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Increasing the emission intensity of laser-induced breakdown spectroscopy

(LIBS) is an effective way to improve the sensitivity of LIBS technology to

elements analysis in liquid samples. In this work, the influence of the

distance from lens to sample surface (DFLS) on the spectral emission of

femtosecond laser-induced plasma of NaCl water film was studied by

measuring Na atomic line. The results showed that the emission intensity of

the spectral line presented the phenomenon of double peakswith an increase in

the DFLS. The position for the highest spectral intensity was not geometric focal

point of focusing lens, but was located in front of the geometric focal point. In

addition, we carried out quantitative analysis on Na element with different

concentrations, showing a calibration curve of Na element, and calculating limit

of detection (LOD) and relative standard deviation (RSD) for different DFLSs.

Subsequently, the changes in the LOD and RSD with the DFLS are discussed.

With the increase of the DFLS, the LOD and RSD were greatly reduced. At the

DFLS of 99.0 mm, the line intensity was highest, and the LOD and RSD were

better. Therefore, it can be confirmed that femtosecond LIBS of water film can

be optimized by changing the DFLS, the experiment shows great potential in

real-time water quality monitoring.
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1 Introduction

Laser-induced breakdown spectroscopy (LIBS) is an analysis

technique based on atomic emission spectroscopy of laser-

induced plasma [1–5]. After decades of development, LIBS

technology has become a very popular and effective element

analysis method [6–8]. However, this technology is mainly for

solid samples and gas samples, while the analysis of liquid

samples is still rarely reported. In recent years, the LIBS

technology is extensively used to the rapid chemical element

analysis of liquids, which has many potential application

prospects, including water quality monitoring [9, 10],

environmental monitoring [11, 12], food industry quality

monitoring [13–15], medical monitoring [16–18], etc. But, the

use of LBS technology to detect liquid samples faces a series of

problems, for example, dissolved gas, particulate material and

bubbles generated by previous laser pulse can cause the laser

beam to fail to be focused; the liquid evaporation causes the loss

of laser energy, which reduces the availability of plasma

excitation energy; high local density in the liquid leads to

rapid quenching, which prohibits time-selective detection, etc.

Due to the inherent problems mentioned above, LIBS technology

has not fully developed its potential in the field of liquid sample

analysis. In order to overcome these drawbacks, researchers are

trying to find appropriate experimental methods and sample

preparation methods to improve the stability and analytical

sensitivity of liquid sample.

Enhanced laser-induced plasma emission intensity is the

main way to make up for these disadvantages of LIBS

technology. Based on solid samples, researchers believe that

many methods, including double-pulse [19], spatial

confinement [20–22], magnetic confinement [23], spark

discharge enhancement [24–27], increasing sample

temperature [28–31], changing the distance from lens to

sample surface (DFLS) [32–34], can improve the stability and

analytical sensitivity of liquid samples. Among them, the double-

pulse method is frequently applied to the detection of liquid

samples. Virendra et al reported that the characteristic spectral

line intensity of double-pulse excitation was enhanced by at least

6 times compared with single pulse LIBS for liquid samples [35].

Kheireddine et al explored the basic characteristics of plasma

generated by double-pulse lasers [10], and the enhancement

mechanism of double-pulse LIBS was due to the prolongation

of the plasma lifetime. They found that the application of the

double-pulse method in the liquid samples had achieved

significant results. In addition to the double-pulse method,

spatial confinement, and magnetic confinement methods are

great tools to improve the detection sensitivity of samples.

However, in view of the instability of liquid samples, these

methods are more difficult to implement. In view of this, the

change in the DFLS is flexible and controllable method to

improve the spectral intensity of laser-induced plasma, and is

almost not limited by the instability of liquid samples. Changing

the DFLS can result in a difference in the laser fluence, which has

the great impacts on the properties and morphologies of the

plasma, and further affecting the plasma emission [36]. In

summary, the influence of the DFLS on the analysis of

elements in the liquid samples is still a hot topic that worthy

of further study and discussion.

For liquid samples, liquid splashes and ripples formed by

laser ablation hinder the effective detection of plasma

emission. Moreover, the optical components used in the

experiment are contaminated by the splashes, which affect

the reliability of the LIBS detection results. In order to

overcome these problems, some researchers have proposed

the following methods: laser ablation of laminar flow with

sheath or carrier gas [16, 37], laser ablation droplets [38], laser

ablation aerosol [39], laser ablation liquid jet [40–42], convert

liquid phase to solid phase [43]. Among these sampling

methods, the laminar flow technique of sheath or carrier

gas has the higher measurement accuracy, but the

operation is more difficult. In contrast, the liquid jet

method shows some advantages, viz. simple operation and

good measurement accuracy. Some research groups have

proved that the use of jet technology could improve the

sensitivity of LIBS technology to detect elements in liquids.

