matter. A convenient charac-
teristic to describe the degree of nonlinearity of this 
emission is the following log-log derivative parameter,  
γ = (dI/I)(dF/F)−1, where I is the power of an LII signal, 
and F is the laser surface power density. It should be 
noted that the introduced γ parameter does not depend 
on the measurement units of I and F. This is especially 
suitable for measurements performed in arbitrary units. 
The experiments show [10, 20] that the γ-parameter 
depends on both the wavelength and F.  

The results of measuring γ(F) in a water suspension 
at a wavelength of 500 nm are presented in Fig. 1. As 
seen, γ abruptly decreases with increase in F. However, 
a plateau typical of LII in gases (i.e. the range of  γ = 0) 
is not observed in the suspension. 

The fact that γ decreases with increase in F is not 
surprising. Following the above-mentioned assumption 
that thermal conduction into the surrounding medium is 
the main mechanism of particle energy loss, a simple 
approximate relation is derived [10]: 

FT ξ≈ ,      (1) 

where T is the particle temperature, and ξ is a constant. 
As T and F are interrelated according to (1), Planck’s 
formula yields the expression 

( )Fkhc
Fkhc

ξλ−−
ξλ

=γ
B

B

exp1
,    (2) 

where h is the Planck constant, kB is the Boltzmann 
constant, and c is the speed of light. The experimental 
dependence γ (F) can be approximated with expression 
(2) using a single fitting parameter ξ. The appropriate 
graph is given in Fig. 1, curve 1. At first sight, the 
agreement between the calculated and experimental 
results seems to be satisfactory. However, the appro-
priate particle temperatures estimated from (1) at high 
levels of laser excitation reach the value of 105 K (see 
Fig. 2, curve 1), which is apparently far from reality. 
That is the reason why a new model is required, which 
could explain experimental results presented in Fig. 1 
without presuming unreasonably high temperatures. 

Consider the following model of interaction of the 
laser radiation with spherical microparticles suspended 
in a transparent liquid (for example, carbon black 
suspension). The particle energy balance equation can be 
written as 
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Fig. 1. Parameter of nonlinearity of the thermal emission at a 
wavelength of 500 nm as a function of laser surface power 
density. Circles − experiment, curves – calculations with 
expression (2) (curve 1) and expressions (3)-(9) (curve 2). 
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where σ0 is the particle absorption cross-section, cp is the 
specific heat of a particle material (carbon), m is the 
particle mass, r0 is the particle radius, ψ is a variable 
parameter, T0 is the temperature of the surrounding 
medium, σSB is the Stefan-Boltzmann constant, Λ1 and 
Λ2 are the latent heat of vaporization of a particle and the 
surrounding liquid, respectively, and dM is the mass of 
the liquid vaporized during the time interval dt. 
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Fig. 2. Calculated maximal particle temperature (curves 1 
and 2) and the radius of the particle core at the end of a laser 
pulse (curve 3) as functions of the intensity of laser excitation.  

For the process of vaporization of the surrounding 
water, the following approximate equation can be 
written [20]: 

MtFG dd 20 Λ=σ ,     (4) 

where G is the fraction of the absorbed laser energy 
which is spent on the vaporization of the surrounding 
water. Presume that a spherical gaseous shell grows 
around the particle during a laser pulse. Then the volume 
of the shell can be written as ( )3

0
3

3
4 rrV −π= , where r is 

the radius of the core-shell particle that consists of a 
solid core with the radius r0 and a gaseous shell with the 
thickness (r − r0). Using the equation of state for an ideal 
gas, the following approximate equation can be derived: 

( ) ( )tTtFr
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t
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2
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Λµπ
σ

= ,   (5) 

where R is the gas constant, µ is the molar mass of 
water, p is the average gas pressure in the shell. It is 
assumed that the average gas temperature in the shell 
does not differ significantly from the particle tempe-
rature. 

The energy, dW, lost by a particle due to the 
thermal radiation in a narrow spectral interval (λ, λ+dλ) 
can be represented according to Planck’s formula as  

( ) tr
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Eq. (6) will be used below for the calculation of 
optical signals of thermal radiation, in particular for the 
calculation of the parameter of nonlinearity γ. 

The lack of information about the processes of 
thermal conduction in the surrounding medium [the 
second term on the right-hand side of Eq. (3)] and about 
the vaporization of the particle core [the penultimate 
term in (3)] brings a significant uncertainty in the 
calculations. Consequently, the model involves two 
variable parameters that are fitted for the best agreement 
between the calculated and experimental data. The first 
variable parameter mentioned is ψ1 in Eq. (3). 

The particle mass change caused by vaporization 
can be approximated as 

tFm dconstd 0σ⋅−= ,    (7) 

where the absorption cross section depends on the core 
radius according to the Mie theory  

2
00 const r⋅=σ .     (8) 

Therefore, the following equation can be written 
for a laser-induced decrease of the core radius: 

tFr dd 20 ψ−= ,     (9) 

where ψ2 is the second variable parameter of the 
calculations. 

