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Abstract
The influence of the target temperature on the molecular emission of femtosecond laser-induced
breakdown spectroscopy (LIBS) was investigated experimentally. An Al target was ablated to
produce laser-induced plasma. The Al target was uniformly heated to a maximum of 250 °C. The
measured molecular emission was AlO (Av = 0) from the femtosecond LIBS of the Al target.
The measurements indicated that the molecular emission of AlO increased as the temperature of
the Al target increased. In addition, a two-temperature model was used to simulate the evolution
of the electron and lattice temperature of the Al target with different initial temperatures. The
simulated results showed that the electron and lattice temperatures of Al irradiated by the
femtosecond laser increased as the initial temperature of the Al target increased; also, the
simulated ablated depth increased. Therefore, an increase in the initial Al target temperature
resulted in an enhancement in the spectral signal of AlO from the femtosecond LIBS of Al,
which was directly related to the increase in the size of the ablated crater. The study suggested
that increasing the temperature of the target improves the intensity of molecular emission in
femtosecond LIBS.
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(Some figures may appear in colour only in the online journal)

1. Introduction oo o . . .
dissociated, and ionized, generating hot luminous plasma with

a high temperature and a high density. When the laser pulse
terminates, the plasma begins to cool in the ambient atmos-
phere or in a vacuum. The electrons of the atoms and ions at
the excited states in the plasma transit to low states, producing

understand the physical process of LIBS. A high-energy laser 4 characteristic optical emission signal, which includes dis-
pulse is converged at a material that can be solid, liquid, or crete lines, bands, and continua [11-13]. The characteristic

gas [5-10]. The material will be heated rapidly, vaporized emission is related to the natural properties of the material.
Therefore, LIBS can provide qualitative and quantitative

* Authors to whom any correspondence should be addressed. information on the material.

Laser-induced breakdown spectroscopy (LIBS) is an analy-
tical technique that has been used for many years [1-4]. It is
essentially a spectroscopic technique due to the analysis of
spectral signals from laser-induced plasmas. It is easy to
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With the development of the LIBS technique, many
studies on LIBS have begun to focus on molecular emission
from laser-induced plasma [14, 15]. The molecular emission
technique can be used for the detection and analysis of
organic materials including nitrocompounds, polymers,
explosives, and biological samples [16]. Zhao et al demon-
strated atomic and molecular spectra of laser-ablated nitro-
methane [17], discussing the time-resolved spectra and the
formation mechanisms of CN and C,. Trautner et al reported
laser ablation of a polyethylene sample [18], they detected
and simulated C, swan and CN violet and red bands. De
Lucia et al investigated the influence of variable selection on
partial least squares discriminant analysis models based on
LIBS [19], showing that high nitrogen molecules and some
organic materials may be identified. Samuels et al used LIBS
to study bacterial spores, molds, and pollens [20], finding that
the bacterial spores and the molds and pollens could be dis-
criminated by LIBS. However, as compared to traditional
LIBS with a nanosecond pulse laser, LIBS studies employing
a femtosecond pulsed laser have shown some advantages for
exploring LIBS analysis [21-28]. There are considerable
physical differences between a nanosecond pulse and a
femtosecond pulse for laser ablation of samples. The femto-
second laser can provide a lot of advantages in LIBS analysis,
including (i) a low ablation threshold, (ii) a small heat-
affected zone, (iii) a high ablation efficiency, (iv) a low
continuous spectrum, and (v) a long propagation distance of a
few kilometers through femtosecond laser filamentation. In
addition, femtosecond laser ablation generates low-temper-
ature plasma, which is suitable for the formation of molecules
in LIBS [29, 30]. Serrano et al discussed the effect of pulse
width on the formation of diatomic molecules by femtosecond
and nanosecond laser-produced plasmas [31], demonstrating
that the femtosecond laser can better reflect the material
structure compared with the nanosecond laser. Kalam et al
investigated LIBS of six high-energy materials excited by
femtosecond and nanosecond lasers [32]; their results showed
that molecular emission was prominent in femtosecond LIBS,
while the atomic spectrum dominated nanosecond LIBS.
Harilal et al compared molecular spectra from nanosecond,
femtosecond, and filament-induced plasmas [33], finding that
molecular temperatures were lower for femtosecond LIBS,
and molecular species at early times for femtosecond LIBS
compared with nanosecond LIBS could be observed.

