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A B S T R A C T

It is important to optimize emission intensity of laser-induced breakdown spectroscopy (LIBS) for
improving detection sensitivity. This paper investigates the influence of the distance between
focusing lens and sample surface (DBFS) on the emission line intensity and electron temperature
of Cu plasma induced by femtosecond pulse laser. The results indicate that the line intensities
first increase, and then drop with an increase in the DBFS. The position for obtaining highest line
intensity is not the geometrical focus of the converging lens, but a short distance near the geo-
metrical focus towards the converging lens. And the strongest emission position moves toward
the converging lens as femtosecond laser energy increases. In addition, the electron temperature
is calculated by using the Cu (I) lines for different DBFSs and energies. It is found that the change
in the electron temperature with the DBFS is similar to that in the spectral intensity. Therefore,
changing the distance is an effective way to optimize the spectral intensity in femtosecond-LIBS.

1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is first proposed In 1962 [1], and now it has developed into a technology that can detect
the composition and content of elements in different physical states (solid, liquid, and gas) [2–4]. The basic principle is that a beam of
high-intensity laser is focused on sample surface through focusing lens to produce a high-temperature and high-bright plasma. The plasma
spectrum is collected and detected by a spectrometer, and the composition and content of the elements in the sample to be measured can
be obtained by analyzing the wavelength and relative intensity of the dispersed spectrum [5–10]. LIBS has many advantages including
online, remote, real-time analysis, simple operation, no sample pretreatment, nearly non-destructive testing, wide range of concentration
detection, simultaneous detection of multiple elements, so it is also called "green chemistry" testing technology. And it has been widely
used, practical, and promising analytical technology in atomic emission spectroscopy. For these reasons, LIBS has been gradually applied in
the fields of metallurgy, biomedicine, combustion, artwork identification, space research, environmental monitoring, agricultural product
safety detection, harmful substance detection, archaeological exploration, industrial production, and other fields [11–14].

LIBS is expected to have higher and higher sensitivity and accuracy. Researchers begin to study how to improve spectral signal
and detection sensitivity. Some methods on enhanced spectral intensity including double-pulse enhancement [15–20], discharge
enhancement [21–23], spatial confinement enhancement [24–28], and magnetic confinement enhancement [29–34] are proposed. In
the LIBS enhancement methods mentioned above, the use of double-pulse increases the complexity of optical devices, while the
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discharge, magnetic and spatial confinement enhancements require additional discharge equipment, electromagnetic field generator,
and spatial confinement equipments, respectively, which increases the experimental cost. In addition, the parameters and settings of
experimental equipment can affect the spectral intensity in LIBS, such as: laser characteristics (energy, pulse width) [35–40], and
ambient gas pressure [41–43]. Also, the distance between focusing lens and sample surface (DBFS) can significantly change plasma
spectra and plumes [44–49]. Harilal et al. reported the effect of spot diameter on generation efficiency of extreme ultraviolet in laser-
ablated tin plasmas [46], finding that lens focus was not the position for optimized generation efficiency. Diego-Vallejo et al. reported
the effect of the DBFS on nanosecond laser-induced copper-indium-dienamide solar cells [50], their results indicated that the focusing
position could affect the signal intensity of laser-induced plasma. Wang et al. reported the effect of the DBFS on laser-ablated silicon
plasma spectroscopy under standard atmospheric pressure [8], their results suggested that the emission line intensity depended on
the DBFS. Zhang et al. investigated the effect of the DBFS on nanosecond-LIBS with spatial confinement [51], their results suggested
that the spectral emission signal could be optimized by changing lens focusing distance. Singh et al. discussed the influence of
focusing lens position on laser-ablated copper plasma with magnetic confinement under atmospheric pressure [31]. Chen et al.
studied the effect of the DBFS on laser-ablated zinc plasma [52], their results indicated that the DBFS would affect the area and depth
of the ablated sample, and a stronger spectral emission signal could be obtained by selecting a appropriate lens focusing distance.

