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ANISOTROPY OF LASER-INDUCED THERMAL
EMISSION OF ROUGH CARBON SURFACES

In this paper, the visible thermal emission of carbon materials under the irradiation by nanosec-
ond infrared laser pulses is investigated. For rough carbon surfaces, the experiments show that
the pulse length of laser-induced thermal emission depends on the direction of observation. In
particular, in the case of observation along the material’s surface, the duration of the emission
pulse is typically 20+-40% longer than in the direction perpendicular to the surface. For the
explanation of the observed anisotropy of the kinetics of laser-induced thermal emission, a
calculation model is proposed, which accounts for significant heterogeneity of pulsed laser heat-
ing of rough surfaces. The computer modeling predicts that peaks and valleys of the surface
relief can be heated to significantly different local temperatures, and the temperature relaxation
in the relatively hot peaks is longer than in the relatively cold valleys. As a result, when the
laser-induced thermal emission is observed along the surface, the valleys are shadowed by the
peaks, and this circumstance leads to the observed anisotropy of thermal emission kinetics. The
results of the computer simulations with regard for the effect of shadowing are consistent with

the results of measurements.
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1. Introduction

The thermal effect of laser radiation is the basis of
numerous technologies of the laser processing of ma-
terials [1-9]. The power of modern laser systems is
sufficient to implement a variety of technologies, from
sophisticated methods of laser surgery to powerful
laser weapons and laser fusion. Due to the well-known
features of laser light sources, even not too powerful
pulsed lasers (laboratory-scale lasers) are capable of
producing sufficiently strong thermal effects. For ex-
ample, when light-absorbing materials are irradiated
with powerful laser pulses of the order of 1078 s, thin
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surface layers of irradiated materials can be heated to
temperatures of thousands of degrees. Under suchs,
even the naked eye can observe a short flash of white
glow of the irradiated surface. This laser-induced sec-
ondary radiation is thermal in nature and is well de-
scribed by classical laws of thermal radiation, includ-
ing Planck’s formula for blackbody emission.
Despite the fact that the physical mechanism of
the above-mentioned laser-induced thermal emission
(LITE) is well-understood, the phenomenological
properties of this emission are quite complex. In par-
ticular, when LITE is recorded in a narrow spectral
interval (through a monochromator or a bandpass fil-
ter), its intensity depends nonlinearly on the intensity
of laser excitation. In addition, the behaviors of the
pulse amplitude and of the pulse energy are differ-
ent, since the shape of emission pulses depends on
the intensity of laser excitation. In typical cases, the
emission pulse shape is asymmetrical. As a rule, the
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Fig. 1. The experiment layout

leading edge of LITE pulses is almost twice as short as
the duration of the laser excitation pulse. As for the
trailing edge, it can have a complex shape: in some
cases, fast and slow components can be distinguished
in the emission decay curve.

For the pulsed laser heating of surface layers of
light-absorbing materials, the computer modeling
shows that the characteristics of LITE are signifi-
cantly affected by the roughness of the irradiated sur-
face [10-13]: rough surfaces are heated non-homoge-
neously, and this fact affects the kinetics of thermal
emission decay.

In this work, another unexplored property of LITE
is considered. As the experiments show, the LITE
pulse duration depends on the relative layout of the
laser beam, of the irradiated surface, and of the di-
rection of observation. Such anisotropy of LITE is ob-
served on some rough light-absorbing surfaces. In this
work, the anisotropy of LITE of rough carbon sur-
faces is investigated. To the author’s knowledge, this
anisotropy of LITE is observed for the first time.

