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THE ROLE OF AIR IN LASER-INDUCED
THERMAL EMISSION OF SURFACE LAYERS
OF POROUS CARBON MATERIALS

The influence of the surrounding air on the amplitude and shape of thermal radiation pulses
(at a wavelength of 430 nm) during the heating of the surface layer of a porous carbon material
(to temperatures of the order of 2000-3000 K) by the radiation of a Q-switched neodymium
laser is studied. When the pressure of the surrounding air is reduced to forevacuum conditions,
the experiments showed a one-and-a-half-fold increase in the amplitude of pulsed signals of
thermal radiation and an increase in the decay time of the glow by about a third. Nume-
rical calculations of the dynamics of the temperature field in the surface layer of the material
during the irradiation by nanosecond laser pulses are carried out. An improved model is used
in the calculations, which accounts for (i) the porosity of the material and (i1) the temperature
dependence of the coefficients of thermal conductivity and the heat capacities of carbon and
air. To calculate the thermal conductivity of the porous material, a model of a cubic array
of intersecting square rods is used. The satisfactory consistency of calculation results with
experimental data is obtained. The above-mentioned improvements of the calculation model
made it possible to reconcile the estimates of the thermal characteristics of surface layers
of carbon, obtained from the emission decay data, with the reference data published in the
literature.
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1. Introduction

Laser-induced thermal emission (LITE) is observed,
when the surface layers of light-absorbing materials
are heated by pulsed or modulated laser radiation [1-
9]. If the material has a sufficiently large absorption
coeflicient at the wavelength of laser radiation, when
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irradiated with nanosecond laser pulses, surface tem-
peratures of the order of several thousand degrees can
be easily reached, which makes it possible to observe
thermal radiation in the visible range using highly
sensitive and fast photodetectors. This work will con-
sider just this high-temperature LITE.

A characteristic feature of LITE is a wide spec-
trum and the strongly nonlinear dependence on the
intensity of laser excitation [10, 11]. In some cases,
when recording LITE at a fixed wavelength (through
a monochromator), the dependence of the thermal
emission intensity on the intensity of pulsed laser exci-
tation can be approximated by a power function with
the index of the order of 10. In addition, it is worth
noting that the characteristics of LITE may depend
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on external factors (atmospheric pressure, tempera-
ture, humidity) [12], on the surface roughness [13-15],
and also on the previous history of the laser irradia-
tion of samples [16, 17].

LITE was observed on various carbon materials
[10-17], as well as on some semiconductors (Si, Ge,
GaSb, InSb) [18,19].

Usually, to describe the laser excitation of the ther-
mal radiation of a surface layer, the classical equa-
tions of thermal conductivity are used, together with
Bouguer’s law for laser radiation, which makes it
possible to calculate the kinetics of the temperature
field in the surface layer of the irradiated material
[15,17]. Optical signals of LITE are calculated using
Planck’s formula for blackbody thermal radiation. In
some cases, processes of melting of the irradiated ma-
terial are taken into account [19].

Obviously, LITE carries information about the
laser-induced processes in the surface layer, as well as
about the optical and thermal characteristics of the
material. Important information about the process of
laser heating of the surface layers of light-absorbing
materials is provided by studies of the kinetics of
LITE. As a rule, laser pulses of the order of 1078 s
are used to produce LITE. With such excitation, in
many cases LITE represents pulses with the duration
of the order of the duration of the laser pulse.

As is shown in [17], in some cases, a “slow” com-
ponent is observed at the trailing edge of the LITE
pulse, with the decay time several times longer than
the duration of the laser pulse. The analysis [17]
showed that the duration of the “slow” decay compo-
nent is determined by the ratio between some optical
and thermophysical characteristics of the irradiated
material.

According to the results of the study of LITE decay
kinetics, unexpectedly low estimates of the thermal
conductivity of surface layers of some carbon mate-
rials were obtained in [15,17] — of the order of 0.04—
0.06 W m~! K=, Such low values of the coefficients
of thermal conductivity of carbon materials require
additional justification. In the course of works [15,17],
in this work, the in-depth analysis of the processes
of formation of LITE signals is carried out with re-
gard for the porosity of the carbon material and the
temperature dependence of its thermal characteris-
tics, which provides the additional confirmation of
the conclusions made in [15,17]. In addition, this pa-
per analyzes the effect of air on the kinetics of ther-

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 10

mal radiation during the pulsed laser heating of the
surfaces of carbon materials. In particular, the calcu-
lations involve the presence of air both above the sur-
face of the irradiated sample and inside the pores. It
should be noted that the first report on the experi-
mental evidence of the effect of air on the intensity of
LITE of surface layers of carbon materials was given
in work [12], but the kinetics of the emission was not
investigated.

