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Abstract. In this paper, laser-induced breakdown spectroscopy (LIBS) using micro-droplet NaCl 

solution and set-up for control of micro-droplets are described. Micro-droplets controlling technique 

is important for solution quantitative analysis. In this study, micro-droplet ejection system for 

sampling is designed and presented. This micro-droplet ejection system enable a constant volume of 

the sample liquid to be obtained and it takes advantage of the liquid physical state; the density of the 

solution can be controlled accurately. The method presented here generates small droplets (diameter 

30 μm) by confining the entire volume of the sample material in the laser beam spot area (minimum 

beam spot diameter: 53.2 μm) and separating it from its surroundings. Using this liquid micronizing 

method, improved sensitivities are obtained. The Advantage of LIBS is a useful method for 

determining the elemental composition of various materials regardless of their physical state (solid, 

liquid, or gas) and without any preprocessing; it is a type of atomic emission spectroscopy (AES). 

Despite the advantage of qualitative analysis, quantitative analysis is difficult because of sample and 

plasma fluctuations. Generating constant volume of micro-size sample and proper sample control 

technique contribute to LIBS quantitative analysis. 

Introduction 

In the LIBS technique, a high-energy laser pulse is focused on a sample to create plasma. Emissions 

from atoms and ions in the plasma are collected using lenses, guided toward a spectrograph, a streak 

camera, and analyzed by a computer. Some of the well-known AES methods for vaporization and 

excitation involve electrode arcs and sparks, inductively coupled plasma (ICP), direct-coupled plasma 

(DCP), and microwave-induced plasma (MIP). These methods typically require laboratory analytical 

facilities for specific use. AES-based methods for elemental analysis have an advantage: the 

capability to detect all kinds of elements or multielements simultaneously. In addition, since it 

requires only optical access to the sample, LIBS has many advantages: it facilitates real-time analysis 

and in situ analysis. LIBS has been investigated extensively to establish a method for the proper 

chemical analysis of specimens [1]–[3]. Although qualitative analysis results can be performed for a 

spectrum only by using a wavelength calibration reference, quantitative analysis can be carried out on 

the basis of several fundamental approaches using conventional methods that require many 

calibration processes [4, 5]. In this study, the measurements are based on fundamental approaches for 

quantitative analysis (microsecond time-gated spectroscopy) and on the repetitive single spark for 

averaging the spectra from many shots. Optimizing the key experimental parameters—proper spark 

alignment, time-gate delay, and intensity gate width—allows the experimental determination of the 

detection limit. The intensities can be compared using standard atomic line references, and this 

method is called optical emission spectroscopy (OES) analysis. Another method is chemometric 

analysis and it based on the comparison of samples with known composition. This study is based on 

OES analysis that uses calibration curves obtained from the intensity calibration method. Our group 

has been developing the LIBS technique for quantitative analysis so that the LIBS system can be 
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applied to various fields. A large amount of calibration reference data on the intensity, particle size, 

and air pressure has been obtained [6]–[8]. In addition to this reference data, in order to establish a 

practical calibration method for quantitative analysis in various environmental conditions, a LIBS 

solution concentration calibration technique has been developed by using a micro-droplet ejection 

system with the aim of performing absolute calibration. By using LIBS measurement, the sensitivity 

of this new method using a micro-droplet ejection system is compared to that of the conventional 

technique employing a bulk liquid cell. 

Experimental setup 

A schematic representation of the LIBS system using a 30-μm NaCl solution droplet is shown in Fig. 

1. The Nd:YAG laser (Big Sky Laser; model: Ultra) was controlled with the delay pulse generator 

(Stanford Research System, Inc., Model DG-535). The trigger signal caused by laser was input to the 

first delay pulse generator. It provided the delay signal to the streak camera and the synchronized 

signal to the second pulse delay generator which provide the delay signal to the micro-droplet control 

module. The laser was operated at 1064 nm to generate a 50-mJ pulse with a width of 8 ns (FWHM). 

When used for ablation, the laser pulse was focused with a lens that had a focal length of 50 mm, 

thereby yielding a power density of 10
12

 W/cm
2
. The micro-droplet was released by using the 

dispenser head. Emissions from the laser-produced plasma were collected using additional lenses and 

they were then guided to a spectrograph (Chromex 250IS). Subsequently, the emitted light was 

dispersed using a diffraction grating with 1200 lines/mm and the electrical signal was recorded using 

a streak camera (Hamamatsu Photonics) with a time resolution of 10 ps or greater. Finally, the signal 

was processed and stored in a computer. Fig. 2 shows the scheme of the micro-droplet subsystem. The 

sample solution was injected into the piezo head. The micro-droplet generating electric signal was 

synchronized with the LED strobe output. LED and CCD camera are placed on stages which are 

available for vertical-direction scanning. The region with a continuous stream of micro-droplets was 

covered during wind breaking for protection from the fluctuation of the droplet position. Emissions 

from the laser-produced plasma were collected using additional lenses and were then guided to a 

spectrograph.  

