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Abstract. Thermal emission is an informative tool to study materials’ properties at high 

temperatures under laser irradiation. The kinetics decay of laser-induced thermal emission 

from carbon microparticles deposited on heat-sink surfaces of transparent dielectrics (glass 

and sapphire) was studied. A Q-switched YAG:Nd
3+

 laser (pulse duration τi = 20 ns, 

energy/power density 0.5 J·cm
–2

, 25 MW·cm
–2

) was employed to excite thermal emission. 

In calculations, the classical heat conduction equation was used. With increasing the 

thermal conductivity of substrate (from glass to sapphire), reduction in the emission pulse 

duration has been observed. 
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1. Introduction 

Under illumination of light-absorbing materials with 
pulsed or modulated laser radiation, the laser-induced 
changes of temperature cause the appropriate increase of 
thermal emission of the irradiated material. Properties of 
this laser-induced thermal emission are dependent on 
thermal and optical characteristics of the irradiated 
material, and a group of methods called photothermal 
radiometry [1–5] was elaborated. In [1–5], local increase 
of temperature can be of the order of dozens of Kelvins, 
and the corresponding thermal emission is usually 
detected in the IR spectral region. With the use of high-
power pulsed lasers, local temperature can reach 
thousands of Kelvins [6], and this laser-induced thermal 
emission can be easily detected in the visible spectral 
region. For such emission, high-sensitive and high-speed 
photomultiplier detectors can be used, and this 
circumstance opens good opportunities to study relatively 
fast processes in the nanosecond and sub-microsecond 
time scale. For example, short pulses of visible thermal 
emission (with the pulse length of 10

–8
 to 10

–7
 s) can be 

observed when surface layers of light-absorbing 
materials are heated up by nanosecond laser pulses. This 
pulsed thermal emission can provide information about 
material’s properties at high temperatures and about the 
processes of laser radiation interaction with matter [7–13]. 
As shown in [7, 8, 11], the decay of thermal emission  
 

after pulsed laser excitation depends on the relationship 

between thermal and optical characteristics of the 

irradiated material, as well as on the geometry of heat 

release region. In particular, laser radiation penetration 

depth into the irradiated material, Δ, and thermal 

diffusion length during typical time of the studied 

processes, δ, are the parameters which define the decay 

of laser-induced thermal emission. If Δ > δ, trailing edges 

of pulsed signals of laser-induced thermal emission 

contain slow decay components (of the order of 10
–7

 s), 

which can be easily detected under excitation with 

radiation of typical Q-switched lasers. 

In the case of rough surface layers, decay kinetics of 

laser-induced thermal emission depends not only on the 

ratio Δ/δ but also on the dimensions of the elements of 

rough surface relief [8]. 

Numerous papers consider visible thermal emission 

of light-absorbing microparticles heated up with 

nanosecond laser pulses. In particular, thermal emission 

was studied using carbon microparticles suspended in 

various matrices: aerosols [14–16], aqueous suspensions 

[17–20], glass [21, 22], and transparent polymers [23, 

24]. Depending on chemical composition of the matrix, 

thermal emission of carbon microparticles under pulsed 

laser heating have different properties due to variety of 

processes of the laser energy transformation in the 

microparticles and in the surrounding matrix. 
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This paper is devoted to studies of kinetics decay 

inherent to thermal emission of carbon microparticles 

deposited on surfaces of transparent dielectrics. It is 

supposed that the distribution of temperature inside 

microparticles under the laser irradiation will be affected 

by heat dissipation into the substrate material transparent 

for the laser light. Then, according to the mechanism of 

formation of slow components in the decay of laser-

induced thermal emission [7, 8], it is expected that the 

substrate-induced changes of temperature distribution 

will cause considerable shortening of the decay curves. 

2. Methods 

To excite thermal emission of carbon microparticles, a 

Q-switched YAG:Nd
3+

 laser was employed (pulse 

duration τi = 20 ns, energy and power density approxi-

mately 0.5 J·cm
–2

 and 25 MW·cm
–2

). The measurements 

were performed in a single shot mode at room 

temperature. Laser-induced thermal emission was 

detected with a photomultiplier Hamamatsu H1949-51 

(rise time 1.3 ns) through a blue glass optical filter CC-4 

(bandwidth 400…500 nm). The signals were analyzed 

with a digital oscilloscope TDS2022B (bandwidth 

200 MHz). 

Carbon microparticles were deposited on polished 

surfaces of glass and sapphire samples. Deposition was 

made using laser ablation at atmospheric pressure.  

