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THE INFLUENCE OF LASER PULSE DURATION
ON THE KINETICS OF LASER-INDUCED THERMAL
EMISSION OF POROUS CARBON MATERIALS

The shape of pulse signals of laser-induced thermal emission of porous carbon material is
studied with the duration of laser excitation pulses varied from 20 to 40 ns. It is found that
the amplitude and duration of thermal emission pulses depend significantly on the duration
of laser pulses. In particular, an increase in the duration of the emission pulses from 70 to
200 ns is recorded, which is caused by changes in the temperature distribution with depth in
the surface layer of the irradiated material. Computer modeling of the processes of pulsed laser
heating and of the formation of thermal emission signals is carried out. The simulation results
show satisfactory agreement with the measurement results.
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1. Introduction

During the laser irradiation of light-absorbing ma-
terials, a local increase in the temperature in the
area of absorption of the laser radiation can lead
to noticeable changes in the pattern of the thermal
radiation of the irradiated object, which is the ba-
sis of various laser technologies [1-10]. The use of
powerful laser pulses of nanosecond duration makes
it possible to obtain a laser-induced thermal radia-
tion in the visible light, and this circumstance sig-
nificantly expands the possibilities for the experi-
mental research and applications. In thermal laser
technologies, an important tool is the analysis of
kinetics of grow and decay of the laser-induced ther-
mal emission (LITE), since the shape of a laser-in-
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duced emission pulse carries the important informa-
tion about the processes in the object under study
[11-15].

This work is a continuation of the cycle of works
[16-20] devoted to the study of the kinetics of LITE of
surface layers of carbon materials. In previous stud-
ies, it was found that the decay of LITE in these
materials is quite complex. In particular, at least two
components with the characteristic time of the or-
der of 1078 s and 10~7 s can be distinguished in
the emission decay. The emission decay kinetics de-
pends not only on the properties of the studied ma-
terial, but also on many other factors, in particu-
lar: (i) on the intensity of laser excitation; (ii) on
the previous history of laser irradiation of the sur-
face; (iii) on the wavelength of LITE detection; (iv)
on the wavelength of the laser excitation; (v) on the
surface roughness; (vi) on the presence of ambient
air. In this work, another factor affecting the kinetics
of LITE of carbon materials is investigated — it is the
duration of laser excitation pulse. Experiments show
that, when the laser pulse duration increases from 20
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Fig. 1. Dependence of the intensity of laser radiation on the
coordinate across the beam in the case of 73 = 20 ns (curve 1)
and 40 ns (curve 2)
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Fig. 2. Amplitude I, of LITE pulses as a function of surface

energy density F of laser excitation pulses with 73 = 20 (curve
1) and 40 ns (curve 2)

to 40 ns, the LITE pulse duration increases several
times (for example, from 70 to 200 ns for porous car-
bon samples).

2. Methods

An YAG:Nd laser with electro-optical Q-switching
was used for the excitation of LITE. To vary the
duration of the laser generation pulses, the front of
the pulsed electric signal, which opened the electro-
optical shutter, was changed. By this method, the
laser generation with the controlled pulse duration
7, from 18 to 40 ns was obtained without changing
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the geometry of the laser resonator. Typical distribu-
tions of the intensity of laser radiation F' across the
beam are shown in Fig. 1 for two values of the dura-
tion of pulses, 20 and 40 ns. As is seen from Fig. 1, in
both operation modes, the laser beams have approx-
imately the same cross-beam intensity distributions,
which significantly facilitates the comparison of the
results of measurements at different values of 7;.

In the present work, the method of measuring LITE
signals is similar to the method used in works [18,
19]. Measurements were carried out in the spectral
interval of 560 £ 20 nm.

To demonstrate the effect of the duration of laser
excitation pulses on the kinetics of LITE, a porous
carbon material — pharmaceutical activated carbon —
was chosen. In previous works [18, 19], a computer
model was developed for this material, which allows
the calculation of the shape of the emission pulse un-
der the pulsed laser excitation. The calculations use
the classical heat conduction equation with a spa-
tially inhomogeneous heat source formed in the sur-
face layer of the material due to the absorption of
laser radiation. As a result, the transient temperature
distribution is calculated, which enables the calcula-
tion of the exitance of the surface as a function of
time using Planck’s formula for black body thermal
radiation. The calculations involve the temperature
dependence of the coeflicient of thermal conductivity
and specific heat capacity of the irradiated material
and of the surrounding air, as described in [18,19].