2. Methods

In this work, the experiments used a Q-switched
YAG :Nd3*t laser (wavelength 1064 nm) with the
pulse duration of 7, = 20 ns in the single-pulse mode
with the power density of about 15 MW cm™2. A
bell-shaped distribution of the laser radiation power
density across the beam was achieved by installing a
diaphragm inside the laser cavity. LITE was recorded
by a Hamamatsu Photonics H1949-51 photomulti-
plier through a SS-4 glass filter. The signals of the
photomultiplier were recorded by a digital oscillo-
scope with the bandwidth of 250 MHz.

Measurements were carried out using samples of
pharmaceutical activated carbon in the form of
tablets. An electron microscopic image of the sample
surface is given in [17]. The porosity of the material
€ ~ 74% was estimated by measuring the weight and
dimensions of the samples. Measurements were made
at room temperature. Before the measurements, to
remove moisture, the samples were previously kept for
15 min at a temperature of ~ 150 °C. A new sample
was used for each series of laser pulses. For measure-
ments, the samples were installed in a 4 x 4 X 3 cm
chamber connected to a forevacuum pump, which
provided a pressure of ~0.1 mm Hg.

The following parabolic one-dimensional heat con-
duction equation was used for computer modeling:
g 9 0

with the heat source function
S = aF, (2)

where the laser radiation power density F' varies ac-
cording to the expression

F = Fyexp (—az _ (54 In 2). 3)
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Fig. 1. The decay time 72 as a function of the laser irradiation
dose

Table 1. Changes in the maximum intensity
of LITE caused by variations of material parameters

6C/C, %|ék/K, %o|da)a, %o| ATmax/Tmax, %|Almax/Imax, %

1 0 0 -0.83 -11.2
1 —-0.048 -0.64
0 0 1 0.78 10.1

Here, k is the thermal conductivity, C is the specific
heat capacity in J m™3 K~!, a is the absorption coef-
ficient at the laser wavelength, and z is the coordinate
along the laser beam.

Thermal radiation signals were calculated using
Planck’s formula for blackbody radiation.

Following the approach proposed in [17], the emis-
sion decay curves were approximated by the following
function with two exponentials:

I(t) = Ay exp (— Tt) + Agexp (_ Tt) (4)

1 2

within the interval of about 500 ns after the laser
pulse.

3. Results and Discussion

First, consider the following results of computer mod-
eling, which indicate the sensitivity of LITE to small
variations of the parameters of the irradiated mate-
rial. For a hypothetical homogeneous material with
C=118x10°J m=3 K! k=0.095 Wm~! K-
and a = 2.6x10° m™!, the value of the maximum sur-
face temperature Ty, and the corresponding LITE
intensity Inax were calculated for variations of pa-
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rameters C'+ §C', k + 0k, and a &+ da. The results are
shown in Table 1, where Ti,.x = 2500 K.

As can be seen from Table 1, variations of parame-
ters C' and « significantly affect the intensity of ther-
mal emission. This fact gives us reason to assume
that LITE of porous materials can be sensitive to the
presence of a filler in the pores.

Consider the results of measurements of LITE pulse
signals under the conditions of atmospheric air and
forevacuum. Figure 1 illustrates the behavior of the
emission decay time 72 (according to expression (4))
for several samples at the normal atmospheric pres-
sure with an increase in the number of laser pulses in
the sequence. As can be seen from Fig. 1, 75 changes
significantly with the increasing dose of laser irradia-
tion. The reasons for the observed changes are not
known for sure. It can be assumed that the men-
tioned changes can be caused by carbon graphiti-
zation processes in the surface layer when heated
by the laser radiation, similarly to [20]. With ac-
counting for the results shown in Fig. 1, the fur-
ther measurements in this work were carried out at
N > 10.

The experiments also showed that pumping out the
air leads to noticeable changes of the intensity I ax
and of the shape of LITE pulses. In particular, as a
result of pumping out to the forevacuum, the value of
Inax increases by 1.5 times, and 75 increases by ap-
proximately 30-35% compared to the measurements
at the atmospheric pressure.

As is shown in [15, 17], the LITE decay curves
of various carbon materials contain slow components
with the decay time 75 of the order of 10~7 s. This
fact makes it possible to estimate the thermal conduc-
tivity of surface layers, and the estimates are close
to the typical values of the thermal conductivity of
gases. Taking this into account, we will analyze the
possible role of air that fills the pores and surrounds
the sample.