For example, Yaroshchyk et al compared the laser-induced

breakdown spectra of liquid jets and stationary liquid surfaces

[44]. Under the same conditions, the limit of detection

obtained by the jet method was 4 times lower than that

obtained by a static liquid. Nevertheless, we considered that

the volume of the interaction between the laser and the liquid

substrate was a key factor affecting detection sensitivity. The

use of a thinner liquid film can reduce the generation of

droplets at the plasma emission site and further improve

the detection sensitivity of LIBS.

In the above-discussed reports on liquid samples,

nanosecond lasers are usually used as the main laser light

source, but another way to improve sensitivity is to use

femtosecond laser pulses to excite the plasma on the sample

surface [45–47]. In contrast, the mechanical and thermodynamic

parameters of femtosecond laser breakdown plasma are very

different from those of nanosecond laser, which is why

femtosecond LIBS has higher sensitivity [48, 49]. So far, the

investigations on the femtosecond LIBS technology of liquid

sample in film form are relatively lacking. In this paper, we

investigated the influence of the DFLS on the spectral emission of

NaCl plasma of femtosecond laser excitation in the atmosphere,

and the variation of spectral line intensity with the DFLS for

different NaCl concentrations was discussed. The trend in the

limit of detection (LOD) and relative standard deviation (RSD)

with the DFLS were obtained by measuring Na (I) spectral line.

Based on these results, it is concludes that there is an appropriate

DFLS that can help to improve the detection sensitivity of LIBS

technology for quantitative analysis of specific elements in the

liquid samples for femtosecond LIBS.
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2 Experimental apparatus

2.1 Formation of NaCl water film

For the detection of liquid samples by LIBS technology, the

sampling methods for obtaining spectral information mainly

include static liquid, flowing droplets, and conversion of

liquid to solid samples. The liquid jet method stands out from

the above methods by reducing surface fluctuations and

increasing the repetition rate, but the jet method still has the

disadvantage, that is, the laser focus point cannot be determined

on the liquid surface. Hence, we improved the liquid sampling

method, and customized the water film forming device based on

the liquid jet. Place two aluminum wires with a diameter of

0.2 mm and set an interval of 4.0 mm on both sides of the water

nozzle, adjust the water flow rate to 40 ml/min, and let the NaCl

solution form a stable flowing water film with thickness of about

0.2 mm under the action of gravity and surface tension. We

adjust the distance between the laser focus point and the nozzle to

be 2/3 of the length of the water film, which ensures the stability

of the laser penetrating the water film. Adopting this sampling

method can greatly reduce liquid splashing, avoid splashing

droplets from polluting the optical lens, and ensure the high

stability of the spectrum. However, it must be pointed out that

the ablated plasma vaporizes the liquid and generates mist or

droplets when the laser excited water film. Only after a small

amount of splashing, the generated mist or droplets will cause

more intense plasma emission [50].

2.2 Data acquisition device

The principle diagram of the experimental device is shown in

Figure 1. The LIBS system was mainly composed of a laser and a

spectrometer. In detail, an one-box ultrafast Ti:Sapphire

amplifier (Coherent Libra) was used as laser light source to

generate plasma. The output pulse wavelength of the

femtosecond laser system was 800 nm, the pulse width was

50 fs, the laser energy was 2.9 mJ, and the maximum pulse

repetition frequency was 1 kHz. The laser pulse was first

transferred to the direction perpendicular to the sample

through two mirrors, and then a quartz lens with a focal

length of 100 mm was used to focus the beam onto the

sample surface. In the experiment, the samples were NaCl

solutions with different concentrations, and the concentrations

were shown in Table 1. A plano-convex lens used to focus the

beam was placed on a one-dimensional motorized translation

stage (Zolix Instruments) to change the DFLS. The optical

emission of the plasma generated by the laser focusing sample

was collected by a lens (75 mm focal length and 50 mm diameter)

that was 45° with the laser beam, and was focused into an optical

fiber. The optical signal was transmitted to a spectrometer

(Spectra Pro 500i, PI Acton) with three gratings (150, 1,200,

and 2,400 line per mm) through the optical fiber, the grating used

in the experiment was 1,200 line per mm, in which the spectral

resolution was 0.04 nm. An intensified charge-coupled device

(ICCD, PI-MAX4, Princeton Instruments) with 1,024 ×

1,024 pixels was used to detect the dispersed light by the

spectrometer. The ICCD chip was “KAI 1024 × 1,024” from

Eastman Kodak Company. The ICCD worked in gate mode.

