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Laser plasma spectroscopy, now commonly known as LIBS (Laser Induced Breakdown Spectroscopy) 
began around the same time as the invention of the laser in the early 1960’s. Since that time, the 
international scientific community has investigated fundamental mechanisms to understand and 
control this intriguing transient phenomenon for numerous analytical applications. Spectroscopy 
serves a dual purpose in that optical emission measurements provide fundamental knowledge of the 
plasma as well as the analytical application of direct elemental analysis. Much has changed over the 
past 60 years in both our understanding of the laser induced plasma, applications, and instrumentation. 
Fundamentals are imperative and they still are addressed. However, empirical studies seem to now 
dominate as the goal is to achieve reproducible behavior – the backbone for applications. Early 
instrumentation was developed but could not meet the needs of industrial requirements; not because of 
the technology itself, but because lasers, spectrometers, and computers also were just being developed, 
and were unreliable. Laser, spectrometers, and computers have been advanced (always more to come) 
to the point that sensitive, accurate and precise LIBS is becoming mainstay. Companies now 
commercializing LA based instruments for LIBS are seeing increased demand for products as the 
world awakens to the use of this 21st century technology to replace the antiquated chemical digestion 
approach to analysis.
The basis of LIBS is laser ablation, the sampling process in which a short-pulsed laser beam removes 
mass (sampling) for subsequent analysis. The ablated mass is heated into a luminous optical plasma at 
the sample surface that is spectroscopically measured for elemental and isotopic content. As the 
plasma cools, the mass condenses to a fine aerosol which can be transported to an Inductively Coupled 
Plasma (ICP) for sensitive and precise isotopic analysis. The ICP with mass spectrometry (ICP-MS) is 
ideal for trace analysis of isotopes, especially for the heavier elements. LIBS is ideal for analyzing 
major concentrations and light elements, including O, N, H and the halogens. These two detection 
modalities complement each other nicely. Optical emission from the luminous plasma monitored 
simultaneously with the ICP-MS detection provides complementary elemental and isotopic analysis of 
the sample, with every laser pulse. A new technology LAMIS (Laser Ablation Molecular Isotopic 
Spectroscopy) measures isotopes in laser plasmas at atmospheric pressure from molecular emission 
band spectra in addition to atomic and ionic line spectra. Simultaneous LIBS, LA-ICP-MS, and 
LAMIS provides the ability to measure every element and isotope on the periodic chart for every laser 
pulse ablation. With these features, a large amount of data is generated, and powerful software has to 
evolve to unravel the optical and mass spectra for accurate and precise analysis. This presentation will 
provide an overview of the accomplishments in LIBS R&D, several unique applications of LIBS and 
LIBS with simultaneous LA-ICP-MS, and the ability to measure isotope ratios in field-based LIBS 
instruments.
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Nanoparticle Enhanced Laser Ablation (NELA), as a systematic methodology for controlling laser 
ablation was proposed for the first time by these authors in 2013 and is a new approach that allows the 
improvement of detection limits by orders of magnitude in elemental analysis by LIBS and LA-ICP-
MS. Since the first paper in ACS Analytical Chemistry dedicated to NELIBS [1], this approach has 
been evaluated as one of the most promising ways to push conventional laser ablation based analytical 
techniques to new applications ranging from ppb and sub-ppb trace detection [2] to sensing in 
biological and medical applications. The number of articles based on NELA is growing year by year 
and many conferences on Analytical Spectroscopy have included dedicated sessions on this topic. 
Despite the growing use in the LIBS community and recently also in the LA-ICP-MS community [3], 
several questions on the fundamental aspects are still unsolved. This is because NELA, in contrast 
with SERS, for example, is not based on the increase of the polarizability of the sample, but instead on 
the interaction of the nanoparticle (NP) plasmonic system with the collective motion of electrons in the 
ablated sample at the initial stage, when it is characterized by a high density plasma [4]. This new 
phenomenon related to the plasmonic properties of the NPs opens the door to different perspectives on 
laser ablation [5].
In this lecture basic aspects of NELIBS will be discussed as well as the most relevant perspective in 
biological and medical applications.
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The first CSLIBS in March 2011 coincided with the first anniversary of my Ph.D. graduation. I was 
fortunate to be invited to participate in CSLIBS2011. Since then, we have an organization and I have 
also become a member of the organization. In the following 10 years, I did not miss any 
CSLIBS conference. We learned from each other, promoted each other, and became friends with 
seniors and young people. The 10 years that Chinese LIBS has grown up is also the 10 years that I 
have grown up. In the first CSLIBS, I reported on my work in molten steel testing. Peers thought that 
this work has a certain degree of representativeness in metallurgical industry, and I also won the 
appreciation of LIBS colleagues. After that, my report every year is mainly about the application of 
LIBS in the industrial fields, such as molten steel, liquid aluminum alloy, automatic sorting, ore slurry, 
etc. There were also some algorithmic attempts. For these works, some were attractive, but some were 
mediocre, just like the development process of LIBS. Since the birth of lasers, LIBS technology has 
experienced nearly 60 years of development, with peaks and valleys, and China has become a rising 
star. It’s not easy for a technology from birth to maturity, and researchers continue to explore it 
tirelessly. We stand on the shoulders of giants, and younger people are constantly emerging. Today I 
will again share our results of LIBS application on ore slurry. The LIBSlurry analyzer we developed 
has achieved 2 years of trouble-free operation on phosphate flotation process, and is also undergoing 
application verification on iron ore beneficiation process. In the next few years, we will also aim to 
overcome the C, P, and S detection of molten steel and realize the original dream. I wish our Chinese 
LIBS can stand on the top of the world!

Fig 1.  SIA-LIBSlurry works in iron ore beneficiation process 
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Laser-Induced Breakdown Spectroscopy (LIBS) progressed tremendously in biological applications [1] 
and its use was found to be beneficial in discovering elemental distribution on a large-scale, Figure 1. 
In this work we aim to present recent advances in the elemental imaging of soft and hard tissues, 
murine samples were selected for the demonstrative purposes. The laser ablation of biological tissues 
is challenging in terms of sample pretreatment and optimization of experimental pipeline. Thus, we 
present a series of trade-offs when delivering state-of-the-art analyses with biologically relevant lateral 
resolution (below 30 micron) and sensitivity (macro and micro nutrients).

Fig 1.  Elemental imaging of calcium (Ca II 393 nm) distribution within selected murine samples: A) kidney, and B) incisor.
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Application of laser-induced breakdown spectroscopy (LIBS) to elemental analysis of underwater 
substances is attracting increasing interests, especially in the field of marine science and technology. 
For quantitative analysis of submerged solids by underwater LIBS, suppression of pulse-to-pulse 
instability is indispensable to improve the final analytical results. In the present study the mechanism 
dominating the pulse-to-pulse instability of underwater LIBS is studied [1]. In Fig. 1 the coefficient of 
variation (CV) of the emission intensity of Cu 515 nm line is plotted as a function of laser fluence. The 
focal spot size as well as pulse energy was varied so that a wide range of fluence is covered. The 
resultant CVs show a minimum at a normalized fluence of ~0.2. The resultant CVs are compared with 
the calculation using Eq. (1), where temperature T and population density N0 of the ground state are 
assumed to be fluctuating parameters satisfying the Boltzmann distribution law, and the CVs (σ/I) of T 
and N0 propagate to that of the spectral line intensity I. [σI2/I2 = (∂I/∂T)N02σT2/I2 + (∂I/∂N0)T2σN02/I2

+ 2(∂I/∂T)N0(∂I/∂N0)TσTN0/I2 (1)] When the normalized fluence is ~0.5 or lower, the experimental
results satisfied Eq. (1) quite well, while at higher fluences the CVs of spectral intensities deviated
from those calculated by Eq. (1), i.e., significantly lower than Eq. (1). This means that the spectral
intensity is not anymore determined by the Boltzmann distribution law at high fluences. We suggest
self-absorption as a cause of the deviation. On the other hand, the last term in Eq. (1) turned out to be
negative, suggesting that T and N0 are negatively correlated. This is explained by the fluctuation of 
ablation threshold which divides the laser pulse into two parts, i.e., before the ablation threshold is 
reached the pulse energy contributes to heating the target, and hence to N0, while after the ablation the 
pulse energy is absorbed by the plasma, contributes to heating the plasma, and hence to T. When the 
former increases due to the fluctuation of the ablation threshold, the latter decreases, and vice versa, 
which is consistent to the negative correlation between T and N0.