In the examples above, nanosecond laser is used as the laser excitation source, but one of its disadvantages is plasma shielding effect
due to the interaction between plasma and nanosecond laser [53]. The plasma shielding greatly reduces the energy absorbed by the
target. However, femtosecond pulse laser can avoid this problem due to very short pulse width. Compared with nanosecond laser,
femtosecond laser has a very high peak power [54,55]. The advantage enables the femtosecond laser to inject enough energy into
ablated target in a very short time, and the plasma forms rapidly and does not interact with the laser to cause energy loss. And, the
femtosecond laser energy is stable and has strong repeatability, so it is easy to repeat or reproduce experimental process in practical
operation [56]. At the same time, femtosecond laser can ionize the target quickly in a very short time, the heat affected area is small, the
molecular structure is not damaged [57]. And then, femtosecond pulse laser is widely used to study LIBS. As discussed above, the DBFS
can influence the spectral intensity of nanosecond-LIBS, and is also directly related to the plasma shielding effect [8,48,58,59], while
there is almost no shielding effect in femtosecond-LIBS. The influence of the DBFS on emission line intensity of femtosecond-LIBS will be
different from nanosecond-LIBS. Therefore, it is necessary to discuss the influence of the DBFS on the emission line of femtosecond-LIBS.

In this study, the influence of the DBFS on spectral emission characteristics of femtosecond laser-ablated Cu plasmas was in-
vestigated in air. The change in the line intensity with the DBFS for different laser energies was discussed. And, electron temperature
was calculated using measured Cu (I) lines, the changes in the electron temperature and line intensity with the DBFS showed a similar
trend.

2. Experimental setup

The Experimental setup of femtosecond-LIBS is illustrated in Fig. 1. A ultrafast Ti:sapphire regenerative amplifier laser system
(Coherence, Libra) was used as excitation source. The laser wavelength was 800 nm, and the laser pulse width was 50 fs. Both a half
wave plate (800 nm) and a Glan laser polarizer attenuated laser energy to a desired value. A focusing lens (focal length =10 cm)
converged laser beam on Cu sample surface, forming Cu plasma. The Cu sample was attached on a compute-controlled 3D stage (PT3/
MZ8, Thorlabs) to ensure that the laser hit new sample surface for each laser shot. In order to change the DBFS, the focusing lens was
attached on a computer controlled linear translation stage (zolix). A plane-convex lens (focal length =75 mm, diameter =50 mm)
collected optical emission, and focused the collected optical emission into a fiber, and the fiber was coupled with a spectrometer
(Princeton-instruments, SP500i, PIActon, 1200 lines/mm). The dispersed light by the spectrometer was detected using an ICCD
(Princeton-instruments, PIMAX4, 1024i). The synchronization and delay generator (SDG) of the laser system triggered the ICCD
detector to synchronize the time between laser signal and plasma signal. The laser system used single laser shot mode to perform
spectral measurement, and 50 laser shots was averaged to reduce the spectral fluctuation. The experiment was carried out under
standard atmospheric pressure, 22 °C room temperature, and 40 % relative humidity.

Fig. 1. Experimental setup of femtosecond-LIBS of Cu sample (M is the mirror; L is the lens; HWP is the half-wave plate; Glan is the Glan laser
polarizer; and ICCD is the intensified CCD).
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3. Results and discussion

To compare the line intensity of femtosecond-LIBS for different DBFSs, Fig. 2 presents the spectra of femtosecond-LIBS of Cu
target for three DBFSs (98.5, 99.0, and 99.5 mm) at 1.0 mJ laser energy. Three transition lines can be observed, which are located at
Cu (I) 510.55 nm, Cu (I) 515.32 nm, and Cu (I) 521.82 nm, respectively. As shown in the figure, the strongest emission among the
three spectral lines is at the distance of 99.0 mm, and the lowest one is at the distance of 98.5 mm. The phenomenon indicates that a
stronger spectral emission can be obtained by selecting an appropriate DBFS.

In order to further understand the influence of the DBFS on the line intensity of femtosecond-LIBS, Fig. 3(a) shows the distribution of
optical emission with the DBFS and wavelength on femtosecond-LIBS of Cu target. The laser energy is 1.0 mJ. Based on the figure, the
evolution of peak emission of Cu (I) 521.82 nm with the DBFS is displayed in Fig. 3(b). It can be seen from Fig. 3(b) that the emission line
of femtosecond-LIBS depends on the DBFS. The line intensity increases monotonously as the DBFS increases; at 99.2 mm, the line reaches
highest emission intensity; continue to increase the DBFS, the line intensity begins to decrease. Since the laser energy is constant in the
process of changing the DBFS, the change in the DBFS is equivalent to that in the laser fluence, that is to say, as the focusing lens moves, it
is equivalent to change the laser spot diameter on the sample surface [45,60,61]. In this experiment, when the distance changes from 98.0
mm to 99.2 mm, the spot diameter decreases, while the laser fluence increases, resulting in an increase in the peak of Cu (I) line; as the
DBFS changes 99.2 mm–100.5 mm, the spot diameter increases, while the laser fluence decreases, leading to a reduction in the peak
emission of Cu (I) line; at the DBFS of 99.2 mm, the peak intensity of Cu (I) line is highest, which is the best position of the focusing lens.