The femtosecond laser presents a good advantage for
molecular detection in LIBS [21-27]. In order to improve the
sensitivity and practicability of femtosecond LIBS detection
of molecules, it is necessary to increase the molecular emis-
sion intensity of femtosecond LIBS. From many previously
published papers, several experimental techniques have been
used to increase the emission intensity of LIBS [34], such as:
double-pulse LIBS [35-37], spatially confined LIBS [38, 39],
magnetically confined LIBS [40, 41], flame-enhanced LIBS
[42, 43], nano-particle-enhanced LIBS [44], surface-enhanced
LIBS [45], and discharge-assisted LIBS [46-48]. Also,
increasing the sample temperature is an effective method to
improve the optical signal of LIBS [49-56]. Hai et al
explored the influence of molybdenum-tungsten target
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Figure 1. Schematic diagram of experimental setup.

temperature on the spectra from laser-excited molybdenum-
tungsten plasmas [57], finding that the spectral line emission,
ablation crater, plasma temperature, and electron density
increased obviously as the target was heated. Lednev et al
studied the influence of low-alloy steel temperature on the
laser-ablated process and detection sensitivity of LIBS [58],
finding that increasing the surface temperature was beneficial
in enhancing the spectral signal. Tavassoli et al investigated
the influence of the aluminum sample temperature on the
spectral signal of LIBS [59]; their results showed that
increasing the target temperature enhanced spectral emission
intensity, and thus enhanced the analysis sensitivity of the
target composition. These studies discussed the relationship
between atomic emission spectra and the sample temperature.
It is also necessary to discuss the change in molecular emis-
sion spectra with sample temperature in femtosecond LIBS.

This paper studies the influence of Al target temperature
on the molecular emission of femtosecond laser-produced Al
plasma. The emission intensity of diatomic molecular alu-
minum monoxide (AlO) from the Al plasma was measured at
different sample temperatures. Also, we calculated the ther-
mal dynamics of the Al target under femtosecond laser irra-
diation using a two-temperature equation for different Al
temperatures.

2. Experimental setup

As can be seen in figure 1, a regeneration amplified Ti:sap-
phire laser (Coherent, Libra) with a wavelength of 800 nm,
and a pulse duration of 50 fs, was used to ablate the aluminum
plate with 99.9% purity. The laser system operated in single-
shot mode was fired by sending a command (‘man:trig’) to
the serial port (RS232) of the synchronization and delay
generator (SDG). The laser energy was attenuated to an
experimental value by using a combination of half-wave plate
and Glan-laser prism. Next, the pulse was converged to
the target surface to produce Al plasma using a focusing lens
(10 cm). The diameter of the spot on the sample surface is
around 200 pm. The sample was pasted on a heating table
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Figure 2. Schematic diagram of femtosecond laser irradiation of
metal.

through a high thermal conductive silica gel sheet. The
heating table was placed on an X-Y-Z stage (PT3-Z8, Thor-
labs) to provide a fresh surface. The sample was uniformly
heated up to a maximum of 250 °C. A thermocouple was used
to monitor and feed back the sample temperature. Approxi-
mately 10 min was needed to stabilize the sample temperature
during the heating process. The excited optical emission was
collected by a lens with a focal length of 75 mm and a dia-
meter of 50 mm, at an angle of 45° relative to the target
surface and the laser beam direction was converged to an
optical fiber, and was guided to a spectrometer with a grating
of 1200 lines (PI-Acton, Princeton Instruments). The discrete
optical emission of the spectrometer was detected on an ICCD
(PI-MAX4, 10241, Princeton-Instruments). Data processing is
performed by a personal computer. The pulse and the ICCD
were synchronized by the SDG of the femtosecond amplifi-
cation system. The gain and ICCD were adjusted to 25, and
the gate delay and width were set to 500 ns and 10 us,
respectively, to optimize signal intensity, eliminate continuum
emission, and avoid signal saturation. Each spectrum was an
average of 80 laser pulses. All of the experiments were carried
out at atmospheric pressure.

