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Abstract: Femtosecond (fs) and nanosecond (ns) laser pulses have their own advantages and dis-
advantages in laser-induced breakdown spectroscopy (LIBS). This paper investigated fs + ns (FN)
dual-pulse (DP) LIBS, utilizing the respective advantages of two laser pulses in LIBS. Compared
to traditional single ns LIBS, applying a smaller energy fs pulse could effectively improve the LIBS
emission. Firstly, this study discussed the spectra of FN DP LIBS with overlapping pulse time—that
is, the FN DP inter-pulse delay (DID) was 0 ps. The results showed that the spectra were increased to
three times that of a single ns LIBS. Subsequently, the DID between the two pulses was optimized.
The results showed that as the DID between the two pulses increased, the spectral emission first
increased and then decreased, ultimately remaining unchanged. The optimized DID was approxi-
mately 2 ps. Finally, using this optimized DID, the variation of spectral intensity with ns laser energy
was discussed in DP LIBS. The spectral enhancement ratio increased from 3 with 0 us DID to 6 with
2 us DID. The investigation provides a reference in the application of FN DP LIBS element analysis.

Keywords: LIBS; fs + ns dual-pulse LIBS; single ns LIBS; spectral enhancement; plasma temperature

1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is a technique that uses a high-power
laser to vaporize a small amount of a sample and create plasma [1-3]. The light emitted by
the plasma is detected by a spectrometer to obtain the element of the sample [4-6]. LIBS
has many applications in fields such as material science, environmental monitoring, and
forensic analysis. It is a non-destructive, fast, and highly sensitive analytical technique that
can be used for qualitative and quantitative analysis.

Due to the fact that the sensitivity of traditional LIBS cannot meet the requirements
of practical applications, how to improve LIBS analysis sensitivity has become a hot topic
for many research groups [7-11]. One of the current studies on increasing the sensitivity
is to improve the spectral emission of laser-induced plasma. Subsequently, various new
LIBS detection technologies have emerged, and dual-pulse (DP) LIBS technology is one of
them [12-15]. Its basic working principle is that the first laser pulse pre-excites the material
to be tested, generating plasma. During the plasma expansion, the second pulse re-excites
the plasma in the cooling state. Then, it detects the characteristic emission line of plasma
induced by the second laser pulse. The DP LIBS technology generally has two types of
laser path structures: collinear and orthogonal [16-18]. The collinear structure, also known
as coaxial two pulses, refers to two parallel laser beams incident to sample surface and
hitting the same position of the sample vertically in sequence. The orthogonal structure
consists of two different working modes. The first laser is vertically incident on the target
to be measured, generating plasma; the other laser pulse is parallel incident to the target
surface to irradiate the plasma produced by the first laser vertically. Another method is
for the first pulse to be incident parallel to the target surface to be tested, breaking down
the air above the target surface, and then the other laser pulse to be incident perpendicular
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to the surface of the target. This method is similar to the single pulse LIBS of placing the
sample in vacuum, because the first pulse breaks down the air above the target, reducing
the air pressure on the target surface.

Femtosecond (fs) and nanosecond (ns) DP LIBS have promising application prospects
in various fields. The ultrafast fs pulse can generate a plasma with a higher electron
density, higher temperature, and lower ionization threshold, enabling the detection of trace
elements and molecular species with high sensitivity and accuracy [19-21]. The ns pulse
can generate a plasma with a longer emission duration, facilitating the detection of atomic
species with a high ionization potential [22-24]. By combining the two pulses, fs and ns,
DP LIBS can improve the accuracy, precision, and reproducibility of quantitative elemental
analysis, reduce matrix effects and spectral interferences, and enhance the depth profiling
capability of LIBS. Fs and ns DP LIBS has the potential to become a versatile analytical tool,
such as in situ analysis of rocks and minerals, monitoring of toxic metals in environmental
samples, and label-free analysis of tissue samples in biomedical research [25-27]. Zhao et al.
used fs and ns DP to analyze the lead in soil [28], finding that the DP LIBS could increase the
detection sensitivity of lead element in soil. Santagata et al. reported the detected response
of fs and ns DP due to the orthogonal re-exciting induced by an ns laser on an fs laser
excitation plume [29]. Lin et al. measured radical species of gas mixtures using fs and ns
DP LIBS [30], and they believed that this technique provided an opportunity to determine
the radical species in remote LIBS detection. Chu et al. extended the detection range of
LIBS by combining high-intensity fs laser pulses with high-energy ns laser pulses [31],
finding that the detection distance had been extended by three times. Lu et al. studied
the use of an ultraviolet fs and ns DP to enhance the detection capability of LIBS in the
case of high spatial resolution [32]. Until now, although many studies have discussed
fs and ns DP LIBS, in fact, discussions on this field are relatively lacking compared to
single ns LIBS. Specifically, the effect of ns laser energy (the second pulse) on spectral
emission enhancement and the corresponding optimization of inter-pulse delay have been
rarely discussed, and there is almost no research discussing the electron temperature and
corresponding physical mechanisms in fs and ns DP LIBS. Therefore, we also carried out
this study on the fs and ns DP LIBS.