For the thermal conductivity  of a porous carbon
material with a filler (air), we use the model of a cubic
array of intersecting square rods [21, 22]

28 (1 + B) Kakic

2 -2
e P 8 6)

Kp = |Kc +

where k,, k. are thermal conductivities of air and
carbon, respectively; (3 is the parameter that depends
on the porosity of the material and is determined from
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the equation
1433
(1+8)*
For £ = 0.74, we get 5 = 2.

For the specific heat C' and the absorption coeffi-
cient « of the porous material, we use the expressions

C=¢C.+(1-¢)C.,
a=(1-=¢) ae,

where C,, C. are the specific heats of air and carbon,
respectively, a, = 10" m~! — carbon absorption co-
efficient. We neglect the absorption of laser radiation
in air.

For calculations, the reference data on thermal con-
ductivity and specific heat of air and carbon were
represented by analytic expressions in the form of
polynomials Z?:o a;T*. The approximation param-
eters are shown in Table 2, and the corresponding
temperature dependences are shown in Fig. 2.

In the absence of reference data for x, in the tem-
perature range of >2000 K, an extrapolation was car-
ried out. Regarding the approximation of C,, data on
the temperature dependence of the air density from
work [23] were additionally used.

As for the carbon material from which the porous
samples are made, its thermal characteristics remain
unknown. It can be assumed that, as a result of heat-
ing during the irradiation with a sequence of laser
pulses, the graphitization of the material occurs in
the surface layer, similarly to [20]. Then, to estimate
the thermal conductivity k., we can use the averaged
recommended data from [27] for graphite. Despite the
significant scatter of experimental data in [27], it is
noted that, at temperatures above room temperature,
the thermal conductivity of graphite changes propor-
tionally to T~!. Accordingly, in this paper, the tem-
perature dependence of k. is represented by the ex-
pression

E=1-

Re = FL()T()/T, (6)

where k¢ is the thermal conductivity of carbon at
room temperature Ty. In further calculations, kg is
used as a fitting parameter to achieve the consistency
of the calculation results with the measurement ones.

The analytic expressions that correspond to the
temperature dependences of the thermal character-
istics of air and carbon shown in Fig. 2 were used to
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Fig. 2. Temperature dependence of the thermal conductivity
(@) and specific heat (b) of air (1) and carbon (2) according to
works [23-27]. Curve 2 (a) corresponds to kg = 6 Wm™1 K~1
in expression (6). Curve 2 (b) corresponds to the specific heat
of carbon multiplied by the factor 10~3

Table 2. Approximation parameters

for the thermal conductivity ks, Wm~1K~1 (I),
specific heat Cn, Jm—3 K—1 (II), and C,,

Jm—3 K~ (I1T)

Para- I I 111
meter [23-25] [23] [26]

ag 0.00864175 2159.35 725117

a1 | 6.39747 x 1073 —5.00003 10140.7

as |—4.95855 x 1079 0.00559337 -8.18691

as - —3.14879 x 106 0.00341411

as - 8.58872 x 10~10 | —7.04389 x 107

as - —8.95070 x 10~ 14| 5.66565 x 10~ 11

calculate the shape of LITE signals using Eqgs. (1)—
(3). In the calculations, the power density of laser
radiation Fy was adjusted so that the maximum
value of the surface temperature Ty .x was 2500 K,
which roughly corresponds to the experimental condi-
tions. The value of the parameter kg =4 Wm~1 K~!
was selected based on the best coincidence of the
duration 75 of the slow component of LITE decay
with the measurement results. It should be noted
that the value kg = 4 Wm™'K~! approximately
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Fig. 4. Time dependence of the ratio A/§ (curve 1) and sur-
face temperature T (curve 2, 103 K) in the absence of air.
Curve 3 — LITE signal (in conventional units)

corresponds to the thermal conductivity of pyrolytic
graphite ([27], p. 150) for the heat propagation per-
pendicularly to the graphene planes.

The results of calculations are shown in Fig. 3.
Curve I in Fig. 3 corresponds to the absence of
air both above the surface of the sample and in-
side the pores. For comparison, Fig. 3 (curve 2)
shows the results of calculations for a hypotheti-
cal porous medium with a temperature-independent
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thermal conductivity 0.86 Wm™!K~! and specific
heat 4.53 x 10° Jm =2 K~!, which correspond to the
values of k. and C, at a temperature of 1400 K (av-
erage between 300 K and 2500 K). As can be seen
from the figure, the consideration of the temperature
dependences of k. and C, in the calculations leads to
a noticeable lengthening of the emission oscillogram
(curve I in Fig. 3) compared to the case (curve 2 in
Fig. 3), when the material parameters (k. and C;) do
not depend on temperature.