3. Mathematical model

When a femtosecond pulse laser interacts with metal, free
electrons within the metal absorb pulse energy through the
inverse bremsstrahlung absorption process. The electron
temperature will rise rapidly because electron thermal capa-
city is very small. Then, the absorbed energy is diffused
deeper into the metal through the thermal diffusion of elec-
trons, and the electron energy obtained by absorbing laser
pulse energy is transferred to the lattice through the coupling
between the electrons and lattice. Considering a 1D metal film
(see figure 2), the temporal and spatial variations in the
electron temperature (7;) and the lattice temperature (77) can
be expressed by a 1D two-temperature model (TTM), as
follows [60-62]:

0T, 0 oT.
. e = 9. G- +s 1
5 6x( B ) ( D+ (D
0T, 0 ( 37{)
a2 = )+ 6 - 1 2
v Ll + G( D )

where ¢ is the delay time, x is the depth, C, = CyT. is the
electron thermal capacity [63], C; is the lattice thermal
capacity, k. = keoBT,/ (ATe2 + BT;) is the electron heat

conductivity, k 1is the lattice heat conductivity, G =
Go((AT, + T)) /B + 1) is the electron-lattice coupling coef-
ficient, and S is the laser item.

The source (S) can be described by the following
expression [64]:

2
S = \/Em exp[—ax _ 5[i) ] (3)
s Ip 1p

where R is the laser reflectivity, « is the laser absorption
coefficient, / is the laser fluence, #, is the laser pulse
width, 8 = 4 In(2).
The values of R and « for a metal are mainly due to the
dielectric function ¢ of the metal [65, 66]:
2

Wp

€ =Ex — =g + ie “4)

w? +iTtw
€x 18 the dielectric constant, w is the light frequency.

wp = /nee?/(megy) is the plasma frequency, n, me, and g,
are the electron density, the electron mass, and the electrical
permittivity of free space, respectively. 7 can be expressed by
[67]

l:AT§+BT1 (5)
-

The real and imaginary parts are [68]:

g =n* — K? (6)
& = 2nkK (7
and
e+ + 6]2 + s%
n=y———mr— ®)
2
—& + w/sf + 5%
K=— ©))
2
The reflectivity is dependent on n and &
12 2
_ n—1"+k (10)
(n+ 1)* + K2
The absorption coefficient is the dependence of &
LT (11)
¢

where c is the speed of light in a vacuum.
Before the femtosecond laser reaches the sample, the
electron and lattice systems are the target temperature (7),

T.(x, 0) = Ti(x, 0) = Ty (12)
In the femtosecond time scale, the heat loss of the front

and rear surfaces of the metal target can be neglected. The
boundary conditions of equations (1) and (2) are

O = Ot =0 (13)
Ox x=0 Ox x=L
Ox x=0 Ox x=L

where L is the metal thickness.
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Figure 3. Emission spectra of AlIO (Av = 0) at different sample
temperatures (25 °C, 100 °C and 250 °C). Laser energies are 1.4 mJ
(a) and 1.9 mJ (b).

4. Results and discussion

4.1. Experimental results

In the experiment, the femtosecond pulse ablated the Al target
to produce Al plasma. The molecular emission from the Al
plasma was AlO diatomic radicals. The measured molecular
band was the B2 T-X?Y" system with Av = 0. Figure 3
presents the spectral bands of AlO (Av = 0) at three sample
temperatures (25 °C, 100 °C, and 250 °C) for two laser
energies (1.4 and 1.9 mJ). As can be observed from the figure,
when the Al target temperature increases, the spectral emis-
sion of AlO (Av = 0) increases but there is no significant
increase in the background emission. Moreover, the peak
positions of AlO (0-0) and (1-1) are unchanged for different
Al target temperatures. In our opinion, an enhancement in the
signal-to-background ratio and, correspondingly, in the
detection sensitivity, is possible by increasing the target
temperature. Figure 4 shows the peak emission intensities of
AlO (0-0) and (1-1) as functions of the Al target temperature
for different laser energies. It can be seen that the emission
intensities of AlO (0-0) and (I-1) increase monotonously
when the Al target temperatures increase from 25 °C to
250 °C. The emission improvement can be observed at all laser
energies. The results indicate that the same, or even stronger,
molecular emission from laser-induced plasma, with less laser
energy and higher target temperature, can be obtained.