Fig 1.  Coefficient of variation plotted as a function of normalized fluence. The target was CuZn alloy (Cu:Zn=65:35) in water. The 
pulse width and the wavelength of the laser were 100 ns and 1064 nm, respectively.
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In the last decades, with the developing of analytical technology and the innovation of cultural heritage 
protection concept, great changes have taken place in the analytical technology used for cultural 
heritage, and the requirements of technology are developing in the direction of in situ, on-site and fast. 
Although non-destructive techniques are still preferred to a destructive approach in cultural heritage, 
such as X-ray fluorescence, laser-induced fluorescence, multispectral imaging, Raman spectroscopy, 
etc., with the strengthening of communication between technological researchers and art historians, 
conservators and archaeologists, the micro-destructive approaches, which can provide stratigraphic 
information of multilayer samples that other non-destructive analytical technology cannot provide, are 
becoming favorable to art conservators and archaeologists, especially for laser induced breakdown 
spectroscopy (LIBS) . LIBS combines many of the required features for the analysis of cultural 
heritage objects including simultaneous multi-element analysis, micro-invasiveness, simplicity of 
instrumentation, almost no sample preparation, and no restriction of sample shape and size.
In this abstract, we report some recent progresses about applications of LIBS technology in the 
analysis of Dunhuang Murals at Mogao Grottoes, pigments identification, stratigraphic analysis, and 
some mural disease diagnosis will be particularly emphasized. In particular, we will introduce the 
relevance and necessity of LIBS technology and the analytical requirements of Dunhuang murals
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Heat-resistant steel is widely used in various industries, and the failure characteristics of steel is a great 
important issue for equipment system. The traditional analysis method is time-consuming and requires 
additional treatment for the sample. Laser-induced breakdown spectroscopy (LIBS) is a powerful 
analytical technique that can realize in situ, rapid detection and analysis for both natural and man-
made materials. T91 is the representative heat-resistant steel widely used in industrial pressure-bearing 
equipment. In our work, LIBS was employed to analyze the failure characteristics of the heat-resistant 
steel due to the matrix effect.
Firstly, the temporal-spatial evolutions of spectral line emissions of T91 steel specimens with different 
aging grades were conducted to deeply understand the mechanism of laser-induced steel degradation 
surface. It was found that the line emissions are located at greater height above surface for the 
specimen with lower steel aging grade during the early stage of the plasma expansion, which indicates 
that the propagation velocity of shockwave and vapor plume are correlated with the steel aging grade. 
The results imply that ionization rate of plasma plume and elemental fractionation in laser ablation are 
correlated with the steel aging grade due to the change of surface hardness and microstructure 
transformation. And this point is further supported by the 3D surface topographies of laser ablated 
craters, it was found that the depth and volume of ablated crater increase with the increase of the steel 
aging grade.
Then a new portable laser-induced breakdown spectroscopy (LIBS) device for degeneration evaluation 
of heating surface pipe is developed. It was found that the noise signal and baseline drift of the 
spectrum could be corrected effectively with wavelet threshold denoising (WTD) and multiple 
scattering correction (MSC), which benefited the selection of optimal feature subsets using K-fold-
support vector machine-recursive feature elimination (K-SVM-RFE). The aging grade model 
established with the optimal spectral feature subsets of T91 artificial specimens and industrial pipe 
slices achieved an accuracy of 95.4% for the external test. Due to the presence of surface oxidation 
and slagging, the spectrum of the actual industrial T91 pipes showed significant different spectral 
characteristics from the artificial specimens and industrial pipe slices. Therefore, the spectral data of 
pipe were screened and standardized with stable intensity were employed for further estimation of the 
aging grade with an accuracy of 85.17%, which indicated the effectiveness of the aging grade model in 
practical measurement. The portable LIBS technology coupled with spectral pretreatment and feature 
selection algorithm has a great potential for the industrial applications of property evaluation of heat-
resistant steel.
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With NASA’s Perseverance rover and CNSA’s Zhurong rover working on Mars, Laser-induced 
breakdown spectroscopy (LIBS), as the future superstar of analytical atomic spectrometry, gets more 
and more attention worldwide. Our group has done a series of researches focused on the fundamentals, 
methods, instruments and applications of LIBS. In the basic research, we achieved self-absorption 
reduction fundamentally using LIBS assisted by laser-stimulated absorption (LSA-LIBS) and 
microwave-assisted excitation in LIBS (MAE-LIBS). Image-assisted LIBS (IA-LIBS) was suggested 
for the matrix effect correction. We first proposed laser opto-ultrasonic dual (LOUD) detection. These 
results of basic researches were adopted for LIBS instrument development. In the LIBS applications, 
we focused on multi-functional, online, and offline detection for wire + arc additive manufacturing 
(WAAM), as well as rapid biomedical detection. The results illustrated that LIBS has the unique 
advantages of fast, high integration and high efficiency, with a pretty broad application prospect in the 
field of 3D printing and biomedical analysis.
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With the ChemCam instrument, laser-induced breakdown spectroscopy (LIBS) has successively 
contributed to Mars exploration by determining the elemental compositions of soils, crusts, and rocks. 
The American Perseverance rover and the Chinese Zhurong rover respectively landed on Mars on 
February 18 and May 15, 2021, further increase the number of LIBS instruments on Mars. Such an 
unprecedented situation requires a reinforced research effort on the methods of LIBS spectral data 
analysis. Although the matrix effects correspond to a general issue in LIBS, they become accentuated 
in the case of rock analysis for Mars exploration, because of the large variation of rock compositions 
leading to the chemical matrix effect, and the difference in surface physical properties between 
laboratory standards (in pressed powder pellet, glass or ceramic) used to establish calibration models 
and natural rocks encountered on Mars, leading to the physical matrix effect. The chemical matrix 
effect has been tackled in the ChemCam project with large sets of laboratory standards offering a good 
representation of various compositions of Mars rocks. The present work more specifically deals with 
the physical matrix effect which is still lacking a satisfactory solution. The approach consists in 
introducing transfer learning in LIBS data treatment. For the specific application of total alkali-silica 
(TAS) classification of rocks (either with a polished surface or in the raw state), the results show a 
significant improvement in the ability to predict of pellet-based models when trained together with 
suitable information from rocks in a procedure of transfer learning. The correct TAS classification rate 
increases from 25% for polished rocks and 33.3% for raw rocks with a machine learning model (Fig. 
1), to 83.3% with a transfer learning model for both types of rock samples (Fig. 2).

Fig 1.  TAS classifications of the validation polished rock samples (a) 
and raw rock samples (b) using the machine learning models. The 

reference positions determined by XRF are presented in colored solid 
stars and circles respectively for the isolated rocks and the rest of the 

validation rocks, the corresponding model-predicted mean positions are 
presented with crosses in the same colors with associated error bars. A 
dashed line links the XRF reference position and the model-predicted 
position of a same rock sample. The error bars are calculated over the 

different pretreated spectra of a given sample.

Fig 2.  TAS classification using transfer learning models 
of the validation rock samples, (a) for polished rocks and 
(b) for raw rocks. The same symbols are used as in Fig.

1.
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Recently, as a measurement technique with high sensitivity and fast response, laser diagnostics has 
been developed and applied to the actual industrial fields. Laser-induced breakdown spectroscopy 
(LIBS) is an analytical detection technique based on atomic emission spectroscopy to measure the 
elemental composition[1]. Signal enhancement to improve the accuracy and detection ability of LIBS 
has been investigated in many fundamental and applied researches, as well as an understanding of 
basic plasma physics. A collinear long and short DP-LIBS method (LS-DP-LIBS) was developed to 
improve the detection ability and measurement accuracy by the control of the plasma cooling process 
using the long pulse-width laser radiation[2-3]. The plasma generated by the short pulse-width laser is 
stabilized and maintained at high temperature during the plasma cooling process by long pulse-width 
laser radiation. The auto-focus technique is also one of the key technologies for LIBS applications to 
practical fields. The distance to the measurement target moves in many LIBS applications, which 
makes stable measurement difficult. The development of autofocus technology has been performed to 
automatically adjust the laser and LIBS signal focuses by controlling the automatic motorized stages 
based on the distance measurement result of using a two-dimensional rangefinder (Figure 1). In this 
study, LS-DP-LIBS with the auto-focus technique was investigated for the industrial applications of 
LIBS to demonstrate the LIBS capabilities of the process control.

Fig 1.  LS-DP-LIBS experimental setup with auto-focus technique
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LIBS has been widely used in the fields of industry, agriculture, geology, art, medicine, ocean, Mars 
exploration, fusion and nuclear safety since it was put forward in 1960s. In recent years, LIBS has 
been developed for characterization of the co-deposition of impurities, fuel retention, wall 
conditioning on the first wall in EAST and HL-2A/M tokamaks[1] as well as W7X stellarator[2] . The 
main challenges faced by LIBS in fusion elemental analysis arise from two issues: firstly LIBS 
spectral intensity is strongly affected by matrix effect due to the complicted compositions on the wall 
surface; secondly LIBS signal comes from the spatiotemporal variation plasma particularly under 
vaccum condition in Tokamaks. To achieve high accuracy of LIBS analysis, the matrix effect and the 
fluctuation of transient plasma parameters which affect the LIBS stability and accuracy must be 
eliminated or reduced through hardware or compensated by the algorithm software. At present, various 
approaches to improve LIBS signal strength and the plasma stability have been investigated in our 
team and others, including polarization-resolution constraint, magnetic field constraint, double-pulse 
(long + short) and DC-discharge enhancement using micro-, nano-, pico- and femo-second lasers. For 
understanding matrix effect, recently the influence of the chemical sates, hardness, conductivity and 
temperature of the substrate sample on LIBS have been investigated. The results show optimistic 
prospects and more details will be discussed in the conference.

Acknowledgement

This work was supported by the National Key R&D Program of China (Nos.2017YFE0301304, 2017YFA0402501, 
2017YFA0402502), National MCF Energy R&D Program of China (No.2019YFE03080100), the National Natural Science 
Foundation of China (Nos. 51837008, 11861131010, 11705020, 11405022, 11605023), China Postdoctoral Science 
Foundation (No.2018M630285) and the Fundamental of Research Funds for the Central Universities (No, 
DUT2021TB02).

References

C.Li et al., Review of LIBS application in nuclear fusion technology, Frontiers of Physics,  11(2016) 114214.[1]

C. Li et al., Laser-induced breakdown spectroscopy for Wendelstein 7-X stellarator limiter tile analysis, Physica Scripta, T170 (2020)
014004.