Curve 3 in Fig. 3 is obtained at the presence of air
both above the surface of the sample and inside the
pores, and the thermal characteristics of air depend
on the temperature according to Fig. 2. Comparing
oscillograms 1 and & in Fig. 3, it can be seen that
the presence of air significantly affects both the am-
plitude and the duration of the emission pulse. Thus,
curve 1 in Fig. 3 has Iax 2.15 times greater than
curve 3. In addition, 75 for curves 1 and & are 135
and 72 ns, respectively. The mentioned regularities
roughly correspond to the results of experiments: due
to air removal, I}« increases by 1.5 times, and 7 in-
creases from 100 to 134 ns.

Curve 4 in Fig. 3 corresponds to the hypothetical
situation, when air is present only above the surface
of the sample and is absent in the pores. Calculations
show that the air above the sample surface causes
a decrease in I by about 1.32 times (compared
to curve 1), and the decay time 7o for curve 4 is
about 132 ns. Thus, the results of the calculations
show that the presence of air above the sample surface
has little effect on the decay time 75. Besides, it can
be expected that, for carbon materials with closed
pores, pumping out the air over the sample will affect
the magnitude of LITE signals.

Under the pulsed laser heating of surface layers of
light-absorbing materials, optical LITE signals are
formed in the surface layer with a thickness of the
order of A = o~ !. In addition, an important param-
eter is the distance that the heat flow travels dur-
ing the time of the order of the laser pulse dura-
tion. This value can be approximately estimated as
d = /&7 As is shown in [17], the slow decay com-
ponent of LITE appears in the materials with a low
thermal conductivity, when the depth of penetration
of the laser radiation into the material A significantly
exceeds the distance of heat propagation during the
duration of the laser pulse d. Herewith, the value of
T is determined by the ratio A/§. In particular, for
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values of 7 of the order of 140 ns, the value of A/d
can be of the order of 10 [17].

Figure 4 shows the results of modeling the behav-
ior of the A/§ parameter over time during the laser
excitation of LITE without air (corresponding to os-
cillogram 1 in Fig. 3). As is seen from Fig. 4, at room
temperature, A/0 ~~ 2.7, which is significantly less
than the estimates made in [15, 17]. With increasing
time, as a result of the laser heating of the material,
the parameter A/J increases to 12-13 in the interval
t = 50-200 ns, where the slow component of LITE is
measured. Thus, the approximate estimates in [15,17]
agree satisfactorily with the results of simulations in
this work.

It should also be noted, as is shown in [15, 17],
79 can be affected by the shape of the laser pulse
and by the roughness of the irradiated surface, which
allows reducing the A/d estimate. This circumstance
gives reason to expect that the thermal conductivity
of carbon at room temperature kg = 4 Wm~' K~!
used in this paper for the modeling is underestimated,
since the roughness of the surface was not taken into
account in the calculations.

Concerning the role played by air in the forma-
tion of LITE signals in the surface layers of porous
carbon materials, the following fact should be taken
into account. As is known, the application of the
parabolic equation of heat conduction (1) is based
on the assumption that the time of establishing the
local thermodynamic equilibrium 7, is significantly
shorter than the characteristic times of temperature
change in the studied system 7. As the calculations
show, at the leading edge of the LITE signal (Fig. 3,
curve [), the temperature growth rate reaches about
100 K ns~!'. As an example, for estimating 77, let us
take the time during which the emission intensity I
increases by 10% near the maximum of the derivative
%. From Fig. 3, curve I, the estimate 70 =~ 0.1 ns
follows. For a lower bound of 7, in air, we can use the
well-known expression for the average lifetime of gas
molecules between collisions

<<‘A/>> - (\/ind%)fl 659_1/2,

where ()) is the average free path length, (V') is the
average speed, d is the diameter of a molecule, n is
the concentration of molecules, k is the Boltzmann
constant, and m is the mass of a molecule. Hence,
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for a temperature of 300 K, we obtain estimates
of 7 > 0.16 ns and 7, > 1240 ns for pressures
of 760 and 0.1 mm Hg, respectively. For a tempera-
ture of 2500 K, the same estimates will be 0.47 and
3580 ns. Thus, during the formation of the leading
edge of the LITE pulse, the condition 7, < 7 can be
violated for heat conduction processes in air, which
can lead to additional errors in the calculations.