Thus, the coupled equations (3), (5), (6), and (9) 
can be solved by numerical integration with respect to 
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T(t), r(t), W(t), and r0(t), and the parameter of 
nonlinearity can be calculated as a function of laser 
intensity, γ (F). The calculations were carried out for the 
thermal radiation at a wavelength of 500 nm. The laser 
pulse with a duration of 14 ns was approximated by the 
Gauss function. The cross-beam laser intensity 
distribution was considered as uniform. The computer 
code allowed for the particle vaporization [Eq. (9) and 
the penultimate term in (3)] only at particle temperatures 
above 4000 K.  

The calculated data are plotted in Fig. 1, curve 2. 
As is seen from the figure, a good agreement with the 
experimental data is obtained. In addition, the estimated 
maximal temperature of the particle, Tmax, exceeds the 
temperature of carbon vaporization by a factor of at most 
two. The typical calculated functions Tmax(F) and 
r0

min(F) are presented in Fig. 2, where r0
min is the particle 

core radius at the end of a laser pulse. We note that the 
calculated radius of a core-shell particle, r (t), is in 
agreement with the optical limiting experimental data 
given in [20].  

As seen from Fig. 2, curve 3, the decrease of the 
carbon particle radius due to the particle vaporization is 
expected to be up to 5–10 % at the end of a laser pulse. 
This circumstance can affect the LII emission decay at 
high levels of laser excitation. Assuming that the thermal 
conduction to the environment is the main mechanism of 
particle energy dissipation after a laser pulse, the time of 
particle temperature relaxation is proportional to the 
particle radius [10]. Thus, a reduction of the LII lifetime 
at high levels of laser excitation can be expected. To 
verify this assumption, we investigated the shape of LII 
pulses as a function of the intensity of laser excitation. 
Typical oscillograms are given in Fig. 3. One can see 
that the leading edge of an LII pulse is distinctly shorter 
than that of the laser pulse, as it naturally should be for 
the nonlinear emission with the index of nonlinearity 
more than unity. The trailing edge of an LII pulse is 
essentially longer than that of the laser pulse due to the 
particle slow cooling.  

The results of measuring the FWHM of LII pulses, 
τLII, are presented in Fig. 4. The figure shows that, in the 
range of F < 20 MW⋅cm−2, τLII significantly decreases 
with increase in F, which is consistent with the above-
presented considerations concerning the decrease of a 
particle size. In addition, it was observed that, as the 
suspension is excited by tandem laser pulses with a time 
interval of about 0.1 s, the second LII pulse appears to 
be a few percent shorter than the first one. This fact can 
be also explained by a reduction of the particle radius 
due to vaporization.  

Numerical calculations of τLII were carried out 
using the system of equations (3), (5), (6), and (9). The 
calculation results are presented in Fig. 4 as a solid 
curve. As seen, the satisfactory agreement is obtained 
with the experimental data in the range of F < 
20 MW⋅cm−2. It should be noted that, due to the presence 
of the variable parameter ψ, only relative changes of the 
LII lifetime can be calculated. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Typical oscillograms of a laser pulse (1) and the 
thermal emission (2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

F, MW⋅cm–2 

 
Fig. 4. Thermal emission lifetime in a water suspension as a 
function of the intensity of laser excitation. Circles – 
experiment, curve – the result of calculations. 
 

 
Thus, Figs. 1 and 4 show the agreement between 

the results of calculations and the experimental data 
obtained at moderate levels of laser excitation, which 
argues in favor of the proposed model of the interaction 
of light-absorbing microparticles with laser radiation. As 
regards the characteristics of LII in the range of high 
intensities of excitation, F > 20 MW⋅cm−2, the model 
fails to describe the experimentally observed increase of 
γ and τLII. A plausible supposition is that the mechanism 
of the interaction of particles with laser light changes 
significantly at high levels of excitation. 

4. Concluding remarks 

In conclusion, some remarks should be made concerning 
the proposed model of the interaction of light-absorbing 
particles with laser radiation. It is obvious that the 
proposed model is simplified, and it does not take into 
account a number of characteristics, both known and 
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unknown, of the processes considered. First, the model 
does not take into consideration the processes of laser 
plasma formation in the vicinity of a particle. Second, 
the quick growth of a gaseous shell is accompanied by 
the generation of acoustic waves [21, 22], which can be 
an additional mechanism of particle energy loss. The 
efficiency of this mechanism is difficult to estimate 
numerically. Third, the model does not take into account 
the behavior of optical characteristics of a core-shell 
particle during its growth. This can cause the time 
dependence of the absorption cross-section to be more 
complicated than within the geometric approach [8]. In 
addition, physical characteristics of materials at high 
temperatures are known approximately. Nevertheless, 
despite the mentioned limitations of the proposed model, 
it provides a satisfactory explanation for the character-
ristics of LII in aqueous suspensions of submicron black-
body particles considered in this paper. 
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