[2]

11



I 10

Online in situ detection of elements or pollutions in the 
atmosphere via LIBS

Yuzhu Liu*, Qihang Zhang, Yu Chen, Enlai Wan, Zhongmou Sun, Xinglong Zhang, Yifan Ge, Wei Yu

Jiangsu Key Laboratory for Optoelectronic Detection of Atmosphere and Ocean, Nanjing University of Information 
Science & Technology, Nanjing 210044, China

E-mail: yuzhu.liu@gmail.com

Online in situ detection of elements or pollutions in the atmosphere via LIBS are developed in our lab. 
Several recent proceedings based on this technique are introduced. In terms of the different target 
samples, some typical research cases, including monitoring of carbon concentration and carbon isotope 
abundance [1], online detection of halogen atoms in atmospheric VOCs [2-3] and atmospheric sulfur 
[4-5], atmospheric particulate matter detection and sources tracing [6-8], are presented.
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The ocean is a wide field to be explored with highly demanding novel technologies, and spectroscopic 
techniques are promising in this field. As a new technique, laser-induced breakdown spectroscopy 
(LIBS) has been considered as a practical method for ocean applications due to great capabilities of in-
situ, real-time, on-site, multi-component measurement, etc. In this presentation, we demonstrated our 
LIBS progresses for the sea during recent years. In 2014, a prototype system was developed in our lab 
as the first marine instrument of LIBS in China. Based on that, an upgraded system (LIBS-sea) was 
successfully deployed on ROV (Remotely Operated Vehicle) for hydrothermal vent investigation in 
2015, and a full-depth detection was successfully carried out from sea surface to seafloor (1800 m) [1]. 
In 2018, an optimized LIBS instrument (LIBSea) was made for the cold seep detection, and the 
carbonatite was firstly analyzed in the deep-sea [2]. Besides that, a LIBS probe was manufactured in 
2020 to realize solids analysis with a capability of precise focusing, and in 2021 that system was 
successfully deployed on HOV (Human Occupied Vehicle) to achieve a quantitative analysis of 
metals. As the foundation of LIBS instrumentation, a series of studies was also carried out in our lab to 
support deep-sea applications. It is found that the water pressure is performing more impact on LIBS 
detection than salinity and temperature. Under high pressures, a strong confinement was resulted from 
the water, and the self-absorption was shown as a dominant effect on the plasma emission. So, we 
proved that double-pulse or long-pulse excitation was a practical way to improve LIBS detection 
underwater. It is hoped that our efforts could be a milestone for the further development of LIBS in the 
sea, and in future LIBS would be an important tool to make sense of sea.
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Laser-induced breakdown spectroscopy (LIBS) has been successfully used in biomedical field to 
distinguish ex-vivo malignant and normal tissues, and classify the different normal tissues. Thus, LIBS 
may be an effective tool with potential applications in cancer diagnosis and laser surgery.
We propose LIBS to distinguish the glioma boundary and do the pathological diagnosis of different 
tissues during the brain tumor resection and thyroid surgery. In order to improve the diagnostic 
accuracy of LIBS with normal supervised learning identification methods, we proposed to apply the 
predictive data clustering methods with supervised learning methods together to identify tissue 
information accurately. A meanshift clustering method is introduced to compare with three other 
clustering methods which have been used in LIBS field. We also proposed the cluster precision (CP) 
score as a new criterion to work with Calinski-Harabasz (CH) score together for the evaluation of the 
clustering effect. The influences of principal component analysis (PCA) on all four kinds of clustering 
methods are also analyzed. PCA-meanshift shows the best clustering effect based on the 
comprehensive evaluation combined CH and CP scores. Based on the spatial location and feature 
similarity information provided by the predictive clustering, the PCA-Meanshift can improve 
diagnosis accuracy from less than 95% to 100% for all classifiers including support vector machine 
(SVM), k nearest neighbor (k-NN), soft independent modeling of class analogy (Simca) and random 
forests (RF) models.
The identification and preservation of parathyroid glands (PGs) is a major issue in thyroidectomy. The 
PG is particularly difficult to distinguish from the surrounding tissues. We proposed to use LIBS to 
identify the PG. The emission lines (related to K, Na, Ca, N, O, CN, C2, etc.) observed in LIBS 
spectra were ranked and selected based on the important weight calculated by RF. Three machine 
learning algorithms were used as classifiers to distinguish PGs from NPGs. The artificial neural 
network classifier provided the best classification performance. The results demonstrated that LIBS 
can be adopted to discriminate between smear samples of PG and NPG, and it has a potential in intra-
operative identification of PGs.
As a potential diagnostic method, LIBS detection setup can be integrated with existing laser scalpel. 
The integration of diagnosis and treatment can be achieved by adjusting the laser energy during the 
surgery.
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The imaging of melanoma on murine skin tissue was carried out by femtosecond laser-induced 
breakdown spectroscopy (fs-LIBS). The tissue samples were collected from hairless mice with 
induced melanoma, cryosectioned to 50 mm thickness, and analyzed with no other sample treatment. 
LIBS measurement was carried out using an ultraviolet (UV) fs-laser (343 nm , 550 fs) and intensified 
charge coupled device detector. The support vector machine (SVM) classifier is customized to 
distinguish melanoma and dermis with dominant peaks and their intensity ratios. Based on the 
classifiers, a classification accuracy of about 97.9% was achieved by using the SVM algorithm 
adopting 3rd order polynomial kernel. fs-LIBS mapping was carried out at the spatial resolution of 
about 15 mm. The LIBS mapping image to which a posterior probabilistic interpretation of the SVM 
results was applied agreed closely to the hematoxylin and eosin (H&E) staining image. It was shown 
that LIBS imaging can identify the tissue area of cancer and also inflammatory cells. The results 
showed that UV-fs-LIBS could be a useful alternative or supporting tool for melanoma screening. 
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In this work, we report the development of two collinear dual-pulse LIBS systems for the purpose of 
online detection of some key elements in the nuclear plant [1]. One is used to measure the non-metallic 
elements such as chlorine and carbon. The other is a dual-pulse fiber-optic LIBS (FO-LIBS) system, 
which uses fiber to transmit the laser beam and the plasma emission. The double-pulse signal 
enhancement technology is applied to improve the detection sensitivity.
A dual-pulse LIBS system has been setup in a helium atmosphere to measure the chlorine element in 
concrete materials. The chloride has a strong erosion effect on the concrete structure, causing the 
corrosion of the reinforced concrete inside the structure. The optimal values of the system are found to 
be: 200 ns inter-pulse delay, 800 ns gate delay, 19 mJ/11 mJ pulse energy ratio, and 42.8 mm lens-to-
sample distance. After the optimization of the dual-pulse system, the single to noise ratio of the 
chlorine emission line at 837.6 nm has been improved to 2.68 for a sample containing 0.706 wt.% 
chlorine, and a relatively high net intensity and good spectral line shape has been obtained for a 
sample with chlorine content of 0.253 wt.%. The limit of detection based on internal standardization 
model is calculated to be 87.4 ppm.
The other dual-pulse LIBS system based on fiber-optics has been setup for the quality assessment in 
the steels. FO-LIBS based on fiber optic transmission provides a feasible technical solution for the 
online inspection in the complex equipment layouts. The plasma expansion process and the dual-pulse 
signal enhancement mechanism are analyzed using plasma image diagnosis in order to improve the 
detection capability. Then the parameters of the dual-pulse FO-LIBS system are optimized to measure 
the chromium element in steels, since the chromium content is related to the material’s resistance to 
fluid accelerated corrosion. The concentration mapping of chromium is performed on the surface of a 
16MND5 steel sample served as the structural material of reactor pressure vessel [2], with an absolute 
error below 0.02 wt.%.
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It has been more than ten years since returning to China to establish the Analytical Instrument 
Research Center in August 2010. It has been difficult to start a business with many battles. The history 
of our LIBS research is summarized as follows:

1. Joined Sichuan University in 2010 and set up the Analytical Instrument Research Center.
2. In 2011, we won the national scientific instrument and equipment development projects. we focused
to develop that the portable LIBS instrument, high-energy hand-held LIBS and hybrid LIBS-Raman
instrumentation. We hope to make meaningful research with the realization of industrialization as the
orientation.
3. In 2014, a portable laser-induced breakdown spectrometer was successfully developed, and is
exhibited in the 9th Western China International Scientific Instruments Exhibition in March of the
same year, and was widely reported by many news media.
4. In 2014, the laser-induced breakdown-Raman spectrometer (LIBRAS) was successfully developed,
which was the “Top Ten News in China's Scientific Instruments and Analysis and Testing Industry”
and exhibited at the 17th Beijing Analysis and Testing exhibition, competed with more than 1,000
instruments and won the “BCEIA Gold Award”.
5. In October 2015, the high-energy handheld LIBS instrument was firstly exhibited in the BCEIA
2015.
6. In 2016, portable LIBS instruments were sold for the first time; Aliben science & technology was
registered at the end of the year, preparing for industrial transformation.
7. In November 2016, the Chinese monograph “Laser-induced breakdown spectroscopy analysis
technology and its application” was officially published.
8. In 2018, the major instrument special project successfully passed the financial acceptance and the
technical acceptance of the Ministry of Education and the Ministry of Science and Technology, and
the project was completed on time.
9. The research results of LIBS instruments from 2017 to 2019 have officially entered the track of
industrialization, achieving the “5+3” goal required by the Ministry of Science and Technology.
10. In August 2019, “Application of Laser-Induced Breakdown Spectroscopy (LIBS) Series
Instruments” won the “Zhu Liangyi Analytical Instrument Innovation Award” from the Chinese
Society of Instrumentation.
11. In November 2019, the innovative instruments achievement won the first prize of science and
technology of China Instrument and Control Society.
12. From 2020 to 2021, the products of LIBS and related plasma instruments was preliminary sales in
multiple industries, with sales of more than 15 million, creating economic benefits.
13. In 2021, in-depth cooperation with West China Hospital of Sichuan University, laser spectroscopy
and mass spectrometry related instruments and their applications in biomedical diagnosis were further
developed.
14. In the next decade of 2030, the future of LIBS and related detection technologies are promising,
full of hope, and full of challenges, just as the great man said “While the prospects are bright, the road
has twists and turns”.
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Recent advances in the LIBS research at the University of Allahabad
Awadhesh Kumar Rai*