Before the experiment, the ICCD chip was cooled to −20°C. The

synchronization delay generator of the femtosecond laser

triggered the ICCD to synchronize the delay between the laser

pulse and the spectral signal. In order to reduce the interference

of background emission, the delay time of ICCD was set to 0.5 μs

and the gate width was fixed as 5 µs. The working mode of the

femtosecond laser system was divided into single-shot and

continuous-shot modes. In the current experiment, the single-

shot working mode was adopted. The data output by ICCD was

recorded by a computer. Each data was a result of 10 laser

cumulative emission, 20 spectra were collected with each solution

concentration. The whole experiment was carried out in a

standard atmospheric pressure environment with an ambient

temperature of 22°C and an air humidity of 40%.

3 Results and discussion

3.1 Effect of solution concentration on
spectral intensity

In the beginning, adjusting the delay time and pulse width of

the ICCD, it is expected to collect characteristic spectrum. When

the NaCl film is at the focal point and the solution concentration

is 4.00 μg/ml, the emission of Na atomic line generated by

femtosecond laser will be detected and recorded. In order to

increase the detection sensitivity and reduce the standard

FIGURE 1
Experimental setup including mirror (M), iris (I), lens (L), and
intensified CCD (ICCD).
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deviation, we collected 10 spectrums of water film plasma and

averaged them, as shown in Figure 2. It can be seen from Figure 2

that there are two obvious peaks in the wavelength range from

588.5 to 590.0 nm, namely Na (I) 589.0 nm and Na (I) 589.6 nm.

According to the NIST atomic spectra database, the spectral lines

of these two wavelengths are produced by 2p63s (2S)→2p63p (2P0)

transitions. The same element corresponds to different center

wavelengths, and the difference is mainly due to the difference in

the angular momentum of the upper and lower electron orbits

and the difference in excited state energy levels during the

transition.

We measured the emission line intensity of Na (I) in NaCl

salt solution with different Na Cl concentrations (see Table 1),

and obtained the dependence of spectral intensity on the

concentration of NaCl solution, as shown in Figure 3. The

DFLS was fixed at 100 mm (the sample film was at the focal

point of the focusing lens). It can be observed from Figure 3 that

the spectral line intensities of the Na (I) 589.0 nm and Na (I)

589.6 nm increase with increasing the concentration of NaCl.

When the concentration is 0.25 μg/ml, the spectral line intensity

of the element is weakest, and the signal-to-background ratio has

a low value. The laser pulse power density must exceed the

breakdown threshold of the sample before the laser interacts with

the sample, while the plasma characteristics and laser energy

breakdown threshold depend on the mass of the solute in the

solution [51]. In the current experiment, when a high-power laser

is focused on the surface of high-concentration NaCl water film,

the sample is more likely to release a large number of atoms, ions

and electrons. At this time, free electrons in the reverse

bremsstrahlung emission greatly increase the energy of the

absorbed photons themselves, resulting in an increase in the

breakdown of the liquid sample, so the higher NaCl

concentration will emit the stronger characteristic spectrum.

3.2 Effect of distance from lens to sample
surface on spectral intensity

The laser is focused on the surface of the liquid sample,

forming plasma plume. A small change in the DFLS will cause the

absolute emission intensity of the plasma to change. In many

published papers [52, 53], the DFLS was usually selected to be

shorter than the focal length of focusing lens, which can

effectively avoid air breakdown before the laser pulse reaches

the sample surface. The concentration of NaCl solution was fixed

at 4.00 μg/ml to ensure that the maximum content of Na in the

plasma, which is convenient for exploring the influence of the

DFLS on the spectral intensity of the liquid plasma. It can be

clearly observed from Figure 4 that the intensity of the spectral

TABLE 1 Concentration of Na element in NaCl solution.

Sample No 1# 2# 3# 4# 5# 6# 7# 8#

Concentration (μg/mL) 4.00 3.60 2.70 2.00 1.50 1.00 0.50 0.25

FIGURE 2
Typical emission spectrum of NaCl water solution plasma.
The NaCl concentration is 4.00 μg/ml. The NaCl film is located at
the focal point (DFLS = 100 mm).