Figure 5 shows the comparison between experimental
and fitted spectra of the AlO (Avr = 0) molecular emission
band for 0.4 and 1.9 mJ laser energies and a 25 °C sample

0 50 100 150 200
Sample temperature (°C)

250

Figure 4. Evolution of spectral peak intensities at A1O (0-0) and
(1-1) with sample temperature. Laser energies are 0.4, 0.9, 1.4 and
1.9 m].

temperature. The experimental data was fitted to get the
vibrational temperature by using the existing theoretical
model [69]. The fitted spectra are in agreement with the
experimental spectra. The corresponding vibration tempera-
tures are 3495 K and 3563 K for 0.4 and 1.9 mJ laser ener-
gies, respectively. Figure 6 shows the vibration temperature
with the sample temperature for different laser energies. The
changes in the vibration temperature with the sample temp-
erature are similar to the changes in the AlO molecular
emission with the sample temperature. The vibration temp-
erature increases as the Al target temperature increases.
Obviously, the increase in the Al target temperature enhances
the interaction between the femtosecond laser and the Al
target.

It is also interesting to see the influence of the sample
temperature on the Al (I) line. Figure 7 presents the evolution
of the Al (I) line with a sample temperature. As seen from the
figure, the change in the Al (I) line is similar to the change in
the AlO (Avr = 0) band emission as the Al target temperature
increases. The result is consistent with some published results
for the influence of target temperature on atomic emission line
[58, 70-73]. These published results suggested that the
enhancement mechanism on the emission line is due to the
enhanced coupling of laser and target. To investigate the Al
target ablation, the morphology of the ablation crater by
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Figure 6. Evolution of vibration temperature with sample
temperature.

femtosecond laser was measured by an optical microscope.
Figure 8 presents the morphologies of the ablation craters for
0.9 and 1.9 mJ laser energies at 25 °C and 250 °C Al target
temperatures. It can be observed that the ablation of the Al
target surface is more obvious at high target temperature
(250 °C) compared to that at low target temperature (25 °C).
At the same time, compared with the melting phenomenon at
0.9 and 1.9 mJ energies, the melting phenomenon in the
ablation crater at high energy is more obvious. This shows
that increasing the Al target temperature enhances the
absorption of femtosecond laser energy, and the energy

Sample temperature (°C)
Figure 7. Evolution of Al (I) line with sample temperature.

(a) Spectra for different sample temperatures at 1.9 mJ laser energy, (b)
Al (I) 394.4 nm peak intensities as a function of sample temperature.

Figure 8. Morphologies of ablation craters by femtosecond laser for 0.9
and 1.9 mJ laser energies at 25 °C and 250 °C Al target temperatures.

needed for the Al target to melt also decreases, which makes
the femtosecond laser ablation more obvious. In addition, the
higher target temperature can result in a decrease in air
density near the target surface, which may influence the
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Table 1. Thermal and optical coefficients of Al used in TTM.

Item Value
G (107 Tm3s 1KY 245
C.o Im3K?) 134.5
keo @ m~ s TK 235
G (10°Tm—3K?) 2.42
A0 1K? 0.376
B (10''s~ 1K) 3.9

expansion of the plasma plume; also, the change in air density
will cause the change in the refractive index of air, which may
lead to the change in the laser focusing condition. The two
factors may influence the spectral emission intensity, and
further experiments are required to be able to discuss this in
detail.

4.2. Simulated results

The experimental results mentioned above display an efficient
enhancement in the molecular emission intensity with
increasing target temperature. On the other hand, in theory,
the increase in the intensity of the molecular band comes from
the increase in the number of molecules. Obviously, the most
direct way to increase molecular emission intensity is to
increase the number of molecules. To increase the number of
molecules, the ablation mass needs to be improved. At the
same laser energy, increasing the target temperature enhances
the interaction between laser and target. The ablation mass
can be significantly increased by increasing the target temp-
erature. In order to evaluate the effect of the Al temperature
on the ablation mass, we simulated the thermal dynamics of
the Al target under femtosecond laser irradiation at different
target temperatures using 1D TTM, as mentioned in section 3.

For the simulation of the femtosecond pulse irradiation of
Al, the laser width is 50 fs, the wavelength is 800 nm, and the
simulated Al sample thickness is L = 500 nm. The corresp-
onding thermal and optical coefficients are summarized in
table 1 [74, 75]. Figure 9 shows the evolution of electron and
lattice temperatures with the delay time for 25 °C and 150 °C
sample temperatures at the sample surface. The laser fluence
is 1 J cm 2. As seen in the figure, the changes in the electron
and lattice temperature are different from each other. Free
electrons in the metal target absorb laser energy when the
laser beam irradiates the metal, and the electron temperature
rises rapidly. Next, there are two main physical processes: one
is the electron heat diffusion in metal; another one is the
coupling of electron and lattice, electrons transfer energy to
the lattice. Due to the two physical processes, the electron
temperature increases in short delay time and decreases, while
the lattice temperature increases slowly, and finally the elec-
tron and lattice achieve thermal equilibrium.