Department of Physics, University of Allahabad, Prayagraj 211002, India

E-mail: awadheshkrai@rediffmail.com

We developed an experimental research facility in laser-induced breakdown spectroscopy (LIBS) in 
2005 to study multiferous materials. During the last few years, our group has been studying varieties 
of materials like different drugs/medicine, geological materials, nuclear materials, food materials, and 
energetic materials in the last few years.
The compositional analysis of various drugs/medicines has been performed. The minerals 
concentrations in different drugs obtained from CF-LIBS are found in good agreement with the 
concentration provided by the manufacturer in the leaflet of the medicines. Principal component 
analysis (PCA) and partial least square (PLS) regression have also been used to discriminate different 
drug brands and the fast measurement of minerals concentration. The present approach can be a 
suitable tool for on-line drug quality control monitoring to assess the elemental concentrations in 
medical applications and the pharmaceutical industry. We are studying the different herbs used as 
medicine, mainly to control diabetes. Since electrolytes (Na and K) play an important role in diabetes 
management, we focused our study on these electrolytes in different herbs. Gallstone formation in the 
gallbladder is a serious health concern as it affects millions of people worldwide. We have used LIBS 
to analyze the chemical composition of different kinds of gallstones, which can provide a significant 
clue for checking their formation and treatment. 
In addition to the study of Biomaterials, we are studying the different geological materials. LIBS 
technique is used for the first time to distinguish different Quartz crystals based on their elemental 
dissimilarities. Various varieties of Quartz crystals are available on the Earth's surface, showing 
different colors. These different colors of quartz are mainly due to the transition elements. PCA, a 
chemometric method, is applied to the LIBS spectra of the quartz to classify the samples. In another 
work, laser-induced breakdown spectroscopy (LIBS), accompanied by chemometric data analysis, is 
used to identify and classify gemstones of various hardness. Amethyst, aquamarine beryl, bloodstone 
citrine, diopside, and enstatite are among the gemstones used in the research. The spectral intensity 
ratio of the ionic to atomic spectral lines of an identified element in the LIB spectrum is used to 
determine their hardness. Amethyst, aquamarine beryl, bloodstone citrine, diopside, and enstatite are 
among the gemstones used in the research. The spectral intensity ratio of the ionic to atomic spectral 
lines of an identified element in the LIB spectrum is used to determine the hardness of the gemstone 
samples.
The third type of the studied in our group is the Food materials. A detailed activity of the group is will 
be presented in this talk.
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Laser-induced breakdown spectroscopy (LIBS) is the simplest and rapid analytical technique that 
yields compositions of the constituent elements of any material in the form of solid, gaseous, or liquid. 
LIBS has numerous advantages over the other available analytical techniques such as atomic 
absorption spectrometry (AAS), inductively coupled atomic emission spectroscopy (IC-AES), X-ray 
Fluorescence (XRF), Energy Dispersive X-Ray Emission, (EDX), Proton Induced X-Ray Emission 
(PIXE) and Laser Ablation Time of Flight Mass spectrometry (LA-TOF-MS). We have studied 
different alloys, ores, and naturally occurring rare-earth samples using these techniques. In this talk, 
we will present a comparison of the LIBS studies with those acquired by different analytical 
techniques to demonstrate its applicability for the elemental analysis of a specific test-case sample.
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As an important component of material, non-metallic elements have a vital impact on its properties. 
Therefore, the rapid and sensitive detection of non-metallic elements in materials has become an 
inevitable requirement in the industrial field. However, the traditional methods for sample detection 
have many problems, such as complex sample pretreatment process, tedious operation, poor 
timeliness, secondary pollution and so on. Laser-induced Breakdown Spectroscopy (LIBS) has 
become a potential analysis tool in the field of non-metallic elements detection because of its simple 
sample pretreatment, fast detection and convenient operation. But it is difficult to detect non-metallic 
elements in the atmosphere because of the high excited energy level of atoms and the lack of atomic 
spectral lines for analysis. According to the literature and considering the current instrumental 
developments, it seems that these challenges can be mitigated via the measurement of molecular 
spectra. In this work, the molecular emission in conventional LIBS and several enhancement methods 
are studied for non-metallic elements detection. Non-metallic elements such as boron, carbon, fluorine, 
silicon, sulfur and chlorine were detected in the atmosphere with good results. This work demonstrates 
molecular LIBS as a capable and potential approach for fast determining non-metallic elements in 
many industries.
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Silicone rubber (SIR) composite insulators are widely used in high-voltage facilities such as power 
transmission lines and substations because of their high pollution resistance. However, SIR used for 
housing material gradually degrades with long-term use in the field. Therefore, in order to properly 
determine its lifetime, evaluation of the degradation is an essential issue. Recently, Kokkinaki et al. 
reported that the ratio of CN/Si on the surface of field-aged composite insulators determined by remote 
laser-induced breakdown spectroscopy (LIBS) can be used to evaluate the degree of the degradation 
[1]. However, the ratio of Si/Al can be a more reliable parameter than that of CN/Si for quantitative 
analysis of degradation because Al is more stable in SIR than Si and CN during the degradation 
process. In addition, the depth profile of the change in the chemical composition from the surface to 
the bulk is expected to be an effective parameter to determine the level of degradation of composite 
insulators [2].
This study presents the remote LIBS measurement of the depth profile of chemical compositions such 
as Si and Al in composite insulators for the application to in situ diagnostics of degradation of the 
insulators. We used field-aged insulators installed at domestic electric power facilities for 21 years as 
the measurement targets. Second-harmonic Nd: YAG laser pulses were focused on the samples, 
located 10 m from the focusing lenses of laser beam, with an energy of 200 mJ and at a repetition rate 
of 10 Hz. The plasma emission was collected by a Cassegrain telescope (φ 230 mm), located near the 
focusing lenses and coupled with a bundle fiber, and analyzed by a spectrometer equipped with an 
ICCD camera.
Emission spectra of Si (390.55 nm), originating from SIR housing material, and Al (396.15 nm), 
originating from alumina trihydrate (ATH, Al2O3/3H2O) filler, were obtained by irradiation of 200 
laser pulses at the same position on the surface of the sample. The number of each laser pulse 
irradiated on the sample surface corresponds to the examined depth of the sample surface; 200 laser 
pulses correspond to the depth of 530 μm. Figure 1 shows the dependence of intensity ratio of Si/Al on 
the number of laser pulses for the virgin and field-aged samples. For the field-aged sample, the 
emission intensity ratio of Si/Al decreased by more than 30% at the degraded surface compared to the 
undegraded bulk measured at the depth of more than 300 μm. The reduction in Si at the degraded 
surface up to a depth of 300 μm was also confirmed by energy dispersive X-ray spectroscopy (EDX). 
These results suggest that the emission intensity ratio of Si/Al can be applied to evaluate the 
degradation of composite insulators. Depth profiling of the ratio of Si/Al by remote LIBS is promising 
for in situ diagnostics of composite insulators.
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Fig 1.  Dependence of intensity ratio of Si/Al on the number of laser pulses for the (a) virgin sample and (b) field-aged sample.
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Mars Surface Composition Detector (MarSCoDe) is a scientific payload onboard the Zhurong rover of 
China’s Tianwen-1 mission. The MarSCoDe instrument suite consists of a two dimensional pointing 
mirror and an optical head outside the rover cabin, a laser-induced breakdown spectroscopy (LIBS) 
spectrometer, a short wave infrared (SWIR) spectrometer and a master controller unit inside the rover 
body, calibration target sets, optical fibers and power cables connecting the internal and external units. 
The LIBS system is able to perform remote detection, with the sampling distance ranging from 1.6 m 
to 7 m. The LIBS spectrometer system comprises three spectral channels, covering 240 ~ 340 nm, 340 
~ 540 nm, and 540 ~ 850 nm, respectively. Each of the three channels has 1800 pixels, hence each 
LIBS spectrum includes 5400 pixel data points. Up to present, MarSCoDe had worked well and 
provide on-orbit LIBS data, with each batch containing 10 LIBS spectra. Besides the spectral 
information itself, there is also relevant detection information for each spectrum, such as detection 
time, azimuth angle, pitch angle, sampling distance, etc. The chemical composition information should 
be acquired by drawing support from LIBS chemometrics. In fact, our group has carried out several 
studies on developing advanced LIBS chemometrics models by utilizing machine learning or deep 
learning algorithms. A Martian environment simulating cabin has been established in Hangzhou 
Institute for Advanced Study, UCAS and is now undergoing relevant performance testing.
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The main aim of this work was to analyze diseased and healthy rice grain samples in order to 
investigate the causes and the chemical changes occurred in the healthy rice grains with the infestation 
due to false smut disease. Microscopic and isolation methods were used to detect and identify the 
pathogen involved in the diseased rice grains. We have used laser-induced breakdown (LIB) and 
wavelength dispersive X-ray fluorescence (WDXRF) spectroscopies together for the elemental 
analsysi of reice grains. Using LIBS and WDXRF, we have observed the significant mineral changes 
which appeared in diseased rice grains due to false smut disease. The results obtained using LIBS were 
in good agreement with the results obtained using WDXRF technique. In order to investigate the 
molecular charges in rice grains due to the infection caused by false smut, we have applied fourier-
transform infrared (FTIR) spectroscopy. LIBS and WDXRF studies provided the proper understanding 
of the rice false smut disease which would be helpful to develop the proper treatment strategies in rice 
crop infected by false smut disease.
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The analytical sensitivity of conventional reheating orthogonal double-pulse laser-induced breakdown 
spectroscopy (ODP-LIBS) was improved with target enhancement. In this technique, the first laser 
was shot on the sample surface to produce sample plasma and the second time-delayed laser was shot 
on the target surface to produce target plasma. The optical emissions of the analytes can be enhanced 
significantly under the assistance of this solid target through the interaction between target plasma and 
sample plasma. Different metal and dielectric solid targets were experimentally compared. 
Quantitative elemental analysis of water and alloy samples with improved analytical sensitivities and 
reduced spectral interferences have been demonstrated. Target-enhanced ODP-LIBS (TEODP-LIBS) 
is especially useful for sensitive elemental analysis under minimal sample ablation or under high 
spatial resolution. 
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The imaging capability of laser-induced breakdown spectroscopy (LIBS) has a high potential in 
various domains including biology, industry, geology and medicine (figure 1) [1,2]. This approach can 
be distinguished by its ease in use, multi-elemental capability, detection of light elements, as well as 
operation at ambient conditions. This is furthermore the only all-optical technique providing space-
resolved elemental information with ppm-scale sensitivity and µm-range resolution. These advantages, 
make LIBS imaging very attractive to be used in research laboratories for routine investigations.
However, advanced technological solutions must be found for this application since elemental imaging 
requires high sensitivity, sharp spatial resolution, high speed of acquisition as well as the ability to 
process a huge quantity of data. In this presentation, we will summarize the recent progresses made in 
the Light and Matter Institute concerning the implementation of the LIBS imaging. In particular, 
different examples of applications will be shown with the aim of illustrating the specificities and the 
great potential of LIBS imaging. Different perspectives will be finally discussed.