2. Methods

The measurements of shape of LITE pulses were car-
ried out as described in [13, 14] using a Q-switched
YAG:Nd laser (wavelength 1064 nm, pulse length
20 ns), a high-speed photomultiplier H1949-51 (rise
time 1.3 ns), and a digital oscilloscope (bandwidth
250 MHz). Glass filters were used for the selec-
tion of LITE emission in the spectral interval of
560 420 nm. The power density of the laser radia-
tion was Fy = 5+10 MW -cm~2 for different materi-
als. The maximal surface temperature was estimated
to be about 2500...3000 K. The measurements were
carried out in a single-pulse mode. The laser beam
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was directed perpendicular to the irradiated surface,
while the observation direction was varied from the
normal (almost reverse) (§ =~ m, Fig. 1) to the tan-
gential direction (6 ~ 7/2, Fig. 1).

The following carbon materials were used for mea-
surements: spectroscopic-grade carbon electrodes,
charcoal (oak), pharmaceutical porous activated car-
bon (in the form of tablets), and carbon-filled
black paper. Typical SEM images of the samples are
given in [13, 14]. Before the measurements, to re-
move moisture accumulated during storage, the sam-
ples were heated for 15 minutes to a temperature
of about 150 °C. In addition, before the measure-
ments, the samples were pre-irradiated with a se-
quence of 20...30 laser pulses of increased intensity
(Fy ~15 MW - cm~2); such treatment significantly re-
duces the effects of the laser irradiation dose on the
intensity and shape of LITE pulses [12]. All measure-
ments were made at room temperature.

To calculate the shape of LITE pulsed signals of
carbon materials, computer modeling of the dynam-
ics of temperature field in the surface layer of the ir-
radiated material was carried out using the classical
equation of heat conduction, similarly to [13-15]. The
emission signal was calculated using Planck’s formula
for blackbody thermal radiation in a narrow spectral
interval. The calculations unvolved the porosity of the
material, the presence of atmospheric air, as well as
the temperature dependence of thermal characteris-
tics of carbon and air (the coefficient of thermal con-
ductivity and the specific heat capacity).

3. Results and Discussion

For the computer modeling of temperature distribu-
tion on a rough surface under the pulsed laser irradi-
ation, the surface relief was presented as an ensemble
of cylindrical protrusions (a single surface element is
depicted in Fig. 2). A cylindrical coordinate system
was used with z axis along the direction of propaga-
tion of the laser beam perpendicular to the irradiated
surface. Assume that the diameter of the cylindrical
protrusion is equal to its height, 2R; = h, and also
Ry = 2Rq. Denote S; to be the area of the protru-
sion’s top surface, So+ 53 the area of the lateral cylin-
drical surface of the protrusion (S = S3), and Sy the
area of the valley around the protrusion.

As for the choice of specific values of the rough-
ness element dimensions, as well as the ratio be-
tween them, it is worth noting the following consid-
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erations. First, all the samples of carbon materials
studied in the work had rough surfaces with rough-
ness elements of various sizes and shapes, which cre-
ates conditions for observing the anisotropy of LITE
on different samples. Second, as previous studies have
shown, the inhomogeneity of heating of surface rough-
ness elements during the pulsed laser irradiation is
most pronounced in the case where the dimensions of
the irradiated element correspond by order of magni-
tude to the characteristic distances determined by the
depth of penetration of the laser radiation into the ir-
radiated material, as well as the length of thermal dif-
fusion in the material during the laser pulse. Finally,
for computer modeling, such a ratio of the roughness
element sizes was chosen, which allowed us to largely
realize the inhomogeneity of its heating and to obtain
the maximum difference in the shapes of LITE signals
from different sections of the surface of the protru-
sions and depressions. Given the expected mechanism
of LITE anisotropy, a surface element with the sim-
plest shape was selected for the computer modeling
to simplify calculations.

Consider the results of calculations for a mate-
rial with a porosity of 74%, which corresponds to
the above-mentioned pharmaceutical activated car-
bon. Figure 3 shows the results of calculations of the
surface temperature T' (Fig. 3, b) and of the surface
exitance € (Fig. 3, ¢) at point A (Fig. 2). Fig. 3, a
demonstrates the shape of the laser pulse. The mo-
ment of time ¢, corresponds to the maximal value
of temperature (and, accordingly, the maximal value
of exitance) at the selected point A at the top of the
protrusion. The exitance e (Fig. 3, ¢) is calculated
according to Planck’s formula in a narrow spectral
interval around 560 nm, which corresponds to the ex-
perimental conditions.