3. Results and Discussion

Figure 2 in a double logarithmic scale shows the de-
pendence of the amplitude I,, of LITE pulses on the
surface energy density E of the laser excitation with
the pulse durations 7; = 20 and 40 ns. The results
shown in Fig. 2 were obtained on the same part of the
sample surface, with a fixed location of the photode-
tector and of the laser beam, and with a fixed power
supply voltage of the photodetector. Under such ex-
perimental conditions, it can be assumed that oscil-
lograms with the same amplitude correspond to ap-
proximately the same maximal surface temperature
T, which is reached at the moment of maximum of
the emission pulse.

As is seen from Fig. 2, in both cases for 7; = 20 and
40 ns, the dependence of I, on F is strongly nonlin-
ear, which is characteristic of this type of secondary
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radiation under the pulsed laser excitation. As pro-
posed in [21,22], for characterization of the degree of
nonlinearity of LITE, it is convenient to use a dimen-
sionless parameter v = (dl,/I,) / (AE/E), which is
easily calculated as the slope of I, (E) graph on a
log-log scale.

Figure 2 shows v ~ 4.5 for 7; = 20 ns and v ~ 3.5
for 77 = 40 ns. The experimentally obtained values of
~ are typical of LITE of carbon materials [23], and
the closeness of v values for 73 = 20 and 40 ns testifies
in favor of the above statement about the closeness
of Ty, for oscillograms with the same amplitudes I,,.

In Fig. 2, the fact of a significant displacement of
curve 2 in relation to curve 1 is especially notice-
able. In particular, as it follows from Fig. 2, in or-
der to obtain a pulse of LITE at ; = 40 ns of the
same amplitude as with 73 = 20 ns, it is necessary to
significantly increase the energy density E. This cir-
cumstance indicates that the maximal surface tem-
perature is largely influenced by the processes of heat
transfer from the surface to the depth of the sample
during the duration of the laser pulse.

Attention should also be paid to the following cir-
cumstance. It is known that aerosol particles of soot
under the laser irradiation with the energy density of
0.2-0.5 J/em? reach the sublimation temperature of
carbon (about 4000 K) [9], which is an important con-
dition for practical applications. On the other hand,
as is seen from Fig. 2, in this work, the experiments
were carried out at rather high values of the laser ex-
citation energy density (up to 0.8 J/cm?), although
pyrometric estimates of the surface layer tempera-
ture in these experiments did not exceed 3300 K. This
circumstance additionally indicates that, during the
laser pulse, a significant portion of the laser excita-
tion energy leaves the surface layer as a result of the
heat transfer processes.

Figure 3 shows typical oscillograms of LITE pulses
with excitation 3 = 20 and 40 ns. In Fig. 3, the os-
cillograms with the same amplitude I, obtained at
different values of the energy density E (according
to Fig. 2) are presented. The oscillograms shown in
Fig. 3 are shifted horizontally up to their maxima
coincide.

It can be seen from Fig. 3 that an increase in the
duration of the laser excitation pulse from 20 to 40 ns
leads to a significant increase in the duration of lead-
ing edge of LITE pulse. If at 7 = 20 ns the du-
ration of the leading edge is about 10 ns; then at
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Fig. 3. Oscillograms of LITE pulses at 73 = 20 ns (curve 1)
and 40 ns (curve 2)

7, = 40 ns, this value increases to 25 ns. In both
cases, the duration of the leading edge is of the or-
der of half the duration of the corresponding laser
excitation pulse. This result, within the accuracy of
the measurements, corresponds to the results of com-
puter simulations, which predict the duration of the
leading edge of LITE pulse about 9.5 ns at 7; = 20 ns
and 17 ns at 7; = 40 ns. It should also be noted that,
according to the results of calculations, the maximum
of the emission pulse is reached with the delay of 16
and 29 ns from the maximum of the laser pulse for
7 = 20 and 40 ns, respectively.