Fig 1.  Examples of elemental images represented in false color scale, a) megapixel images of a mine core sample, b) calcitic 
alterations on cave walls, c) rat kidney 1h after gold nanoparticles administration.
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The signal enhancement of laser induced breakdown spectroscopy (LIBS), assisted with microwave 
radiation has been reported in many recent studies. Our group has been developing and applying the
technology to understand the underlying principle of the signal enhancement aiming to improve Limit 
of Detection (LoD). We have used nanosecond lasers, traditional and solid-state pulsed microwave

sources, combined with gated and non-gated detectors.
Based on their spectroscopic properties, large range of elements has been carefully chosen, and were 
detected in solid, liquid and gas phases, following atomic or molecular emission. The dependence of 
signal enhancement on upper energy level of the emitting state was evaluated. It was observed that the 
energy of the upper state plays an important role in the signal enhancement. Our work produces the 
expected cut-off values of the SNR improvement for entire eight groups in periodic table.
It was concluded that using microwave can significantly enhance the signal when the energy of the 
upper state of the radiating transitions is below 5eV. However, at the lower limit, evaluated using 
Sulfur, only ~2-fold signal enhancement is possible. This produces Sulfur LoD of 295ppm.
Depending on the value of the upper energy state, the LoD has been obtained using either atomic 
emission or molecular emission. That is to say, using atomic transitions, MW-LIBS cannot benefit the 
detection of group 17 of the periodic table, namely F, Cl, Br and I. However, MW-LIBS can increase 
the plasma lifetime and aid the molecular formation process. This ability has been utilised to detect Cl, 
F and Br based on molecular emission form diatomic CaCl, CaF and CaBr, respectively.
Furthermore, we have successfully applied MW-LIBS analysis in other research area including 
isotopes identification and analysis of levitated particles and droplets.
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In this work, we report experimental observation of the influence of Ag nanoclusters growth on 
Nanoparticle Enhanced Laser-Induced Breakdown Spectroscopy (NELIBS). In this work, we studied 
changes in the emission intensity of LIBS, on the example of Si I line at the wavelength of 390.55 nm, 
as a function of the silver nanoclusters coverage. The emission intensity initially increases before 
beginning to saturate, and then decreases with increasing Ag nanoclusters coverage. The obtained Ag 
clusters show a red-shifted plasmon resonance peak with increasing cluster coverage. Atomic force 
microscopy (AFM) was used to provide information changes in the cluster size and shape. 
Additionally, a 3D finite-difference-time-domain (FDTD) simulation was performed to estimate the 
electric field enhancement numerically.

Fig 1.  Enhancement factor as a function of Ag coverage. Fig 2.   LIBS spectra of Si I line at 390.55nm as a function of Ag 
coverage.
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In order to obtain stable spectral data of chromium and copper plasma, a polarization-resolved laser-
induced breakdown spectroscopy (PRLIBS) detection platform was established by combining 
polarization detection theory with laser-induced breakdown spectroscopy. The polarization generation 
mechanism has been analyzed by using Fresnel reflection law and Kirchhoff theory. Combined with 
the optical paths of plasma discrete spectrum and continuous spectrum, the PRLIBS characteristic 
function of elements was constructed. The detection system can not only measure the original LIBS 
data, but also obtain the polarization information from the spectral data. By analyzing the method of 
extracting spatially polarized light information, the characteristic model of S-wave intensity 
information in PRLIBS has been deduced. The accuracy of the model was verified by five different 
energy pulsed lasers, and the measurement of two typical heavy metal elements was realized. The 
results show that in the process of plasma energy attenuation, the anisotropy of plasma recombination 
under local thermal equilibrium makes the number of deflected particles of atoms and electrons 
different per unit time, resulting in radiation polarization. The polarization characteristics of plasma 
spectrum decreased with the increase of laser energy density. The S-wave was very active, and the 
polarization of continuous media was much stronger than that of discrete line emission. In the same 
measurement environment, the number of peak signals increased significantly with the increase of 
laser intensity. At the same laser energy, PRLIBS could collect more characteristic signal peaks. Under 
low energy excitation, the feature information extracted by PRLIBS was better than LIBS. The 
advantages were helpful to obtain more stable characteristic peak signals. As a plasma element 
identification method, PRLIBS makes up for the deficiency of plasma detection technology, and can 
provide a scientific basis for the safety and non-destructive detection of heavy metals.
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In this work, plasma emission induced by a pulsed laser ablating a randomly packed granular (RPG) 
material in air was investigated experimentally. The RPG samples consist of sieved copper 
microspheres with discrete diameters ranging from 49 to 390 μm. The plasma emission intensity 
versus the laser fluence and the grain size present two important behaviors. One is that, as shown in 
figure 1(a), at higher laser fluences, there is a steplike behavior (also called critical behavior) in the 
dependence of plasma emission on the grain size [1]. The other shows a different grain size effect as 
shown in figure 1(b), for sample with larger grain sizes [2], namely, the dependence of plasma 
emission on the laser fluence has three distinct ranges. Combining the plasma parameters calculated 
through the methods of spectroscopic analysis and additional photographic measurements, we 
interpreted these experimental observations by introducing the mechanical performance of RPG 
material to support the shock pressure imparted by the energetic processes of the plasma generation 
and expansion.This work not only has significance in assessing a lower size limit in direct 
multielement analysis of RPG materials for an appropriate fluence range using laser-induced 
breakdown spectroscopy (LIBS), but also indicates that the mechanical characteristics of RPG material 
may be probed using LIBS.

Fig 1.  Spectral line intensities emitted by Cu atoms at various laser fluences and grain sizes.
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Laser-induced breakdown spectroscopy (LIBS) using CO2 laser operated in the mid-infrared region is 
more suitable in powder sample analysis than usual LIBS using Nd+:YAG laser operated in the near-
infrared region. This is because the powder sample is more easily ablated by gas plasma, which can be 
produced in gas atmosphere by photoelectrons due to the mid-infrared laser irradiation on a metallic 
mesh holding the powder sample. This paper reports an improvement of powder sample analysis in 
CO2-LIBS using spatial and/or magnetic confinements that provide intensity enhancement of atomic 
emissions from laser-induced plasma. The confinements also offer higher reproducible signals of LIBS 
spectrum.
 In the experimental setup as shown in Fig.1, we used transversely excited atmospheric (TEA) CO2 
laser with the wavelength of 10.6μm and the pulse duration of 200 ns. In the CO2-LIBS, a strong high 
temperature gas plasma was produced when the laser was focused on a metal mesh without any 
ablation and damage of the metal itself. Under He gas atmosphere, the gas plasma gives much stronger 
signals due to the longer lifetime of plasma including the metastable states of excited He atoms. The 
powder sample used here is a dry clay of montmorillonite.
 Figure 2 shows LIBS spectra for three different confinements compared to those in black without 
confinements. The spatial confinement in Fig. 2a was realized using a cylindrical metallic tube with 
the diameter of 17 mm and the height of 25mm. The magnetic confinement in Fig. 2b was realized 
using a Nd magnet with surface magnetic flux density of 450 mT under the sample. The spatial & 
magnetic confinement was accomplished using a cylindrical tube with the diameter of 17 mm and the 
height of 15mm, and a Nd magnet with 450 mT. Factors of intensity enhancement were different 
between each emission.

Fig 1.  Experimental setup for CO2-LIBS measurements Fig 2.  LIBS spectra obtained from 3 different measurements due 
to (a) spatial, (b) magnetic and (c) spatial & magnetic 