FIGURE 3
Evolution of Na atomic lines from laser-induced plasma with
NaCl concentration of. The NaCl film is located at the focal point
plane (DFLS = 100 mm).
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line increases with the increase of the DFLS, and along the

direction of the femtosecond laser, the maximum value of

emission intensity appears before the focus point,

approximately at 99.0 mm. When the DFLS continues to

increase to about 101.0 mm, another peak of emission

intensity appears, but it is lower than the peak intensity

before the focal point. In essence, the laser spot on the sample

surface depends on the change in the DFLS. The size of the laser

spot directly affects the laser fluence on the sample surface, and

controls the coupling between laser and sample, resulting in a

change in the emission intensity of laser-induced plasma [54]. In

the experiment, as the DFLS increases from 97.0 to 99.0 mm, the

laser spot gradually decreases and the laser fluence gradually

increases, resulting in a significant increase in the spectral

intensity of Na (I). The influence of the DFLS on the spectral

intensity at different NaCl concentrations is discussed in detail

below.

In order to study whether the influence of the DFLS on the

plasma spectral intensity at low NaCl concentration is consistent

with that at high NaCl concentration, we discussed the evolution

of Na (I) 589.0 and 589.6 nm line intensities with the DFLS at

different NaCl concentrations, as shown in Figure 5. For any

NaCl concentration, the influence of the DFLS on the intensity of

the characteristic spectral line is consistent. Moreover, it can be

seen more intuitively from Figure 5 that, with the increase of the

DFLS, the spectral intensity presents a double emission peaks.

The two peaks of laser-induced plasma intensity can be obtained

when the DFLS are 99.0 and 100.6 mm but the peak intensity

value is not the same. This phenomenon is different from

nanosecond LIBS. For nanosecond LIBS, the spectra before

and after the focal point show a symmetrical distribution [55].

There is another phenomenon: when the sample surface is at the

geometric focal point, the intensity of the spectral line is not

maximum value. The main reason is the plasma shielding effect

[54]. Different from nanosecond LIBS, the laser excitation source

used in the experiment was femtosecond laser, and its nonlinear

effect cannot be ignored. The nonlinear effect of ultra-short

pulses will produce self-focusing, self-defocusing and re-

focusing. The paper by Li et al stated that the focal length of

the focusing lens may be shortened by the optical Kerr self-

focusing effect [56]. Therefore, the first laser focusing position

appeared in front of the focal point and generated stronger laser-

induced plasma emission. As the DFLS increased, the plasma

self-defocusing effect generated by tunneling or multi-photon

ionization caused the plasma emission to decrease. Continue to

increase the DFLS, the optical Kerr effect was still stronger than

the defocusing effect of the plasma, so the re-focusing effect

occurred, which is the reason for another peak intensity after the

geometric focal point.

3.3 Effect of distance from lens to sample
surface on quantitative analysis

Like most analytical methods, the quantitative analysis of

LIBS is inseparable from the use of calibration curves. Before

FIGURE 4
Evolution of spectral emission from laser-induced plasma
with NaCl water film with DFLS. The NaCl concentration is
4.00 μg/ml.

FIGURE 5
Evolution of emission peak intensities for Na (Ι) 589.0 nm (A)
and 589.6 nm (B) with DFLS for different NaCl concentrations.
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calibrating the element to be measured, it is assumed that the

concentration of the element to be measured in the plasma is

consistent with the element concentration in the

corresponding sample. During the calibration and detection

process, the calibration of Na element is achieved, when all

parameters that affect the plasma characteristics are constant.

For the purpose of increase the credibility of the calibration

method, each data point collected was a result of 10 laser

accumulations, and 25 spectra were collected at each NaCl

concentration. Therefore, the calibration curve shown in

Figure 6 is an average of multiple repeated tests. The figure

shows the calibration curves of Na (Ι) at different DFLSs, three

typical DFLSs are 99.0 mm (a and b), 100.0 mm (c and d), and

100.6 mm (e and f), respectively. And Figure 6 (a, c, and e)

show the calibration curve of Na (Ι) 589.0 nm, and Figure 6 (b,

d, and f) show the calibration curve of Na (Ι) 589.6 nm. In

Figure 6, the linear correlation coefficient (R2) of Na (Ι)
589.0 nm is greater than 0.98, and the R2 of Na (Ι)
589.6 nm is greater than 0.99. Theoretically, if the

measured spectral intensity is stable, the linear correlation

coefficient between its intensity and concentration is close to

1. It indicates that the experimental method of femtosecond

laser-excited NaCl thin film has a better stability in detecting

the content of Na element for aqueous solution.