As can be seen from Fig. 3, the increase in the du-
ration of the laser excitation pulse from 20 to 40 ns
leads to the significant lengthening of the trailing edge
of a LITE pulse. In view of the fact that a long-term
component is observed in the LITE decay, for the fur-
ther comparison of the experimental and calculated
results, it is expedient to introduce a parameter 79;
as the duration of a LITE pulse at a level of 0.1 of its
maximal value.

The results of 79; measurements are shown in
Fig. 4. The pyrometric estimate of the maximal sur-
face temperature T}, is plotted horizontally in Fig. 4.
This temperature was calculated using Planck’s for-
mula for blackbody radiation based on the results of
measurements of the amplitudes of LITE pulses at
two wavelengths of 560 and 430 nm.

As is seen from Fig. 4, the duration of a LITE pulse
To1 significantly depends on the duration of the laser
excitation pulse 7;. In particular, with a two-fold in-
crease in 7;, the value of 7g; increases from 70 to
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Fig. 4. The duration 791 of LITE pulses at 7 = 20 ns (cir-
cles) and 40 ns (triangles) as a function of maximal surface
temperature Ty,
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Fig. 5. Calculated LITE oscillograms of the carbon material

with cylindrical roughness elements with the height h = 0.5 pm
for 73 = 20 and 40 ns (curves I and 2, respectively)

The results of measurements
and calculations of the duration of thermal
emission pulse 191 at a wavelength of 560 nm

T01, NS 73 = 20 ns 73 = 40 ns
Experiment 70 200
Calculations, h = 0.4 ym 129 233
Calculations, h = 0.5 um 90 177
Calculations, h = 0.6 um 79 135

200 ns. Such an increase in 797 cannot be explained
by an increase in the duration of leading edge and
requires a separate analysis.
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Fig. 6. The calculated maximal temperature Ty, as a func-
tion of the depth z for 77 = 20 and 40 ns (curves I and 2
respectively) for h = 0.5 pm

To find out the reasons for the above-mentioned
significant increase in the duration 79, of LITE pulses,
when 7 increases, consider the following results of
computer modeling of the processes of laser heating
of surface layers of light-absorbing materials.

In previous works [17, 18] it was noted that rough
surfaces are heated unevenly under the pulsed laser
irradiation; as a result, the surface roughness can sig-
nificantly affect the characteristics of thermal radia-
tion pulses. Considering this circumstance, it seems
appropriate to conduct computer simulations of the
formation of LITE pulses by rough surfaces with the
variation of duration of laser pulses. The approach
described in [18] can be used for calculations. In par-
ticular, the rough surface can be represented by uni-
formly distributed cylindrical protrusions of height
h. A surface element with a single protrusion can
be used for calculations. In the present work in the
calculations, the diameter of the protrusion was set
equal to its height. The surface area around the pro-
trusion was equal to the area of the top of the protru-
sion. The variable parameter h was chosen according
to the depth of penetration of laser radiation into the
irradiated material. In the calculations, the average
intensity of laser radiation was selected for reaching
the maximal temperature T, = 3000 K at the top of
the protrusion.

The calculation results for a rough surface with
h=0.5 ym are shown in Fig. 5 and in Table. As
can be seen from Table and from Figs. 3 and 5, the
results of calculations correspond to the results of
experiments.
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Thus, the computer model developed in previous
works turned out to be suitable for calculating the
parameters of LITE pulses with variation of the du-
ration of laser pulses from 7; = 20 to 40 ns. The ques-
tion remains as to the reasons for the observed signif-
icant lengthening of the duration of emission pulses.

In previous works [16,17], for the decay of LITE of
various carbon materials, it was noticed that a rela-
tively long-lasting component with the decay time of
the order of 10=7 s is observed. In [16,17] the presence
of this decay component was associated with the fact
that, in the studied materials, the penetration depth
of laser radiation significantly exceeds the length of
thermal diffusion for a time of the order of the dura-
tion of laser pulse. Therefore, at the end of the heat-
ing laser pulse, an elongated distribution of tempera-
ture with the depth is formed in the surface layer of
the material. Hence the slow component of the emis-
sion decay is observed.