A carbon-containing target (carbon-filled paper)  

was irradiated with 1-3 laser pulses (0.5 J·cm
–2

, 

25 MW·cm
–2

). The distance between the target and 

substrate was approximately 4 mm. Typical SEM images 

of the deposited particles are given in Fig. 1. 

The calculations were carried out similarly to [7]. 

Since the surface temperature reaches several thousands 

of degrees, the calculations require high-temperature data  

 
 

 

on thermal and optical characteristics of the irradiated 

material. A large number of studies were devoted to 

measuring the thermal conductivity of carbon materials, 

and a comprehensive review is given in [25]. However, 

for temperature range >1000 K, the data given in [25] are 

not so numerous. In the present work, we follow the 

conclusions obtained in [7], and for carbon we use the 

high-temperature estimate of thermal conductivity 

coefficient κ = 0.04 W·m
−1

·K
−1

, the specific heat capa-

city cp = 4∙10
6
 J·m

−3
∙K

−1
, and the absorption coefficient 

α = 10
7
 m

−1
 (at the laser wavelength of 1064 nm).  

For thermal characteristics of the substrate materials,  

the following values are assumed: κ = 1 W·m
−1

·K
−1

,  

cp = 2.15∙10
6
 J∙m

−3
·K

−1
, and κ = 27 W·m

−1
·K

−1
,  

cp = 1.66∙10
6
 J·m

−3
·K

−1
, which roughly corresponds to 

typical values for silicate glass and sapphire, respectively 

[26]. In all of the calculations, the dependence of the 

thermal and optical characteristics on temperature and on 

the intensity of laser radiation was neglected. 

3. Results and discussion 

In the experiments, the laser pulses irradiated the 

particles from the side opposite to the place of their 

contact with the heat sink substrate. To simulate 

temperature distribution inside a single particle, the 

following one-dimensional model was used (see Fig. 2): 

a layer of carbon with a thickness h covers a flat surface 

of substrate, and the laser radiation propagates in the di-

rection of z-axis, perpendicularly to the substrate surface. 

The laser intensity was presented by the following 

expression F(z, t) = F0(z) φ(t), where function φ(t) 

describes the shape of the laser pulse, and function F0(z) 

describes its attenuation along z-axis. In the calculations, 

we used two versions of the laser pulse shape: 

rectangular and Gaussian. 

 

 

 

  

Fig. 1. SEM images of a polished Si surface with deposited carbon microparticles. 
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Fig. 2. The sample geometry for computations (1) and typical 

oscillograms of a rectangular laser pulse (2a) and temperature 

(2b) at z = 0. 

 

 
Absorption of laser radiation was described by the 

following equation: 

zFF dd 0  .       (1) 

The penetration depth of laser radiation into the 

carbon material was estimated as Δ = α
−1

 = 100 nm. For 

the substrate material, zero absorption coefficient was 

assigned. Reflections at the interfaces were neglected. 

Transient temperature distribution was calculated 

using the parabolic heat conduction equation: 

T
t

cFT
zz

p













.     (2) 

Heat dissipation to the surrounding atmosphere was 

neglected. The object temperature before irradiation was 

taken equal to room temperature T (z, t < 0) = Ta = 293 K. 

The thermal diffusion length δ in carbon was estimated 

as nm14


 i
pc

. 

The surface exitance ε in a narrow spectral interval 

(λ, λ + Δλ), where λ = 450 nm and Δλ = 1 nm, was 

calculated with the use of Planck’s blackbody emission 

law with the surface temperature T (z = 0, t) calculated 

from Eqs (1) and (2). 

For laser-induced thermal emission (Fig. 2), the 

decay starts at t = 0, and the decay curve ε(t) at t > 0 is 

determined by the kinetics of temperature at z = 0. In its 

turn, the decay kinetics of T (z = 0, t > 0) depends not 

only on thermal characteristics of the irradiated material,  

 

but also on the initial distribution of temperature at the 

moment of the onset of decay T (z, t = 0) = Tmax(z). Here 

two cases should be considered.  

First, in the case of Δ < δ, the heat release region is 

of the order of Δ, and the depth of the initial distribution 

of temperature Tmax(z) is of the order of δ. In this case, the 

emission decay time reaches dozens of nanoseconds [7]. 