4. Conclusions

Thus, the results of measurements and calculations
obtained in this work indicate the following. First, ac-
counting for the temperature dependence of thermal
characteristics of the irradiated material makes it pos-
sible to satisfactorily describe the shape of LITE sig-
nals without the need to involve abnormally low val-
ues of the thermal conductivity of carbon. The satis-
factory agreement between the results of calculations
and the results of measurements is observed at a mod-
erate value of the thermal conductivity of carbon at
room temperature kg =4 W m~! K—!. The difference
of ko from the typical values of the thermal conduc-
tivity of carbon materials can be explained by the
presence of a large number of defects in the thin sur-
face layer of the material, as well as by the processes
of the graphitization of the material during the laser
irradiation. Second, the obtained results indicate the
important role played by air in the formation of LITE
signals in the surface layers of porous carbon materi-
als. The presence of air above the surface and in the
pores of the studied porous material has a noticeable
effect on the kinetics of LITE. In particular, air signif-
icantly shortens the emission decay time and reduces
the amplitude of LITE signals. Finally, as the numer-
ical estimates show, in the considered case of LITE,
the rate of growth of the surface temperature may
exceed the rate of establishment of a local thermo-
dynamic equilibrium in air. Such a situation requires
a separate study that goes beyond the scope of this
work.

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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POJIb ITOBITPA B IHAYKOBAHOMY JIABEPOM
TEITJIOBOMY BUITPOMIHIOBAHHI IIOBEPXHEBUX
IIIAPIB ITOPYBATUX BYI'JIELEBIX MATEPIAJIIB

JocutiIzKeHO BIJIMB OTOYYIOYOTO MOBITPsT Ha aMILIITYAy i dop-

My IMILyJIbCIB TEIIOBOrO BUNPOMIHIOBaHHS (Ha JOBXKHMHI XBUJIL
430 HM) npu HarpiBaHHI HOBEPXHEBOrO IIAPY HOPYBATOIO BY-
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ryeneBoro marepiasy (mo temmeparyp nopszaxky 2000-3000 K)
BUIIPOMIHIOBAHHSIM HEOJIMMOBOIO JIa3epa 3 MOJLYJISIE0 J00po-
THOCTI. EKCIIepuMeHTH MokKasasu, IO HPU 3MEHIIEHHI TUCKY
OTOYYIOYOro IOBIiTpsi 10 yMOB (POPBAKyyMy CIOCTEDIraeTbCs
miBTOpapa3oBe 30iIbIIEHHST aMIUITYAM IMIyJIbCHUX CHUIHAJIIB
TEIJIOBOI'O BUIIPOMIHIOBAHHS i 3pOCTaHHS Yacy 3aracaHHs CBiTi-
HHsI TpUOJIM3HO Ha TpeTuHy. [IpoBeeHo YncesibHI pO3paxyHKU
JQUHAMIKHM TEMIIEPATYPHOI'O II0JIs Y ITIOBEPXHEBOMY IIIapi MaTe-
piajsy mpu onmpoMiHEHHI HAHOCEKYHIHUMU JIA3€PHUMU IMITYJIb-
camu. Y po3paxyHKax BUKOPHCTAHO YAOCKOHAJIEHY MOZJENb, SIKa
BpaxoBye (1) nopysaricth mMaTepiasy i (i) TemmepaTypHi 3ae-
2KHOCTI KOediIi€HTIB TEeIIONpPOBIIHOCTI Ta TEIJIOEMHOCTI BY-

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 10

ryrerfo i nmosiTpsi. Jljisi po3paxyHKy TeNIONpPOBiIHOCTI HOpyBa-
TOro MarTepiajly BUKOPUCTAHO MOJIe/Ib KyOi4HOIO MacUBY KBa-
JPaTHUX CTPUKHIB, IO IepeTUHATbCsA. OTpUMaHO 3aJ0Bi/Ib-
HY Y3IOJXKEHICTb Pe3yJIbTaTiB PO3PaxyHKIB 3 pe3yjbTaTaMu
eKCIlepuMeHTiB. BuiesasnateHni ygocKoHAJIEHHSI PO3PaxyHKO-
BOI MOZIeJIi JJO3BOJIMJIN y3TOAUTU OLIHKU TEIJIOBUX XapaKTepPH-
CTHUK ITOBEPXHEBUX IIapiB BYIVIEIIO, OTPUMaHi 3a JaHUMHU 3a-
racaHHs CBITiHHS, 3 JOBIIKOBUMU JaHUMHU, OIyOJIIKOBAHUMHU Y
Jireparypi.

Katwwosei caosa: iHIyKOBaHE JIa3epOM TEIJIOBE BHUIIPOMi-
HIOBaHH#, IOPYyBAaTHil BYIJIElb, IOBITPH.
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