In addition, geometrical focus of the converging lens used is not the strongest emission position but a short distance near the
geometrical focus towards the converging lens. When ultrashort pulse ablates the target in air, the nonlinear effect of ultrashort pulse
can change laser focusing position of converging lens. The ultrashort pulse can change the refractive index of air under strong laser
field [62,63]. The relationship between refractive index (n) and incident laser intensity is as follows [63]:

= +n n n I0 2 (1)

where, I, n0, and n2 represent the laser intensity, the linear refractivity, and the nonlinear refractive index coefficient, respectively.
Femtosecond laser intensity is not evenly distributed on the cross section, the uneven distribution can cause the change of phase
velocity during femtosecond laser propagation. The phase velocity vphase = c0 / n, c0 is the speed of light in vacuum. In current
experiment, due to the Gaussian distribution on the cross section, the center intensity is higher, so the refractive index in the laser
center is higher compared with that around the laser center, leading to the higher phase velocity in the laser center is lower than that

Fig. 2. Spectra of femtosecond-LIBS of Cu target for three DBFSs (98.5, 99.0, and 99.5 mm) at 1.0 mJ laser energy.

Fig. 3. (a) Distribution of optical emission with DBFS and wavelength; (b) evolution of peak intensity of Cu (I) 521.82 nm with DBFS.
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around the laser center. The vphase will be changed into a concave wave, which makes femtosecond laser converge, generating self-
focusing effect of femtosecond laser [43,64–66]. As a result, the actual focus of femtosecond laser beam in the experiment moves
toward the converging lens, leading to the movement of the position for strongest spectral emission. In nanosecond-LIBS, the change
in the line intensity with the DBFS has a similar trend with femtosecond-LIBS. But, the mechanism of the change differs from
femtosecond-LIBS. The mechanism of the change is based on plasma shielding effect of nanosecond laser [53]. Nanosecond laser has
longer pulse duration compared with femtosecond laser. When nanosecond laser irradiates the sample surface, a high-temperature
and high-density plasma is produced by the pulse leading edge. Subsequently, the energy of the pulse trailing edge will be absorbed
by the produced plasma, and expands rapidly, preventing the laser from reaching the sample surface.

Moreover, femtosecond laser energy is also an important factor affecting the intensity of Cu (I) lines. Fig. 4 illustrates the evo-
lution of emission peaks of Cu (I) 510.55 nm and 521.82 nm lines with laser energy for three DBFSs. The DBFSs are 99.0, 99.5, and
100.0 mm, respectively. The emission intensities of Cu (I) 510.55 nm and 521.82 nm lines show same trend as the laser energy
increases. For the distance of 99.0 mm, the increase in the peak is the most obvious. However, the change in the peak intensity at the
distance of 100.0 mm is very small. The result indicates that, as the laser energy increases, the DBFS has a great influence on the
spectral intensity. Next, the changes in the spectral intensity with the DBFS under different laser energies are studied in detail.

Fig. 5 presents the evolution of peak intensities of Cu (I) 510.55 and 521.82 nm lines as functions of the DBFS for different laser
energies. The laser energies are 0.5, 1.0 and 1.5 mJ, respectively. The spectral peak intensity with higher laser energy is than that
with lower laser energy, and the position for obtaining highest spectral intensity moves toward the converging lens when laser energy
increases. For the increase of the spectra line intensity of femtosecond-LIBS, the excited atom number density and transition prob-
ability are directly proportional to optical emission, if the transition probability remains unchanged, the excited atom number density
is positively related to optical emission [67]. Increasing the laser energy can increase the ablation mass of Cu sample and generate
stronger Cu plasma, which will increase the number density of excited atoms and increase the spectral intensity of Cu plasma. For the
movement of the position for obtaining highest spectral intensity, the physical mechanism can be explained by se following theory.
The change in the position for obtaining highest spectra is related to the propagation length (Lc) of femtosecond laser in air [64,65].
Lc can be described by the following formula [64,68]:

=L k r
P P

0.367
(( / ) 0.852) 0.0219

c
in cr

0 0
2

1/2 2 (2)

Fig. 4. Evolution of peak intensities of Cu (I) 510.55 nm (a) and 521.82 nm (b) lines as functions of laser energy for different DBFSs (99.0, 99.5, and
100.0 mm).