Considering the above mentioned, it seems appro-
priate to analyze the behavior of the temperature dis-
tribution inside the irradiated sample with changes in
the duration of laser excitation pulses. The results of
the corresponding calculations are shown in Fig. 6
for h = 0.5 ym. The z coordinate is counted from the
top of the protrusion on the surface. The tempera-
ture distributions shown in Fig. 6 correspond to the
moments of time, when the temperature at the top of
the protrusion reaches its maximum, which roughly
corresponds to the moments of the maxima of the
emission pulses. It should be noted that the temper-
ature distributions shown in Fig. 6 are initial for the
processes of temperature relaxation and for the cor-
responding decay of the emission.

As can be seen from Fig. 6, when 7; increases from
20 ns to 40 ns, the distribution 7" (z) significantly ex-
pands. As a result, there is the increase of the dura-
tion of the emission decay and, accordingly, the in-
crease of 7p1.

4. Conclusions

Summing up, it is worth emphasizing the following
circumstances. The experimental and calculated re-
sults obtained in this work testify to the significant
dependence of the characteristics of LITE pulses of
porous carbon materials on the duration of laser ex-
citation pulses. In particular, it is worth paying at-
tention to the experimentally revealed sensitivity of
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the amplitude of LITE pulses to variations of the du-
ration of laser pulses. In addition, an important cir-
cumstance is the significant lengthening of the emis-
sion pulses, which correspond to the same maximal
surface temperature, but are excited by laser pulses
with different durations. The specified properties of
LITE are consistent with the existing model con-
ceptions and add additional features to the com-
plete picture of this complex type of laser-induced
emission.
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Ministry of Education and Science of Ukraine in ac-
cordance with Agreement No. BF/30-2021 dated Au-
gust 4, 2021.
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BIIJINB TPMBAJIOCTI JTJABEPHOI'O
IMITVJIBCY HA KIHETUKY IHAYKOBAHOI'O
JIABEPOM TEIIJIOBOI'O BUITPOMIHIOBAHHSI
IIOPYBATUX BYIVIEHEBUX MATEPIAJIIB

Hocuimzkeno (opMmy IMIYJIbCHUX CHTHAJMIB iHIyKOBAHOIO JIa-
3epOM TEIJIOBOI'O BHUIIPOMIHIOBAHHSI OPYBATOTO BYIJIEIEBOIO
MaTepiajy Hpu BapilOBaHHI TPUBAJIOCTI IMIIYJIbCIB JIa3epHOIO
30ymkenns Big 20 mo 40 mc. Bussieno, mo ammiityga i Tpu-
BAJIICTh IMIIyJIbCIB TEIJIOBOI'O BUIIPOMIHIOBAHHSI CYTTEBO 3aJie-
KaTh BiJ, TPUBAJOCTI Ja3epHUX IMIIy/IbCiB. 30Kpema, 3apee-
CTpOBaHO 301/IbIIEHHST TPUBAJIOCT] IMIysIbCiB cBidenus 3 70 mo
200 Hc, 1m0 3yMOBJIEHO 3MiHaMM PO3IOAIIY TEMIIEPATypH B 3a-
JIEXKHOCTI Bij IIMOMHY y IOBEPXHEBOMY IIapi OIPOMIHIOBAHOT'O
marepiaay. [IpoBesleHO KOMII'IOTEpHE MOJIEJIIOBaHHS IIPOIECIB
IMITyJICHOTO JIa3€PHOrO HarpiBaHHs 1 POpMyBaHHS CUTHAJIB
TEIJIOBOrO BUIPOMiHIOBaHHsI. Pe3yabraTu MOIe/TIOBaHHS IIOKa-
3aJIi 3aJ0BlJIbHE Y3TOJKEHHS 3 Pe3yJIbTaTaMM BUMipDIOBaHb.

Katwoei caosa: ingykoBaHe J1a3epOM TEIJIOBE BUIIPOMi-
HIOBAHHS, KiHETHUKA, IOPYBAaTHII BYTJIEIlb.
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