Second, in the case of Δ > δ the power of internal 

heat source decreases rather smoothly with z (in 

accordance with Eq. (1)). As a result, at t = 0, the 

temperature gradient zT dd max  is relatively small; hence, 

the slow component appears in the emission decay. 

For carbon particles deposited on a flat surface, 

according to the model presented in Fig. 2 (1), for h of 

the order of Δ, the presence of heat-conducting substrate 

can change the initial distribution of temperature Tmax(z). 

As a result, changes of the laser-induced thermal 

emission decay curves can be expected. 

The calculated initial temperature distributions 

Tmax(z) are shown in Fig. 3 for different values of 

thicknesses h. As seen from the figure, the presence of 

heat-sink substrate changes the temperature distribution 

significantly. When the particle is in contact with the heat 

sink surface, the outflow of thermal energy into the 

substrate affects the temperature distribution in the part 

of the microparticle adjacent to the substrate. This is 

clearly seen in Fig. 3: temperature decreases noticeably 

within the layer (h – δ, h). If the particle size is small, the 

distortion of the temperature distribution in the region 

(h – δ, h) can affect the temperature gradient in the region 

(0, δ); hence, the emission decay kinetics can change. 

Calculated oscillograms (time histories) of the 

surface exitance are given in Fig. 4 for different h under 

excitation by rectangular laser pulses. Similarly to [7], 

the decay curves given in Fig. 4 demonstrate a 

combination of fast (10
−8

 s) and slow (10
−7

 s) decay 

components. 
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Fig. 3. Maximal temperature Tmax as a function of z for  

h = 50 nm (1, 2), 75 nm (3, 4), 100 nm (5, 6), 200 nm (7, 8)  

for sapphire (1, 3, 5, 7) and glass substrate (2, 4, 6, 8). 
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Fig. 4. Oscillograms of thermal radiation for h = 50 nm (1, 2), 

75 (3, 4), 150 (5) for sapphire (1, 3, 5) and glass substrate  

(2, 4, 5). 
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Fig. 5. The emission pulse duration as a function of h on the 

glass substrate at the levels 0.5 (1), 0.25 (2), 0.1 (3). 
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Fig. 6. The emission pulse duration as a function of thermal 

conductivity of the substrate at the levels 0.5 (1), 0.25 (2), 

0.1 (3). 

 

As mentioned above, the shape of emission decay 

curve depends on many factors, and its approximation is 

a complicated task. In the case of Δ > δ for flat surfaces 

of uniform materials, as shown in [7], the emission decay 

curve can be approximately fitted by a double-exponent 

function (at least in a limited range of the emission 

intensity). In the case of microparticles deposited on 

substrates, approximation of the calculated emission 

decay curves by a sum of two exponentials leads to 

unsatisfactory results, especially for small particle sizes 

h ≤ 3δ. Therefore, in this work, the double-exponent 

approximation is not used. 

As seen from Fig. 3, with the decrease of h the 

carbon-glass interface comes closer to the irradiated 

surface, and it leads to a noticeable change in the 

temperature distribution in the near-surface region. Since 

thermal conductivity of the substrate material is 

significantly higher than that of carbon, the decrease of h 

leads to the increase of temperature gradient near the 

irradiated surface, which in its turn leads to the change of 

shape of the emission decay curve. As can be seen from 

Fig. 4, for small values of h, the slow component of the 

emission decay disappears (curves 1, 2 in Fig. 4). 

It should be noted that the shape of the laser pulses 

used in the measurements in this work is far from 

rectangular. As shown in [7], the non-rectangularity of 

the laser pulse shape can significantly affect the emission 

decay curve, especially in its fast stage. Therefore, 

hereinafter we consider the results of calculations with 

Gaussian laser pulses for comparison of the calculated 

and experimental data. It also should be noted, there is a 

significant delay between the maximum of the laser pulse 

and the maximum of the emission oscillogram.  

Now consider the influence of characteristics of the 

irradiated objects on the duration of the emission pulsed 

signals. Since the emission pulse has a complex trailing 

edge with a slow decay component, we analyze the pulse 

duration at a level of 0.5, 0.25, and 0.1 of its maximal 

value. 

Fig. 5 shows the calculated pulse width as a 

function of h. As seen from the figure, the decrease of h 

leads to significant reduction in the duration of the 

emission pulse signal. 