This paper used an fs laser as time zero, and fs + ns DP inter-pulse delay (DID) ranged
from 0 to 20 ps. We first compared the spectra from single ns LIBS and fs + ns DP LIBS
with 0 us DID. Next, we measured the spectra for different DIDs, calculated the electron
temperatures, and obtained the optimized inter-pulse delay.

2. Experimental Details

The collinear fs and ns DP LIBS experimental system mainly included two laser
systems, a spectral detection system, a pulse delay generator, and a three-dimensional
translation stage, as shown in Figure 1a. The laser sources were an ultrafast Ti:sapphire laser
system (Libra-HE, Coherent, Santa Clara, CA, USA) with 800 nm output wavelength and
50 fs pulse width and an Nd:YAG laser system (Surelite III, Continuum, Milpitas, CA, USA)
with 1064 nm output wavelength and 10 ns pulse width. Two laser beams were focused
onto the surface of the sample (Cu, purity 99.99%) through two mirrors and a focusing
lens (focal length is 100 mm). To improve the accuracy of spectral detection, the samples
were installed on a computer-controlled 3D translation stage (PTZ8, Thorlabs, Newton, NJ,
USA). The plasma emission was collected by another focusing lens (diameter is 50 mm,
focal length is 70 mm) and converged into a fiber. The optical fiber guided the signal to a
spectrometer (SP500i, PIActon, Princeton Instruments, Trenton, NJ, USA) and an ICCD (PI-
MAX-4, 1024i, Princeton Instruments, Trenton, NJ, USA). The digital signal delay generator
was used to control the inter-pulse delay between the femtosecond and nanosecond laser
pulses. The timing diagram of the experimental system was displayed in Figure 1b, and the
fs laser signal was considered as time zero reference point. The experiment was conducted
in the air, and each spectrum was generated from the accumulation of 100 laser irradiations.
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Figure 1. Experimental schematic (a) and timing diagrams (b).

3. Results and Discussion

Figure 2 compares the Cu (I) spectra at 510.55 nm, 515.32 nm, and 521.82 nm from
single ns and fs + ns DP laser-produced copper plasmas. The fs + ns DID is 0 us; that is to
say, these two laser beams coincide in time. For single ns LIBS, laser pulse energy has an
influence on spectral emission. Increased laser pulse energy can cause the target material
to absorb more energy, increasing laser-ablated plasma emission. This can also be observed
from increased continuous spectra in Figure 2. In addition, the Cu spectra with fs + ns DP
are stronger than those with single ns. The fs + ns DP with 0 pus inter-pulse delay displays
a pronounced enhancement in the optical emission for all spectral lines. The obtained
enhancement ratio is approximately 3, as shown in Figure 3. The enhancement mechanism
of fs + ns DP LIBS is believed to be a combination of several factors, including (1) Plasma
formation and confinement: the femtosecond pulse initiates the plasma formation, which
is then confined by the nanosecond pulse. This confinement leads to a higher plasma
density and a longer lifetime, which results in more atomic emissions. (2) Laser-induced
breakdown threshold reduction: the femtosecond pulse can reduce the laser-induced
breakdown threshold of the target, resulting in easier plasma formation and larger plasma
volume. (3) Multi-photon excitation: the femtosecond pulse can lead to up to several orders
of magnitude higher excitation for some species via multi-photon ionization. This higher
excitation results in more atomic emissions. (4) Cascaded energy transfer: the femtosecond
pulse can transfer energy to the surrounding gas, which then transfers the energy to the
target through collisional processes. This cascaded energy transfer can enhance the atomic
emission from the target.