confinements
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Laser-induced breakdown spectroscopy (LIBS) has been proven to be an attractive technique for in-
situ elemental analysis in marine applications, with the advantages of multi-elemental and stand-off 
analysis capabilities. However, the laser-induced plasma in water is far from the ideal case as an 
emission source for spectroscopic analysis. Compared with that in gases, the plasma in water suffers 
strong pulse-to-pulse fluctuations due to the multiple breakdown phenomenon, leading to a poor 
stability of underwater LIBS signals. From a fundamental point of view, laser-induced breakdown 
process in liquid is quite complicated because of the laser absorption by water, moving breakdown, 
plasma plume-water interaction, the creation of bubbles, shock wave generation, etc. In this 
presentation, we will show our attempts on understanding the physical process of laser-induced plasma 
in water, by using different diagnostic methods including the time- and space-resolved spectroscopy, 
fast imaging, spectral-resolved imaging, and shadowgraph techniques. We will also show our 
strategies on improving the stability of underwater LIBS from the following aspects: 1) optimization 
of the laser focusing geometry to generate a compact and stable plasma [1,2], 2) investigation of the 
pulse-to-pulse plasma repeatability as a function of delay time, 3) comparation between the ionic, 
atomic and molecular emission lines from the plasma [3], 4) spectrum normalization using the external 
plasma image [4] or acoustic signal [5].
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Lapis lazuli is one of the oldest precious stones, used in ancient civilizations. This semi-precious stone 
has been used for the making of jewels, amulets, seals, and artifacts. Lapis lazuli is mainly consisting 
of azurite, a mineral that gives a blue color to the stone. Other common mineral phases associated with 
the lapis lazuli stone are diopside, calcite, pyrite, and feldspar. These mineral phases of stones contain 
different trace elements that can be detected using elemental characterizations [1]. Since lapis lazuli is 
precious stones, only non-destructive investigations should be carried out to identify and characterize 
this sample [2]. Laser-induced Breakdown Spectroscopy (LIBS) is a minimal destructive, multi-
elemental detection technique that can provide an easy, precise, fast, and cost-efficient analysis of any 
type of materials with almost no sample pre-treatment [3]. In the present work, LIBS has been used for 
the elemental characterization of the lapis lazuli sample. Spectral signatures of elements such as Ca, 
Fe, Mn, Ti, K, Sr, etc. have been found in the LIBS spectra of the detected sample.
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Plasma wall interaction (PWI) in nuclear fusion reactors is critical to the lifetime of Plasma-Facing 
Components (PFCs), device safety, and economic performance. Post mortem methods have provided 
important insights into long-term integrated effects. However, it becomes more and more difficult for 
the active cooling components and nuclear environments in the future. There is an urgent need to 
develop in situ diagnostics to investigate the PWI process for deep understanding the underlying 
mechanisms. Laser ablation methods with numerous advantages such as no need for sample 
preparation, in situ analysis, depth profiling, and less destructive are promising ways to fulfill the 
requirements of PWI study on nuclear fusion devices.
Here we report on the development and application of laser ablation diagnostics to characterize 
plasma-wall interaction on the Experimental Advanced Superconducting Tokamak (EAST) at Hefei. 
An in situ laser-induced breakdown spectroscopy (LIBS) system with long-distance, high vacuum, and 
strong magnetic fields has successfully developed. The system can work between plasma discharges as 
a routine diagnostic to characterize fuel (hydrogen and deuterium) retention and impurity (W, Mo, C, 
Li, etc.) deposition spatially and temporally on the first wall during operation. Laser-induced ablation 
spectroscopy (LIAS) has the advantage of quantitative measurement without calibration samples, and 
low laser power density since it performed during tokamak plasma discharge relies on localized 
ablation by an intense laser beam subsequent excitation and ionization of the ablated species in the 
plasma edge region. Quantitative and dynamic results on graphite and tungsten as plasma-facing 
materials were obtained by the LIAS method during plasma operation, showing more than three times 
higher short-term retention in graphite than in tungsten. A standoff co-axial LIBS system was also 
developed to obtain the depth profiles and the distribution of H, Li, C, W, Mo, Cu on the wall and 
components in the lab. Results show a thick deposited layer on the midplane region. The composition 
and distribution of impurities (W, C, Cu) on the melted gas puffing tube for Low hybrid wave were 
also measured and quantitative analyzed. The distribution of the impurities increases first and then 
decreases from the middle to upper region, but the peak position is close to the ablation region. The 
concentration of the impurity deposition on the tube is obtained by CF-LIBS method. These results 
show promising applications of the system on plasma-wall interaction processes in EAST and promote 
a deep understanding of PWI.
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Laser-induced breakdown spectroscopy (LIBS) is emerging as a new technology for underwater in-situ 
applications. However, different from the air environment, the plasma formation underwater is less 
efficient because of the nearly incompressible fluid medium. LIBS emission is inevitably affected by 
self-absorption effect and, in severe cases, by self-reversal structures. Nagli et al. observed the 
absorption spectra from plasma in air using double-pulse LIBS.[1] Subsequently, Cui et al. observed 
absorption spectra from a submerged solid target using long-short double-pulse LIBS.[2] Unlike self-
absorption, this absorption is due to the intense continuous radiation emitted from the plasma core 
being wavelength-selectively absorbed by “cool” atoms in the plasma periphery, and is therefore 
known as Fraunhofer-type absorption. For analytical purposes, we investigated the effects of pulse 
duration on elemental analysis of the plasma produced from a Cu target immersed in CaCl2 solution in 
this work by combining Fraunhofer-type absorption and emission spectroscopy. By employing laser 
pulses with durations of 160 ns and 20 ns, it is shown that the Fraunhofer-type absorption of the 
resonant lines of Cu at 324.8 and 327.4 nm was clearly observed with long pulses, while this 
absorption signal is quite weak with short pulses (Fig. 1). Time-resolved spectra show that a more 
pronounced Fraunhofer-type absorption signal can be observed in the first 200 ns. More importantly, 
such absorption lines can also be observed through non-gated detection. For the non-resonant lines of 
Cu, multiple clear atomic lines can be distinctly observed, which is difficult to achieve with a short 
pulse. Besides, the long pulse is able to achieve significant signal enhancement of more than 10 times 
for the emission lines of Ca in water compared to the short pulse. The results suggest that long pulses 
can be of greater advantage in underwater LIBS analysis, especially for on-site applications.

Fig 1.  Fraunhofer-type absorption lines of Cu at 324.8 and 327.4 nm.
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The concentrations of SiO2, Al2O3, K2O, Na2O, CaO, MgO, Fe2O3, TiO2 and loss on ignition (L.O.I.) 
stand for the major content of the inorganic matter in rocks and soils. The concentrations of the 8 
oxides and L.O.I. are also the main indicators of concern in the production of architectural ceramics. 
This paper discussed the detection of common ceramic raw materials using a desktop LIBS analyzer, 
and the methods on the analysis of concentrations of the 8 oxides and L.O.I. with laser-induced 
breakdown spectrum. The concentrations of SiO2, Al2O3, K2O, Na2O, CaO, MgO, Fe2O3, TiO2 and 
L.O.I. were calibrated by the characteristic spectral intensities pretreated and normalized by the whole 
spectrum. The mean absolute errors (MAE) of the calibration results were 1.80%, 9.48%, 2.12%, 
0.36%, 0.58%, 0.11%, 0.08%, 0.19%, 0.05%, respectively. The multivariate method was further
induced to improve the analysis performance. The MAEs of K2O and Na2O were reduced to 0.35%
and 0.43%, respectively; the MAEs of SiO2, Al2O3 and L.O.I. were reduced to 2.07%, 1.38% and 
1.12%, respectively. The results show that the overall prediction error basically meets the control 
accuracy requirements of each component content in the production of architectural ceramics. The 
desktop analyzer based on LIBS has great potential in field applications of inorganic matter detection 
of rock and soil samples.

Fig 1.  figure of (a)LIBSeer desktop analyzer, (b)spectrum, (c)powder pellet, (d)ablation crater and (e)calibration curve
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Plasma-wall interaction (PWI) study on the divertor region is very important for long-pulse plasma 
operation of nuclear fusion devices. The PWI process results in the fuel retention, material erosion and 
deposition on the plasma-facing components (PFCs) and further affects the edge particle recycling and 
performance of plasma. Laser-induced breakdown spectroscopy (LIBS) as a well-established 
elemental composition analysis method has been demonstrated as one of the most promising 
approaches for in situ PWI studies. [1] An in situ LIBS system in EAST has been built up to provide 
elemental composition of the surface of first wall on the high-field side. [2,3]

Currently, a new in situ LIBS diagnostic system for the full W metal upper divertor in EAST has been 
established since 2021 experimental campaign. The optical system is based on the endoscope design 
with an endoscope tube which is plugged in the mid-plane flange. By rotating the motorized first 
mirror, the detection region covers the inner target and dome of upper divertor. The spatial resolution 
of measurement along the poloidal direction on the surface of divertor is better than 2 mm. The 
spectral range is from 380 nm to 780 nm which can cover the fuel, substrate and impurity elements. 
The impurities, fuel retention distributions and dynamic evolutions under the different discharge 
conditions have been investigated during the long-pulse operation. The results show that the elemental 
distribution on the W divertor is nonuniformity. The fuel ratios (D/(D+H)) in inner target are about 
90% which is higher than the ratios in the dome region. The dynamic D content on W divertor 
decreases after the plasma exposure due to the dominant short retention with outgassing process. The 
observable high contents of Li and other impurities such as Mo, Cu, Na etc. are achieved on dome 
region which is corresponding to a deposition-dominated region during the discharges. These works 
also provide the key technology of wall elemental diagnosis for the future fusion devices.
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Laser-induced breakdown spectroscopy (LIBS) is a technique for elemental analysis based on atomic 
emission spectroscopy. It has been widely used in the detection of samples with different states[1]. 
However, the applications of LIBS in liquid were very limited for some technical difficulties such as 
poor stability and low signal strength caused by the fluctuation and sputtering of the liquid induced by 
laser pulses.[2]. In this work, a plasma self-confinement method for quantitative analysis of liquid was 
proposed. A liquid sheet was produced as sample firstly. A nanosecond laser beam was split to two 
beams. Then the two laser beams were focused on the two sides of the liquids sheet surfaces and two 
plasmas can be produced. However, the center parts of shock waves of plasmas were extruded so that 
the so-called plasma spatial self-confinement could be formed. The dynamics of the bilateral spatial 
self-confinement was studied by using shadowgraph imaging. It can be concluded that the stability of 
the liquid after laser breakdown and the plasma were both improved due to the extrusion of plasma 
shock waves. The Na2CrO4 solutions were quantitatively analyzed by bilateral spatial self-
confinement and unilateral excitation, respectively. Figure 2 shows the calibration curves of 
chromium. It can be found that the correlation and the relative standard deviation (RSD) were 
significantly improved by bilateral spatial self-confinement. The results show that this method can 
effectively suppress the fluctuation of the liquid sheet and improve the stability of the plasma.

Fig 1.  Shadowgraph image of bilateral spatial self-
confinement.