Fig. 6 shows the calculated dependences of the 

emission pulse width on the value of thermal 

conductivity of the substrate material for h = 50 nm. As 

seen from the figure, the calculations predict noticeable 

changes in the width of emission pulses caused by 

variations of thermal conductivity of substrates, and these 

changes are more pronounced, when the pulse duration is 

measured at the level 0.1. 

Typical normalized experimental emission 

oscillograms are shown in Fig. 7. The oscillograms were 

recorded when the sample was irradiated by a sequence 

of identical laser pulses with the interval close to 30 s. 

The pulse number in the sequence is designated as N. As 

seen from the figure, the shape of the emission pulse 

changes with increasing N. 
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Fig. 7. Normalized oscillograms of thermal emission typical to 

carbon microparticles on the glass substrate for N = 1 (1), 2 (2), 

3 (3), 10 (4). 
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Fig. 8. The duration of thermal emission pulses (at the levels 

0.25 (1, 2) and 0.5 (3, 4)) as a function of pulse number N for 

carbon microparticles on the glass (1, 3) and sapphire substrate 

(2, 4). 

 

 

Fig. 8 shows the experimental data on the duration 

of thermal emission pulses for carbon microparticles on 

the glass and sapphire substrates. The data for pulse 

width at the level 0.1 are not considered due to the 

significant errors caused by noise in the oscillograms. 

As it can be seen from Fig. 8, the emission pulse 

width depends on the type of substrate: for the sapphire 

substrate the pulse duration is significantly shorter than 

for the glass substrate. 

The results shown in Fig. 8 are in qualitative 

agreement with the above-described results of computer 

simulations. With the increase of thermal conductivity of 

the substrate (from glass to sapphire), 25…55% 

reduction in the emission pulse duration is observed in 

the experiment (Fig. 8), while calculations predict much 

smaller reduction of 6…9% (Fig. 6). This circumstance 

additionally shows the limitations of the model used in  

 

the calculations. It should be noted that the employed 

model uses a number of approximations, both specified 

above in the text and not mentioned. For example, the 

model does not take into account the thermal resistance 

in the carbon-substrate interface. Besides, the contact 

area of the particle with the substrate may differ from the 

area of the irradiated particle surface. Nevertheless, 

despite the limitations, for pulsed laser heating of 

microparticles on heat-sink substrates, the considered 

model clarifies the mechanism of formation of thermal 

emission signals and predicts noticeable reduction of the 

emission pulse width. 

4. Concluding remarks 

The above presented results of measurements and 

calculations indicate a noticeable effect of the substrate 

on the decay kinetics of laser-induced thermal emission 

of carbon microparticles: the presence of a heat-

dissipating substrate causes significant reduction of the 

emission pulse duration. This circumstance opens 

possibilities for using such particles as a probe for 

monitoring thermal conductivity of surface layers of 

transparent materials. Besides, being based on the 

considered model, it can be predicted that the decay 

kinetics can be sensitive to the presence of local 

absorption of laser radiation in the surface layer of the 

substrate. Finally, it also should be noted that the 

considered approach can be used for analysis of pulsed 

laser-induced thermal emission of thin films on heat sink 

substrates. 
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Індуковане лазером теплове випромінювання вуглецевих мікрочастинок на прозорих тепловідвідних 

підкладках 

К.С. Зеленська
1
, С.Є. Зеленський

1*
, О.С. Колесник

1
, Toru Aoki

2
, П.О. Теселько

1
 

Анотація. Теплове випромінювання є інформативним інструментом для дослідження властивостей матеріалів 

при високих температурах під дією лазерного опромінення. Досліджено кінетику загасання лазерно-

індукованого теплового випромінювання мікрочастинок вуглецю, нанесених на тепловідвідні поверхні 

прозорих діелектриків (скла та сапфіру). Для збудження теплового випромінювання використовували 

YAG:Nd
3+ 

лазер з модуляцією добротності (тривалість імпульсу τi = 20 нс, густина енергії/потужності 

0.5 Дж·см
–2

, 25 МВт·см
–2

). Розрахунки проведено на основі класичного рівняння теплопровідності. Зі 

збільшенням теплопровідності підкладки (від скла до сапфіру) спостерігалося зменшення тривалості імпульсу 

випромінювання. 

Ключові слова: індуковане лазером теплове випромінювання, вуглецеві мікрочастинки, тепловідвідні 

підкладки. 
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