Overall, the combination of these factors leads to a significant enhancement of the
LIBS signal. The overlapping of the two laser pulses in time results in a more efficient
ionization of the sample, leading to improved plasma emission. Furthermore, the shorter fs
pulse can effectively reduce the influence of local thermal effects that can occur during ns
laser pulse irradiation. This combination of fs and ns lasers in DP LIBS has the potential to
improve the detection and analysis of materials in a wide range of fields. Also, the DID is
important for DP LIBS to improve plasma emission. Subsequently, this study optimized
the DID, hoping to enhance spectral emission through this optimization further.

Figure 4 shows the evolution of Cu (I) 521.8 nm peak intensity with increasing the
DID in fs + ns dual-pulse LIBS. The variation characteristics of the signal of the spectral
line can be divided into three different regions within the experimentally measured relative
DID from 0 ps to 20 ps: the first region, as the DID ranges from 0 ps to 2 us, shows that the
line peak intensity varies with increasing the DID, and it continues to grow; at the DID of
2 us, the intensity reaches a maximum value; when the DID changes from 2 ps to 10 ps, the
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intensity starts to decrease; for the DID of 10-20 ps, that is the third region, the emission
intensity remains unchanged in this region. The measurement of all Cu (I) spectral lines
shows that the evolution trend of the emission peak intensity with the DID is consistent.
The fs + ns DP LIBS is a technique that utilizes two laser pulses, one fs, and the other ns,
to enhance the LIBS signal. The fs laser is used to create a plasma with a large number of
atoms in highly excited states, while the ns laser re-excites the plasma to promote atomic
emission. Combining two pulses results in a significant emission enhancement of the
LIBS. An ns pulse after the fs pulse creates a more stable plasma that generates a stronger
signal. And the fs pulse creates a micro-plasma on the target, increasing the ns pulse’s
ablation efficiency.

7 .
—~ 6l (a) single ns (3.7 mJ)
S - - - single ns (4.2 mJ)
A
>4t
2 3l
e §
E 2 - ‘ _.‘——'A«._-
s AL
—~6  (b) fs (1.9 mJ) +ns (3.7 mJ) |
= — - -fs (1.9 mJ) +ns (4.2 mJ) |'|
E;; 5} L
>4
)
g%
£ 2
1509 514 519 524

Wavelength (nm)

Figure 2. Single ns LIBS (a) and fs + ns LIBS with 0 ps inter-pulse delay (b).
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Figure 3. Comparison of enhancement ratio of Cu (I) line in fs + ns dual-pulse LIBS for different ns

laser energies.

Electron temperature is an important parameter in understanding the process of
laser-induced plasma [33]. The electron temperature can affect the plasma formation
and evolution, as well as the spectral emission from plasma [34]. The electron temper-
ature was calculated by the Boltzmann plot with the Cu (I) 510.55 nm, 515.32 nm, and
521.82 nm [35-38]. Figure 5 shows electron temperature evolution with the DID in fs + ns
DP LIBS. The electron temperature has a similar trend with the 521.82 nm peak intensity
(see Figure 4). When the DID is increased, the electron temperature rises, then drops, and
remains relatively stable after 10 ps. For the DID of 0 ps, the DP is similar to a single pulse,
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the DP re-excitation can be ignored, so the spectral signal and electron temperature are
lower. As the DID is longer than 0 us, the spectral signal and electron temperature rapidly
reach the maximum. First, the fs laser generates a plasma plume, which rapidly expands on
the surface of the sample at 0-2 us. The subsequent ns pulse radiates the plasma, and when
its pulse width is longer, the energy absorbed by the plasma is greater, and the plasma
will contain more thermal particles. The ns pulse interacts with the expanding plasma,
increasing the electron temperature of the excited species, thus producing stronger plasma
emission intensity. At 2 ps, the plasma plume expands sufficiently to cover the spot size
of the ns laser pulse. The absorption of laser energy reaches its maximum value, and the
spectral emission becomes its maximum value. After 2 ps, the density of fs laser-induced
plasma due to plume expansion begins to decrease. The absorption of nanosecond laser
energy begins to weaken, leading to a decrease in plasma emission accordingly. When
the delay reaches 10 ps, the plasma is so weak that it almost disappears. The subsequent
ns laser begins to directly irradiate the target surface after the fs laser ablation, which is
nearly equivalent to two separate pulses irradiating the surface of the sample separately.
Therefore, the overall spectral emission remains unchanged.
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Figure 4. Evolution of Cu (I) 521.8 nm peak intensity with inter-pulse delay in fs + ns dual-pulse LIBS.
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Figure 5. Evolution of electron temperature with inter-pulse delay in fs + ns dual-pulse LIBS.