In addition, the Al target temperature has a great influ-
ence on the changes in the electron and lattice temperatures.
The electron temperature with the Al target temperature of
150 °C is higher than that with the Al target temperature of
25 °C. The maximum electron temperatures for 25 °C and
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Figure 10. Evolution of lattice temperature with delay time for
different sample temperatures at sample surface. Laser fluence is
1JTcem 2

150 °C are 26.5 x 10° K and 33.9 x 10° K, respectively.
The detailed changes in the lattice temperature at different
sample temperatures are presented in figure 10. The surface
lattice temperature becomes higher as the temperature of the
Al target. The increase in the lattice temperature comes from
free electrons in the metal target. Metal surface reflectivity
decreases with the increase in the metal temperature. Free
electrons in the Al target with higher temperature can absorb
more energy from the femtosecond pulse laser. More pulse
energy is transferred to the lattice, resulting in a higher lattice
temperature.
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Figure 11 presents the evolution of the lattice temperature
with the sample depth for different sample temperatures at
20 ps delay time. The laser fluence is 1 J cm 2. The initial
temperature of the Al target has a great influence on the
distribution of lattice temperature. When the initial target
temperature increases from 25 °C to 250 °C, the surface lat-
tice temperature rises from 4.8 x 10° K to 10.1 x 10* K; at
200 nm depth, the lattice temperature rises from 0.8 x 10* K
to 1.2 x 10 K. It can be observed that the lattice temperature
difference at the surface for different Al target temperatures is
large, but the difference gradually decreases with the increase
in the target depth, indicating that the effect of the Al sample
temperature on the surface temperature is greater. When a
femtosecond laser irradiates the metal surface, the electrons
within the penetration depth of the target surface absorb laser
energy; next, the electrons transfer the energy to a deeper
target by electron thermal diffusion. More laser energy needs
a longer time transfer process, so the temperature difference
under higher Al temperature is bigger. Next, the ablation
depth was calculated by the distribution of the Ilattice
temperature.

Figure 12 presents the evolution of the ablation depth
with the delay time for different Al target temperatures. Here,
we defined that, as the lattice temperature reached the boiling
point temperature of Al, the corresponding depth was eva-
porated and ablated. With increasing the delay time, the
ablation depth gradually increases and reaches a hundred
nanometers for different sample temperatures. It is also seen
that the delay time of ablation becomes short from 1.1 ps to
0.5 ps, as the Al target temperature increases from 25 °C to
250 °C, and the ablation depth becomes deeper with
increasing the sample temperature. That is to say, by heating
the Al target, more mass Al samples can be evaporated. The
simulated result may illustrate that the improvement of the
molecular emission intensity is based on the enhancement in
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Figure 12. Evolution of ablation depth with delay time for different
sample temperatures. Laser fluence is 1 J cm ™2

the laser ablation. The calculated results are in agreement with
the experimental results (see figure 8). As discussed earlier,
the evaporated depth of the sample is proportional to the
molecular number within the plasma; the molecular number is
proportional to the spectral emission. Thus, the improvement
in the evaporated depth leads to an increase in the spectral
band emission. Due to the experimental and simulated results,
we can draw a conclusion that increasing the sample temp-
erature can improve the molecular emission and the ablation
depth.

5. Conclusion

We studied the influence of the target temperature on the A1IO
molecular signal from the femtosecond LIBS of Al. The
emission intensity of AlO (Ar = 0) was measured at differ-
ent target temperatures. The measured results showed that, as
the Al target temperature increased, the spectral emission of
AlO increased, but there was no significant increase in the
background emission. In addition, the TTM was used to
simulate the thermal dynamics of Al under femtosecond pulse
laser irradiation for different Al target temperatures. The
electron and lattice temperatures increased as the Al target
temperature increased. Moreover, the ablation depth became
deeper for higher Al target temperatures. A greater mass of Al
material would be evaporated by raising the Al temperature.
The simulated result illustrated that improvement in the
molecular emission intensity is based on enhancement of the
evaporated volume.
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