Fig 2.  The calibration curve of Cr I 357.87 nm using two methods.
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Some lunar polar exploration programs by JAXA are technical demonstration missions for long-term 
stays of astronauts on the moon. Among various technical issues, it is indispensable to quickly identify 
the location of water resources required for rocket fuel, including drinking water for astronauts and 
secure them locally. Hydrogen atoms, which indicate water resources, have been remotely observed 
from above the lunar surface using neutron spectroscopes and the like. However, it is difficult to 
distinguish it from water resources because a large amount of hydrogen coming from the sun is 
attached to the lunar surface. Furthermore, since it takes several hours to one day for detection, it is 
necessary to develop and introduce a new technology that can be distinguished from hydrogen derived 
from the sun and quickly survey a large area. Therefore, our research team applied laser-induced 
breakdown spectroscopy, which can realize analysis with high positional resolution at the µm level in 
a short time, under low pressure. This method was proposed as Low Pressure-Laser Induced 
Breakdown Spectroscopy (LP-LIBS), and its application to lunar water resource exploration was 
examined. In addition, to distinguish it from water resources derived from solar protons and water of 
crystallization, it is ideal for detecting the hydrogen atom, which is a water resource marker, and the 
emission spectrum of OH molecules at the same time. Therefore, first, the pulse width of the laser was 
shorter than that of the conventional LIBS, and the sample surface was heated in a short time to 
generate LIP. After that, the molecular spectrum that emits light as the plasma temperature decreases 
was investigated. Two types of standard samples (JLK, JSd3) are used as the regolith simulant on the 
lunar surface, and under a reduced pressure of about 150 Pa, a Q-switched Nd: YAG laser with a 
wavelength of 1064 nm (energy 480 mJ / shot, pulse width 2 ns). The sample was irradiated in one 
shot, and the plasma generated on the surface was focused by a plano-convex lens and observed with a 
spectroscope. As a result, an Hα spectrum (656 nm) indicating the water resources was observed. 
Furthermore, spectra thought to be multiple OH molecules were confirmed between 307 nm and 309 
nm. In this experiment, the transient phenomenon from the generation to the extinction of plasma is 
integrated over the entire time taken for measurement. Furthermore, the characteristics of these 
molecular spectra may be strongly influenced by the temperature conditions of the plasma. From this 
result, the theoretical spectrum of the OH molecule was simulated, and the correlation was verified by 
fitting with the observed spectrum (Fig. 1). Results showed that the theoretical spectrum agreed well 
with the spectrum obtained experimentally between 308 and 309 nm agreed assuming a rotation 
temperature of 0.025 eV and a vibration temperature of 0.14 eV. In general LIBS, substances are 
heated to dissociate molecules into atoms or ions and detected by their spectra. There are few reports 
of water molecules being detected by ordinary LIBS analysis. Therefore, combining LP-LIBS and 
simulation tools should enable the detection of OH molecules and thus contribute to water resource 
analysis. However, the conditions that generate plasma quickly and the observation of molecular 
spectra must be evaluated further.
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Fig 1.  Comparison of OH molecule spectra between experiment and simulation.
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As one of the most serious diseases threatening human health, it is very necessary to detect and 
analyze cancer. Quantitative analysis of cancer cells from clinical diseased tissues and blood samples 
is helpful for rapid diagnosis and subsequent treatment. In this study, laser induced breakdown 
spectroscopy (LIBS) was introduced to the rapid detection of element types and concentration in 
cancer cells. A two-dimensional scanning on the cancer cell droplet attached to the surface of 
hydrophobic material was carried out by the high-energy pulsed laser of LIBS, and the signal of 
elements of corresponding samples was obtained in a linear concentration range of 103-107. By 
analyzing the relationship between cell concentration and element characteristic signal intensity, a new 
method for qualitative and quantitative analysis of cancer cells based on plasma spectrum was 
established. The results show that the detection of some common metal and non-mental elements in 
A549 cell includes majors (Na, Mg, K, Ca) and minors(C), and that Mg signal strength responds 
to the cell concentration in a good linear relationship. The linear regression coefficients (R2) of the 
quantitative standard curve of elements established in this experiment is between 97 and 99. Cells with 
known concentration were determinated as validators and the results matched the actual density well, 
which indicates the potential of this method for rapid detection of cells with unknown concentration 
clinical practice.

Fig 1.  The cell of A549 Fig 2.  The linear graph of  Mg 
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Utilizing a long-distance optical fiber to remotely transmit laser pulses and emission signals, the 
method of fiber-optic LIBS (FO-LIBS) has gained an increasing attention from nuclear power plants, 
which provides a useful solution for separating the analyst and precision optical instruments from the 
probe site [1,2]. In view of the problems of weak plasma emission, insufficient detection sensitivity and 
low measurement accuracy in FO-LIBS, this paper puts forward the dual-pulse enhancement method 
including both collinear and reheating configurations.
Regarding the collinear configuration, we demonstrate the enhancement mechanism of coupling 
between secondary laser absorption and enhanced sample ablation [3]. With increasing the inter-pulse 
delay, secondary laser absorption changes from full height to near target, and the dominant factor 
changes from the former to the latter. In order to improve the signal-to-noise ratio of trace Cr I line and 
reduce the self-absorption of matrix Fe I lines, the inter-pulse delay, pulse energy ratio and lens-to-
target distance are optimized to 450 ns, 30 mJ/6 mJ and 19.8 mm, respectively. The resulting self-
absorption coefficient increases from 0.10 to 0.48, and the detection limit of trace Cr reduces to 36 
ppm. The two-dimensional distribution of the 16MND5 steel surface is also mapped.
Compared to the collinear configuration, the dual-pulse in reheating mode can significantly decline the 
ablation mass and the plasma optical thickness, which can reduce the material removal and weaken 
self-absorption effects, respectively. The plateau region of the net intensity of trace Cr and trace Cu is 
consistent with the trough of its fluctuation. The optimum is achieved at the inter-pulse delay of 1000 
ns and the pulse energy ratio of 30 mJ/30 mJ. As for the plasma dynamic expansion, the plasma front 
distance in the reheating mode is only about half of that of the collinear mode in the spectrum 
acquisition time. 

Fig 1.  Application of FO-LIBS in nuclear power plants
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For a long time, the phenomenon of fake and inferior rice seeds on the market is serious, which brings 
great hidden dangers to rice production. Identification of rice seeds is an essential issue in agricultural 
production, while the commonly used rice identification methods have low identification accuracy, 
low efficiency and long time-consuming. Therefore, it is urgent to establish a rapid and efficient 
identification method for rice seeds. In this work, an inverse Fourier transform method based on laser 
induced breakdown spectroscopy ( LIBS ) was proposed to identify rice varieties. The full spectrum 
and segmented spectrum of five kinds of seed samples were measured by LIBS spectrometer, and then 
the spectral data were preprocessed by inverse fast Fourier transform ( IFFT ) to obtain the time 
domain signal of the sample. IFFT can quickly separate useful information from interference in the 
signal, thereby reducing the error. After preprocessing the data, the full spectrum and segmented 
spectrum identification models were established, and the models were analyzed by back propagation 
neural network. The time-domain full spectrum and time-domain segmented spectral models have 
achieved excellent identification results. The average discrimination accuracy of time domain full 
spectrum was 95.28 %, and the highest recognition rate was up to 100 %. In time-domain spectral 
identification, the spectrum with a center wavelength of 405nm had the best identification effect, with 
an average identification rate of 94.36%, and the identification time was only about 10 seconds. The 
analysis results demonstrate that compared with the original spectrum, the time domain spectrum can 
significantly improve the identification accuracy. This method is simple, safe, rapid and efficient, and 
is considered as a potential method for batch detection of rice seeds.
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Laser-induced breakdown spectroscopy (LIBS) can be used for measuring the concentrations or ratios 
of various trace elements in solid samples. A laser pulse with 532 nm wavelength, 10 ns pulse 
duration, 100 μm beam spot diameter, and 30 mJ single-pulse energy was used to ablate United States 
Geological Survey (USGS) standard samples (BCR-2G, BHVO-2G, BIR-1G, GSD-1G), respectively. 
Time-resolved pump-probe shadowgraph technology was performed to accurately record the evolution 
of laser-material (BHVO-2G) interaction. Due to air and dielectric breakdowns, two shock waves were 
generated as the BHVO-2G sample was ablated. Simultaneously, plasma spectra were recorded using 
a spectrometer. In addition, the elemental-fractionation effect in laser ablation was studied by 
analyzing the spectral data. The Ti concentrations in each sample were obtained using artificial neural 
networks. Experimental results of the standard samples BCR-2G, BHVO-2G, BIR-1G, and GSD-1G 
with LIBS reveal that the relative errors between measured and certified concentrations are 1.92 %, 3 
%, 2.78 %, and 2.47 %, respectively. Hence, the LIBS method using back-propagation artificial neural 
networks can effectively reduce errors caused by elemental fractionation and can be used to measure 
elemental contents of geological samples.

Fig 1. 
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An ultraviolet long-short double pulse laser-induced breakdown spectroscopy (UV LS-DP-LIBS) 
system is employed to detect the carbon element in solid and liquid steel samples. The important 
issues for the industrial application of LIBS are investigated in this work, which include the carbon 
excitation in steel, the influences of CO2, the trace carbon analysis and the escape phenomenon of 
carbon. It is found that the CO2 in air can also be involved to the plasma generation and emits the 
carbon specific spectral lines. The strong emission line at C I 193.091 nm can be observed when the 
sample is placed in the gas atmosphere with CO2. It is also found that the carbon signal of liquid steel 
is continuously decreasing after the sample is molten. The investigation demonstrates that the 
influences of O2 cause the carbon escape phenomenon in liquid steel, which should be fully 
considered for the industrial application.
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Laser-induced breakdown spectroscopy has been attracting attention as an online analysis method 
during the steel manufacturing process because of its advantages such as its rapidity, the fact that it can 
be analyzed under atmospheric pressure, and the possibility of remote analysis. On the other hand, the 
variation of emission intensity due to temporal and spatial non-uniformity in the generation of each 
pulse of the laser-induced plasma causes a decrease in the quantitative capability of elemental analysis, 
and various methods have been proposed to improve the quantitative capability. In addition to simple 
single regression analysis, a computational chemistry method called Partial-Least-Square Regression 
(PLSR) and several machine learning methods (Support Vector Machine, Random Forest, etc.) have 
been proposed as one of the methods. In this paper, we focus on one of these machine learning 
methods, the regression method using neural networks by deep learning, and report on its quantitative 
capability.
A 532 nm Nd-YAG pulsed laser (energy: 12 mJ/pulse, pulse width: 3-5 nanoseconds, frequency: 10 
Hz) emitted from a laser oscillator (Minilite I, Continuum) was focused onto 10 standard low-alloy 
steel specimens (JSM M 100 series) placed on a stage. The Nd-YAG pulsed laser (energy: 12 
mJ/pulse, pulse width: 3-5 nanoseconds, frequency: 10 Hz) oscillating at a wavelength of 532 nm from 
Nd-YAG (Continuum) was focused by a biconvex lens with a focal length of 100 mm to irradiate the 
sample surface. The emission from the laser-induced plasma on the sample surface was introduced 
into the tip of the optical fiber using a 60 mm focal length single-convex lens and led to a 
spectroscopic system combining an Echelle-type spectrometer (ME5000, Andor Technology) and an 
ICDD detector (iStar DH734, Andor Technology). The detection was performed in a spectroscopic 
system combining an Echelle spectrometer (ME5000, Andor Technology) and an ICDD detector (iStar 
DH734, Andor Technology). A two-dimensional slit (25 μm × 25 μm) was connected to the SMA port 
of the optical fiber attached to the Echelle spectrometer. The delay time of the voltage enhancement of 
the ICCD to the laser irradiation was fixed at 0.5 μs and the gate width at 10 μs, and the multiplication 
factor was about 1000 times. One hundred spectra were obtained per sample in the range of 260 nm to 
560 nm, with an exposure time of 0.15 s and a spectral conversion time of 0.75 s. This procedure was 
repeated 20 times per sample to obtain spectra with a sufficient signal-to-noise ratio. The spectra 
obtained in this way were used to predict the concentration by regression analysis using a neural 
network with three intermediate layers. Matlab 2021a, a commercially available software, was used to 
calculate the neural network.
Figure 1 shows the results of the concentration regression of Ni in the standard sample as an example. 
In the left figure, the intensity data obtained is used as it is, while in the right figure, the intensity data 
is normalized by dividing it by the intensity of Fe I 438.354 nm, which is the strongest line of Fe under 
the present measurement conditions, for the whole wavelength range. As shown in the figure, the 
normalization cancels out the Ni and Fe emission intensities over the entire spectrum, so that the value 
with normalization is 0.097. At the time of reporting, we will discuss the regression prediction with 
more detailed parameters, mainly the effect of the choice of wavelength range, the number of layers 
used in the neural network calculation, and the different activation functions.
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Fig 1.  Predictions of Ni concentrations in low alloy RMs. Left: without normalization. Right: with normalization.
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Identification of iron ore brand and the iron-containing solid waste by laser-induced breakdown 
spectroscopy (LIBS) will help protect the mutual rights and interests in trade and create favourable 
business environment. In view of the complex spectral pretreatment and unexplained feature learning 
problem of traditional chemometrics methods, a convolutional neural network (CNN)-assisted LIBS 
strategy was proposed to identify 16 brands of iron ore. And the CNN's effectiveness layer by layer in 
self-adaptively extracting LIBS features was first interpreted through t-distributed stochastic neighbour 
embedding (t-SNE) and the quantitative data of major chemical components in iron ores. The strategy 
was further applied to construct a two-classification model for the identification of iron ore and iron-
containing solid waste, and the accuracy, precision, sensitivity, specificity of this model predicting 
results were 0.9941, 0.9954, 0.9954, 0.9917. In addition, to promote the application progress of LIBS 
technology, the related technology standard, on-site testing equipment and a platform for big data 
application were developed.