 

 
Fig. 1. Schematic representation of LIBS experiment using a 30-μm droplet ejection system 
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Fig. 2. Schematic representation of micro-droplet sub system 

 

Fig. 3 shows the microphotograph of a micro-droplet ejection process. The micro-droplet nozzle 

ejected uniform droplets under stroboscopic illumination by an LED. The piezoelectric dispenser was 

capable of delivering up to 2000 droplets per second. The nozzle diameter was 30 μm. The droplet 

size could be varied in a narrow range by adjusting the voltage and voltage pulse duration. The 

velocity of the droplets increased with the voltage. A larger pulse duration led to larger droplets. In 

order to obtain the best stability and uniformity for the droplets, the optimum voltage parameters were 

set for every experiment. The piezoelectric nozzle was a droplet-on-demand device that provided 

single, isolated droplets with a diameter of 30 μm and an initial velocity of 2 m/s. For the purpose of 

synchronizing the laser pulses with individual droplets, laser plasma was generated in a gaseous 

environment. 

 

 
Fig. 3. Photograph of micro-droplet ejection from a nozzle with a diameter of 30 μm.  

The photograph was taken under stroboscopic illumination at intervals of 50 μs  

from 150 μs to 300 μs after trigger 

Results and discussion 

Figs. 4 to 6 show the experimental data for 0.1 M to 0.3 M NaCl solution samples; these were 

obtained from a comparison between the LIBS spectral emission intensities obtained from the old 

bulk liquid method and those obtained from the 30-μm droplet ejection system. An analysis based on 

data obtained from 100 laser pulse shots indicated that the central gate point was 18.1 μs from 

trigger-in and the gate width was 3.9 μs. The analytical gate settings were optimized with 0.1 M NaCl 

solution. In Fig. 4, the comparison of data for the 0.1 M NaCl solution between the 30-μm droplet 

ejection system and the bulk liquid method shows that the micro-droplet ejection system is more 

effective than the bulk liquid technique. From a comparison between the micro-droplet technique and 

the bulk liquid technique, it was observed that the data showed the advantage of using the new LIBS 

solution measuring technique. Figs. 5 and 6 show a comparison between the data for the 0.2 M NaCl 

solution and those for the 0.3 M NaCl solution. From these data, the atomic spectral intensity is 

observed to increase with the density of the solution. Similar to the case of the 0.1 M NaCl solution, 

Solid State Phenomena Vols. 147-149 641



 

the micro-droplet intensity is higher than the bulk liquid technique. By using the comparison data for 

0.1 M to 0.3 M NaCl Solution samples for this 30-μm micro-droplet ejection system, Na calibration 

curves are shown in Fig. 7. The calibration curves for Na were plotted by using the average intensity 

of five measurements, each with 100 laser shots. It appears that the plasma conditions were different 

among these setups. In the case of the plasma in the bulk liquid system, the plasma created by the laser 

dissipated its energy to its surroundings or constituents. In the laser-created plasma plume, the 

distribution of atoms was such that the inner core of the plume, which mostly contained excited 

species, was surrounded by the unexcited species of the outer layer. 

 

Intensity improvement at 0.1M NaCl solution
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Fig. 4. Intensity difference for 0.1 M NaCl solution between bulk liquid measurement performed 

using the old technique and 30-μm micro-droplet measurement obtained from 100 laser pulse shots 

 

 
Fig. 5. Intensity difference for 0.2 M NaCl solution between bulk liquid measurement performed 

using the old technique and 30-μm micro-droplet measurement obtained from 100 laser pulse shots 

 

 
Fig. 6. Intensity difference for 0.3 M NaCl solution between bulk liquid measurement performed 

using the old technique and 30-μm micro-droplet measurement obtained from 100 laser pulse shots 

Intensity improvement at 0.3M NaCl solution
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Intensity improvement at 0.2M NaCl solution
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Fig. 7. Intensity improvement for NaCl solution measurements between old technique of bulk liquid 

method and 30-μm micro-droplet method obtained from 100 laser pulse shots 

Summary 

The new micro-droplet technique described here overcomes many of the disadvantages experienced 

with LIBS solution measurement. For previous methods, breakdowns on water surfaces produced 

strong emissions; however, the splashing of the sample at the water surface and chemical denaturation 

were practical and marked problems. For breakdowns passing through water, there was no splashing 

of the sample, but the emissions were very weak. In contrast, the new micro-droplet method described 

here, by micronizing the sample, made it possible for the entire volume of the liquid sample to be 

confined to the laser field and to be separated from the surroundings. This method was shown 

performance advantages of this method were strong emissions, absence of splashing of the sample, 

solution density controllability, and absence of chemical denaturation. The strong emission was 

attributed to the high energy transfer efficiency. In theoretical understanding, the irradiance threshold 

is governed by the cascade or avalanche growth of ionization, which is fed by absorption of the laser. 

Electrons in a beam field gain energy to ionize and increase in number through electron-neutral 

inverse bremsstrahlung. In the case of former method, in the bulk liquid, most of the laser energy was 

used for vaporizing the sample. In contrast, the use of the micro-droplet ejection system allowed most 

of the laser energy to be consumed by ionizing the sample. Therefore, different data were obtained 

from each LIBS technique and different calibration curves were required even for the same solution. 

We obtained the results that micro-droplet output system which could generate same volume of 

sample was employed in LIBS experiments. The technique needs to be developed further, but has the 

potential to overcome many of the problems associated with standard bulk-liquid-based techniques. 

Although precise measurements of the involved spatial and temporal beam parameter along the focal 

volumes remain difficult, the main processes using micro-droplet subsystem for liquid quantitative 

LIBS measurement have now emerged from a main feature of observations. 
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