As predicted in [11], for a pulsed laser irradiation of
a rough surface, non-uniform heating of the surface
relief elements can be expected. In particular, work
[11] presents the results of calculations which predict
the significant difference in temperature of peaks and
valleys on the surface. It should be noted that the cal-
culations in [11] were made without consideration of
the temperature dependence of thermo-physical char-
acteristics of the irradiated material. As is shown in
[15], the account for the temperature dependence of
the thermal conductivity and heat capacity of car-
bon is critically important for the correct description
of the kinetics of LITE decay of such materials. In
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Fig. 3. The shape of the laser pulse (a) and the calculated
time dependences of temperature (b) and exitance (c) at point
A (Fig. 2)

particular, in the temperature range relevant for the
observation of LITE, the thermal conductivity of car-
bon decreases by an order of magnitude (compared to
the value at room temperature), which leads to the
appearance of a slow component in the emission de-
cay. As will be shown below, the anisotropy of LITE,
which is studied in this work, is most pronounced just
at the trailing edge of the emission pulse.

Fig. 4 shows the calculated temperature distribu-
tion along the line ABCD (Fig. 2) on the surface at
the moment ¢, with regard for the temperature de-
pendence of the coefficient of thermal conductivity
and of the specific heat capacity c,. As is seen from
Fig. 4, the temperatures of different areas of the sur-
face differ significantly. In particular, the areas dis-
tant from the vertical wall (for example, at the top
surface, near point A, Fig. 2) have the highest tem-
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Fig. 4. Calculated temperature distribution along line ABCD
(Fig. 2) at the timepoint tmax
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Fig. 5. Experimental normalized oscillograms of LITE of the
activated carbon sample for § ~ 7 (curve 1) and 6 ~ 7/2
(curve 2) and calculated normalized oscillograms from areas
S1 4 S2 + 53 + S4 (curve 3) and S1 + Sz (curve 4)

perature, while the areas near the bottom of the wall
(near point C) are less heated.

The shape of a thermal emission pulse depends on
the kinetics of the temperature at the selected point
on the surface. Hereinafter, we will focus on the trail-
ing edge of the emission pulse, which is determined
by the kinetics of temperature decay. As can be seen
from Fig. 3, the stage of decay of LITE begins at the
moment of time t,., when the laser pulse is almost
ended. Therefore, the kinetics of temperature decay
at a selected point on the surface will be determined
(i) by the characteristics of the material (thermal con-
ductivity coefficient, specific heat capacity), (ii) by
their temperature dependences, and (iii) by the ini-
tial temperature distribution under the surface (at
the moment ¢,y ). This initial subsurface tempera-
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Fig. 6. Calculated values of LITE pulse width as a function
of height of protrusions h for surface areas S1 + Sz (curve 1),
S1+S2+S3+S54 (curve 2), S3+.S4 (curve 3) at Tmax = 2800 K
at a wavelength of 560 nm

ture distribution depends on many factors, including
the absorption coefficient at the laser wavelength. It
should also be noted that the kinetics of temperature
decay is different for different values of Ti,ax, which
is manifested in the experiments as a dependence of
the duration of LITE pulses on the energy density
(J-ecm™?) of pulsed laser excitation.

Thus, it can be expected that different areas of the
irradiated rough surface will emit LITE signals, which
differ not only by their amplitudes, but also by the
pulse shapes. The integral LITE signal of the entire
heterogeneously heated surface can be calculated by
integrating the exitance e over the area S; + So+
+ 53+ S4.