Photonics 2023, 10, 783

6 0f 9

Figure 6 shows the evolution of Cu (I) 521.8 nm peak intensity with increasing ns
laser energy for single ns pulse LIBS, fs + ns DP LIBS with 0 us DID, and fs + ns DP LIBS
with optimized DID. It can be clearly observed that the emission signal produced by the
optimized DID lasers is more pronounced with increasing ns pulse energy. The first fs laser
ablates the target, generating a plasma. The subsequent ns pulse re-excites the plasma.
When increasing the ns energy, the plasma will obtain more energy, increasing the excited
particle number. Therefore, the spectral signal becomes stronger.
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Figure 6. Evolution of Cu (I) 521.8 nm peak intensity with ns laser energy.

The relative standard deviation (RSD) is a commonly utilized metric in signal analysis
to assess the precision and repeatability. In the context of LIBS, researchers place significant
importance on the repeatability of measurements, as it is a crucial factor for achieving
widespread commercialization of the technique. Reliable and reproducible results are vital
to ensure consistent and accurate analysis in LIBS applications. Figure 7 shows the RSD of
Cu (I) 521.8 nm peak intensity in fs + ns dual-pulse LIBS for different ns laser energies. For
higher ns laser energies, the RSDs in fs + ns dual-pulse LIBS are lower compared to the
case of single ns laser, and are less than 10%. This indicates that fs + ns dual-pulse LIBS has
good signal repeatability.
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Figure 7. Comparison of RSD of Cu (I) 521.8 nm peak intensity in fs + ns dual-pulse LIBS for different
ns laser energies.

In addition, the enhancement ratio was calculated from fs + ns DP LIBS divided by
single ns LIBS, as presented in Figure 8. The optimized DP inter-pulse delay has increased
the enhancement ratio from 3 to 6. In DP LIBS, the fs laser has many advantages as
the first pulse over single ns LIBS: (1) Improved spatial resolution: fs laser pulses allow
the formation of a small, intense plasma, resulting in improved spatial resolution and
increased precision in the analysis of small features. (2) Reduced spectral interference: fs



Photonics 2023, 10, 783

7 of 9

pulses generate less spectral interference, which can reduce errors in quantitative analysis.
(3) Widened elemental coverage: fs lasers can detect lighter elements, such as lithium and
beryllium, which are challenging to measure with ns LIBS. (4) Reduced sample damage:
with shorter pulse durations, fs lasers are less likely to cause damage or alteration to the
sample surface, making them helpful in analyzing delicate samples. Using fs + ns DP LIBS,
the disadvantage of fs LIBS will be overcome by re-exciting the plasma with ns pulses,
and its disadvantage is a lower emission signal due to the ignored interaction between the
excitation laser and the plasma. This is why the ns pulses are used to re-excite the plasma
to achieve signal enhancement. Overall, using fs + ns DP LIBS can improve the accuracy,
precision, and speed of elemental analysis in various applications.
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Figure 8. Comparison of enhancement ratio of Cu (I) 521.8 nm peak intensity in fs + ns dual-pulse
LIBS for different ns laser energies.

4. Conclusions

This paper investigated collinear fs and ns DP LIBS due to the simple structure and
suitability for long-distance detection in collinear DP LIBS. The fs laser was used as time
zero, and the fs + ns DID range was from 0 to 20 ps. Firstly, we compared the Cu (I) lines
produced by single ns and fs + ns DP with 0 DID, indicating that the emission intensity of
fs + ns DP LIBS had increased to three times that of single ns LIBS. Secondly, we measured
the spectra for different DIDs, and calculated the electron temperatures. It was found
that the spectral intensities and electron temperatures with the increase of the DID first
increased and then decreased, and ultimately remained unchanged. At approximately
2 ps DID, the spectral intensity and electron temperature were the highest. Finally, we
discussed the evolution of spectral emission with the increase of ns laser energy by using
the 2 ps inter-pulse delay. The spectral enhancement ratio has been increased from 3 to 6
compared to single ns LIBS. The fs + ns DP LIBS has more advantages and can provide
better application prospects in LIBS analysis.
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