Fig. 5. Evolution of peak intensities of Cu (I) 510.55 (a) and 521.82 (b) lines as functions of DBFS for different laser energies (0.5, 1.0 and 1.5 mJ).
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Pin, =P n n3.77 /8cr 0
2

0 2 r0 =k 2 /0 0 and 0 represent the initial laser power, the critical power, the beam radius, the wave
number, and the laser wavelength, respectively. So, Lc is positively related to Pin. For converging laser, the converged distance (Lcf)
can be expressed by the focal length transformation formula [43,65]:

= +
L L f
1 1 1
cf c (3)

f is the focal distance of lens. So, Lcf is positively related to Pin. Therefore, Pin increases with the increase of laser energy, resulting
in an increase in the Lcf. So, the positions for obtaining strongest spectra move toward the converging lens as laser energy increases.

Finally, it is also important to study the influence of the DBFS on electron temperature of plasma. When obtaining the electron
temperature, firstly, it is assumed that the laser-induced Cu plasma satisfies the conditions of optical thin film and local thermal
equilibrium (LTE); secondly, the relative intensities of several spectral lines are measured. In current experiment, we obtained the Cu (I)
510.55 nm, Cu (I) 515.32 nm, and Cu (I) 521.82 nm, the three lines can satisfy the needs of calculating the electron temperature. The
slope method (or Boltzmann plot) is commonly used to calculate the electron temperature, and the formula is as follows [59,69,70]:

= +In
g A

E
k T

Cmn

m mn

m

B (4)

Table 1
Spectral parameters of three Cu (I) lines.

Line Wavelength
λmn (nm)

Transition gm(Upper-level degeneracy)×
Amn(Transition probability)

Upper-level energy
Em (eV)

Cu(I) 510.55 3d104p(2P3/2) – 3d94s2(2D5/2) 8.0 × 106 3.82
Cu(I) 515.32 3d104d(2D3/2) – 3d104p(2P1/2) 2.4 × 108 6.19
Cu(I) 521.82 3d104d(2D5/2) – 3d104p(2P3/2) 4.5 × 108 6.19

Fig. 6. Typical Boltzmann plot of femtosecond laser-induced plasma spectroscopy at 99.0 mm distance for three laser energies. The laser energies
are 0.5 (a), 1.0 (b), and 1.5 (c) mJ.

Fig. 7. Evolution of electron temperatures with DBFS for three laser energies (0.5, 1.0, and 1.5 mJ).
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where, m and n represent the upper and lower levels, Imn is the line intensity, kB is the Boltzmann constant, gm is the statistical weight at
upper level, Amn is the transition probability, Em is the upper level energy, λmn is the emission line wavelength, C is the constant, and T
is the electron temperature. All of the spectral parameters gm, Amn, and Em are listed in Table 1. Fig. 6 presents the typical Boltzmann
plot of Cu plasma spectra for three laser energies at the DBFS of 99.0 mm. The laser energies are 0.5, 1.0, and 1.5 mJ. Fig. 7 presents the
evolution of electron temperatures with the DBFS for the three laser energies. It is observed that the change in the electron temperature
with the DBFS is similar to that in the emission intensity with the DBFS (see Fig. 5), that is, the electron temperature first increases and
then decreases as the DBFS increases, and the position for obtaining highest electron temperature also moves toward the focusing lens.
As mentioned above, stronger laser focusing produces higher temperature and density plasma, the plasma with higher temperature can
emit stronger optical emission. The change in the electron temperature with the DBFS can better understand the stronger spectral
emission optimized by selecting a suitable DBFS.

4. Conclusions

The spectral emission intensity of LIBS can be optimized by changing the DBFS. The influence of the DBFS on the spectra of
femtosecond laser-induced Cu plasmas in air was investigated by measuring the Cu (I) lines at 510.55, 515.32, and 521.82 nm. The
Cu (I) line intensities first increased and then decreased with an increase in the DBFS. As the laser energy increased, the position for
obtaining highest line intensity moved toward the converging lens due to the self-focusing effect of femtosecond laser. Also, the
electron temperature was calculated, finding that the change in the electron temperature with the DBFS and laser energy were similar
to that in the spectral intensity. The electron temperature provided better understanding for the influence of the DBFS on the spectral
line intensity of femtosecond-LIBS. Therefore, the spectral line intensity of femtosecond-LIBS can be optimized by changing the DBFS.
Finally, we hope that this work will be helpful to understand the influence of the DBFS on femtosecond-LIBS.
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