It should be emphasized that the experiments give
the integrated emission signals from the surface ar-
eas that fall into the field of view of the photode-
tector. Consider the variants of relative position of
the laser beam and of the direction of observation,
shown in Fig. 1. If we place the photodetector so that
the direction of observation is approximately oppo-
site to the direction of the laser beam (Fig. 1, § =~ 7),
the thermal radiation will fall into the field of view
of the photoreceptor mainly from areas S; and Sjy,
and partially from S, + S5 (Fig. 2). If we place the
photodetector with the direction of observation tan-
gential to the surface (Fig. 1, § =~ 7/2), the ther-
mal radiation will fall into the field of view of the
photodetector mainly from areas Sy and partially Sy
(Fig. 2), while areas S3 and Sy will (at least par-
tially) be overlapped (shadowed) by neighboring pro-
trusions. Thus, for measurements performed in accor-
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dance with Fig. 1, it can be expected that different
shapes of LITE signals will be observed for 8 =~ 7w and

~ /2.

The results of the corresponding calculations are
shown in Fig. 5. Curve 3 in Fig. 5 is obtained by inte-
grating the exitance e within the area S;+.S5+ 53+ 54,
which approximately corresponds to the case 6 ~ 7,
and curve 4 is the result of the integration over
S1 + S2, which approximately corresponds to 6 =~
m/2. As can be seen from the figure, the calculated
emission pulses differ significantly.

Figure 5 also shows typical experimental oscillo-
grams obtained on a sample of activated carbon. As
is seen from Fig. 5, curves I and 2 are noticeably
different, that is, the experiment confirms the pres-
ence of the anisotropy of LITE of the rough surface of
the activated carbon sample. Similar results were ob-
tained on all samples of carbon materials investigated
in this work.

As is seen from Fig. 5, the difference between the
emission pulses detected at different directions of ob-
servation is most pronounced at relatively far stage
of the LITE decay. In view of this circumstance, for
comparison of the results of calculations with the re-
sults of experiments, it seems convenient to measure
the width of a LITE pulse at a level of 0.1 of its
maximum (denote 7o1). Figure 6 shows the results of
calculations for different possible values of height h
of cylindrical protrusions on the surface (with the
appropriate values of radius R = h/2). As is seen
from Fig. 6, the thermal emissions from different ar-
eas 571+ have significantly different values of the a
pulse width 7p;.

The results of measurements are given in Table. As
is seen from Table and Fig. 6, the values of 79; ob-
served in the experiments satisfactorily correspond
to the results of calculations in the interval of h =
= 0.55+0.65 pum.

Measured LITE pulse width

701, DS
Material
0~ 0~ m/2
Activated carbon 7 92
Charcoal 78 90-100
Carbon electrode 52 70
Carbon-filled paper 92 142
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The consistency of the results shown in Fig. 6 and
in Table testifies in favor of the proposed mechanism
of anisotropy of LITE of rough surfaces.

At the end, it should also be noted that the geo-
metric model of LITE anisotropy considered in this
work is partially similar to the thermophysical mod-
els that describe the heating and thermal radiation
of surfaces of atmosphereless planetary astronomical
objects with topographic features [16-18] and of the
Earth’s surface [19-21]. In the above-mentioned ther-
mophysical models, the key role is played by the effect
of shading of some areas on the surface. As a conse-
quence, peculiarities are observed in the propagation
of radiation in directions along the surface, and, for
example, cold traps for water can be formed in the
permanently shadowed regions at the south pole of
the Moon [16].

4. Concluding Remarks

Summing up, it is worth paying attention to the
following circumstances. The experiments with the
laser-induced thermal emission of rough surfaces have
shown that the differences in widths of the emission
pulses reach 20-40% on all examined samples. Such a
significant effect needs to be taken into account both
during the measurements and in the corresponding
calculations. Therefore, the results obtained in this
work deepen the understanding of the processes of
laser heating of rough light-absorbing surfaces and
will contribute to the development of more advanced
models of the formation of pulsed thermal emission
signals. In addition, it is possible that the revealed
effect of anisotropy of laser-induced thermal emission
kinetics can be used for monitoring of changes of sur-
face roughness during laser processing, but this issue
requires separate study.