In the following content, we discussed the key indicators

for the quantitative analysis of LIBS technology: LOD of

element, which is usually calculated from the data extracted

from the calibration curve. The LOD represents the lowest

concentration of an element detected in the experiment.

According to 3σ-IUPAC, the LOD of a certain element is

the concentration for three times of the background standard

FIGURE 6
Calibration curves for Na (Ι) 589.0 nm (a, c, and e) and Na (Ι) 589.6 nm (b, d, and f) for three DFLSs. The DFLSs are 99.0 mm (A,B), 100.0 mm
(C,D), and 100.6 mm (E,F), respectively.

FIGURE 7
Evolution of LOD of Na (Ι) 589.0 nm (A) and Na (Ι) 589.6 nm
(B) with DFLS.
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deviation of the line intensity σ: LOD = 3σ/S, here S is the slope

of the calibration curve of a characteristic atomic line. Figure 7

shows the evolution of the LOD of Na (I) with the DFLS. It is

obvious from figure that the change in the DFLS has a positive

effect on the reduction in the LOD. With the increase of the

DFLS, the LOD decreased significantly. The LOD of Na (I) has

a lower value in the range of the DFLS from 99.0 to 101.0 mm.

At 99.0 mm, the LOD has the lowest value. Referring to the

evolution of emission intensity with the DFLS in Figure 5, the

maximum plasma emission intensity can be obtained at

99.0 mm, and the corresponding LOD has the minimum

value. The reduction in the LOD further proves that

selecting a optimized DFLS is an effective way to improve

detection sensitivity.

3.4 Effect of distance from lens to sample
surface on signal stability

Apart from this, the signal stability is an important

parameter that affects the reliability of LIBS in detecting

element concentrations in liquid samples. It is actually

related to the RSD of a characteristic spectral line in

repeated measurement spectra [57]. Laser-induced plasma

is used as a pulse excitation source to atomize and ablate the

sample. The instability between different excitation points as

well as the instability of repeated laser pulses will limit the

repeatability of detection [58]. Therefore, understanding the

influence of the DFLS on signal stability is necessary to know

the accuracy of the experiment. At a solute concentration of

4.00 μg/ml, the RSD as a function of the DFLS is presented in

Figure 8. Similar to the change in the LOD, the RSD shows a

trend that first decreases, stabilizes, and finally increases

with the increase of the DFLS. In the range of the DFLS from

99.0 to 101.0 mm, the RSD is low, and fluctuating between

2.5 and 5.0%. In this study, the lower RSD further proves that

the experimental method of femtosecond laser-induced

NaCl thin film has better spectral stability at

appropriate DFLS.

4 Conclusion

In this work, femtosecond LIBS had been used to detect

specific element in aqueous solution. To date, the main

difficulties affecting the application of LIBS technology in

liquid samples are liquid splashing and low signal stability. In

order to overcome this problem, we used femtosecond laser

excitation source and changed the sampling method of the

liquid sample. We customized the water film based on the

liquid jet. The purpose is to make the sample form a stable

flowing film, stabilizing the liquid; and femtosecond laser may

minimize liquid splashing. Moreover, we studied the influence

of the DFLS on the detection ability for NaCl aqueous

solution. The focal length of the focusing lens was 100 mm.

With the increase of the DFLS, the plasma emission presented

double emission peak intensities. Before the geometric focal

point of the focusing lens, the maximum line intensity of Na

(I) lines was obtained. Essentially, the results were due to the

nonlinear effect of femtosecond laser propagation in air.

Subsequently, the different concentrations of Na element

are quantitatively analyzed, plotting the calibration curve of

Na element. In the three selected DFLSs, the R2 of Na (Ι)
589.0 nm was greater than 0.98, and the R2 of Na (Ι) 589.6 nm
was greater than 0.99. According to the calibration curve, the

LODs and RSDs at different DFLSs were obtained. As the

DFLS increased, the LOD and RSD first decreased, and then

increased. In the range of the DFLS from 99.0 to 101.0 mm, the

two parameters had lower values. From the above discussion,

it can be concluded that the combination of femtosecond laser

and water film can significantly improve the analysis stability

of liquid samples by optimized the DFLS.
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