The work was carried out with the support of
the Ministry of Education and Science of Ukraine
in accordance with Agreement No. BF/30-2021 dated
August 4, 2021.
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AHI3OTPOIIIA TIHAYKOBAHOI'O
JIASBEPOM TEILJIOBOI'O BUITPOMIHIOBAHH#
HMIOPCTKUX BYIVIEHEBUX ITOBEPXOHb

Y naniit poboOTi JOCIIZKEHO BHIUME TEIIOBE BHUIIPOMIHIO-
BaHHS BYIVIEIIEBUX MaTepiaJiB HpHU ONpOMiHEHH] iHdpadep-
BOHHMH JIA3€PHUMU IMITyJIbCAMH HAHOCEKYHJIHOI TPHUBAJIOCTI.
JJist OPCTKUX BYIJIENIEBUX [IOBEPXOHb €KCIIEPUMEHTH IIOKa3Yy-
IOTh, 110 TPUBAJICTH IMIIYJIbCY iHJYKOBAHOI'O JIA3€POM TEIJIO-
BOI'O BUIIPOMIHIOBAHHSI 3aJI€KUTDh BiJ| HAIPSIMKY CIIOCTEPEXKe-
HHs. 30KpeMa, IIPH CIIOCTEPE’KEHH] B3/I0BXK IOBEPXHI MaTepi-
ajly TPUBAJICTH IMILyJIbCy BUIIDOMIHIOBAaHHS 3a3BHYail Ha 20—
40% 6inbna, HiXK y HANPSIMKY, HNEPIEHIUKYISPHOMY 0 TIO-
BepxHi. Iy1 mosicHEHH: cIoCcTepeXKyBaHOI aHi3oTporil KiHeTu-
KU JIa3ePHO-1HyKOBAHOI'O TEIJIOBOIO BUIIPOMIHIOBAHHS 3aIIPO-
IIOHOBAHO PO3PaxXyHKOBY MOJIEJIb, sIKa BPAaXOBY€ 3HAYHY HEO-
JHOPIAHICTE IMIIyJIBCHOIO JIa3€PHOTO HAIPIBY IIOPCTKHX IIO-
BepxoHb. KoMIT'toTepHe MOIeIIOBaHHS IIepe10adae, 110 BEPIIN-
HU Ta 3alaJuHU pesabedy TOBEPXHI MOXKYThH OyTH Harpiti xo
CYTTEBO DI3HUX JIOKAJbHHUX TEMIIEPATyp, & TeMIepaTypHa pe-
JIaKcallisi y BIJJHOCHO rapsiyux IiKax JIOBIIA, Hi’K y BIJJHOCHO
XOJIOHUX JOJIMHAX. SIK HACJIIOK, KOJIU iH/IYKOBaHE JIa3epOM
TEIJIOBE BUIIPOMIHIOBAHHS CIIOCTEPIra€ThCs B3/I0BXK ITOBEPXHI,
JOJINHU 3aTiHSIOTHCA MiKaMu, 1 Ig 00CTaBUHA IPUBOAUTDL [0
CIIOCTEPEXKYBaHOl aHI30TpOII] KiHETHKHM TEIJIOBOI'O BUIIPOMi-
HIOBaHHs. Pe3yspTaTé KOMII'IOTEPHOIO MOJEJIOBaHHS 3 ypa-
XyBaHHAM €(EKTy 3aTiHEHHS y3TOKYIOThCS 3 Pe3yJbTaTaMK
BUMIpPIOBaHb.

Katvwo61i cao06a: aHI30TPOIis, IHIYKOBaHE J1a3€POM TEILIO-
B€ BUIIPOMIHIOBaHHS, KIHETUKA, IIIOPCTKI ITIOBEPXHi, ByIJIEIlb.
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