Fig 1.   The effectiveness of CNN-assisted LIBS is interpreted by t-SNE and chemical components of iron ores.
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Severe accident at Fukushima Daiichi Nuclear Power Station (1F) of Tokyo Electric Power Company 
Holdings (TEPCO) occurred after strong earthquake and massive tsunami. In this accident, reactor 
core at Unit 1-3 are melted due to loss of coolant and fuel debris are formed in the Reactor Pressure 
Vessel (RPV) and Primary Containment Vessel (PCV). Since after the accident, many efforts to 
decommissioning of the 1F moving forward steadily and safely. Depending on the environment and 
condition of each units of 1F, internal investigation of PCV have performed by robots to gather variety 
of information such as radiation dose and internal images using radiation resistance camera. However, 
fuel debris information is still limited. Realistic information of fuel debris is crucial to decide further 
decommissioning steps and strategies from view point of safety. The fuel debris consists of nuclear 
fuel materials (U and Pu), cladding material (Zr), and structural material components (Fe, Ni, Cr, B 
and concrete etc.). Depending on the accident progression of each units the fuel debris can be metallic 
or oxidized. It is hard to distinguish materials based on internal images of the PCV that taken by 
camera. Therefore, it is important to realize a measurement technique that can distinguish fuel debris 
from other materials. In the present study, we focused on Laser Induced Breakdown Spectroscopy 
(LIBS) which is considered as a promising remote, in-situ and radiation tolerance technique for fuel 
debris inspection of the 1F. Although the LIBS is a point measurement technique, it has been used as 
elemental surface mapping technique in many fields, because it allow users to realize fast spatial 
scanning without any sample preparation. In this presentation, measurement result of 2D elemental 
mapping on a simulated fuel debris sample under atmospheric pressure and without radiation 
environment using LIBS will be discussed.
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Early-stage screening and diagnosis of ovarian cancer represent an urgent need in medicine [1]. 
Routine imaging and cancer antigen CA-125 test when prescribed to a suspicious population still 
require reconfirmations [2,3]. Spectroscopic analyses of blood, at the atomic and molecular levels, 
provide a useful supplementary test when coupled with effective information extraction methods. 
LIBS and Raman spectroscopy of blood plasma both represent promising techniques allowing simple, 
rapid, minimally-invasive and cost-effective detection of cancers [4,5]. However, a usual binary 
classification of cancer patients against normal controls [6,7] remains idealized with respect to the real 
clinical practice. In this work, a large set of 176 blood plasma samples was collected from a population 
of female patients examined by hospitals, including 63 ovarian cancer samples, 39 ovarian cyst ones 
and 79 normal controls. In the medical and data points of view, the appearance of the cyst case 
considerably reduces the distances among the different populations and makes the classification much 
more difficult, since the intermediate cyst case can share the specific features of the both cancer and 
normal cases. After the acquisitions of the spectra and their pretreatments, LIBS and Raman spectra of 
the 3 sample types were compared directly to show the differences. The evidence of different 
behaviors among the spectra of the 3 types of samples was further visualized in a high dimensional 
data space (Fig. 1). According to the data structure, models for a ternary classification with 2 
consequent steps of binary classifications were developed using a back-propagation neural network. 
The obtained results are shown in table 1. LIBS provided sensitivity and specificity of 71.4% and 
86.5% for cancer detection, and 72.7% and 93.6% for cyst diagnosis [8]. While Raman allowed 
identifications with sensitivity and specificity of 81.0% and 97.3% for cancer samples, 63.6% and 
91.5% for cyst samples [9].

Fig 1.  Two-dimensional t-SNE map of the 3 types 
of samples represented by their 180 replicated-
averaged SKB features selected on the basis of 

standardized pretreated Raman spectra.

Fig 2.  Confusion matrices and figures of merit for classification of the test 
samples with the models in 2 steps of classification based on LIBS spectra 

and Raman spectra using BPNN method
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The application of LIBS in elemental analysis and property assessment of geological materials has 
been demonstrated of great importance and effectiveness. The importance becomes paramount for 
hydrogen, since competitive analytical techniques, X-ray fluorescence spectrometry for example, 
become insensitive for light elements. A precise determination of structural hydrogen in rocks is 
highly desired for Mars explorations to determine water in rocks. The task is very challenging because 
the only reliable H-alpha line exhibits a high excitation energy and a high sensitivity to the Stark 
broadening. The purpose was thus to substantially improve the determination accuracy for structural 
water in rocks with an original method to deal with the chemical matrix effect, or more specifically the 
influences of the bulk composition of a rock as well as the chemical compounds in the rock containing 
H2O. A total of 45 powder mixture samples were prepared with 4 rocks, basalt, basaltic andesite, 
trachyandensite and andesite as matrices to mix with amounts of calcium sulfate, at various degrees of 
aqueous alteration. The idea is to extensively explore the sensitivity of the H-alpha line to the plasma 
physical property for the correction of the matrix effect. The research was conducted using both 
physical and statistical data mining approaches. The first established a correlation between the H-alpha 
line and the matrix effect, while the second, with the implementation of a multivariate regression based 
on machine learning algorithms, extracted the useful information with the SelectKBest algorithm (Fig. 
1a), and properly use them within a BPNN to effectively correct the matrix effect for a good 
performance of the model as shown in Fig.1b. The obtained result of an RMSE for prediction with 
unseen test samples in the order of 0.11 wt% represents an improvement of an order of magnitude with 
respect to the previously reported works from the ChemCam team.

Fig 1.  (a) Results of feature selection using SelectKBest algorithm for H2O determination with 30 selected features, the inset in the 
up part shows the detailed spectrum in the spectral range of features with high scores within the H-alpha line. The inset in the bottom 
part shows the detailed scores of the selected spectral features. (b) The performance of the corresponding BPNN multivariate model, 
with the training samples of the 4 different rock matrices represented in 4 different colors. The crosses with the same different colors 
represent the test samples of the rock with the same colors. The error bars in the figures correspond to the standard deviations (±SD) 

of the data over the replicate spectra for a given sample.
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Handheld LIBS has revolutionized the portable testing community over the last decade. The first 
commercially available LIBS was introduced in 2013 by SciAps, Inc[1]. Since this time there has been 
rapid advancements in the instrumentation within the industry. The initial application of handheld 
LIBS was intended for analysis of alloys. The primary advantage of the handheld LIBS was speed and 
the ability to test lighter elements than handheld XRF. This brought great benefit to the scrap market 
that needs to test many different types of alloys very quickly.
Currently handheld LIBS can be separated in two groups. The first being quantitative LIBS that 
follows the typical optical techniques. These instruments are similar to OES arc spark instruments but 
use a laser to create light to measure. They often have high powered lasers in low repetition and 
require individually shots standards to create calibration curves. The other technique is micro LIBS or 
partial LIBS that utilizes low powered lasers at high repetition to gain spectra. The spectra are then 
used to create spectral matching in order to provide results similar to Raman technologies.
Due to proprietary design of the argon delivery and signal collection, the SciAps handheld LIBS has 
been able to branch off from just alloy testing. This presentation will go over the various uses in 
testing fluorine, agricultural and soil management[2], environmental testing of Be[3], gemstone 
analysis[4], Li and Au mining[5][6] and electronics. Handheld LIBS has proven to be an excellent 
complimentary tool to other commercially available testing techniques.
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Surface-enhanced LIBS has attracted attention as a simple method for elemental analysis of liquid 
samples [1,2]. In this method, a sample solution is dried on a solid substrate and the dry residue is 
analyzed by LIBS. Since the sample solution can be minimized by using a single droplet for the 
analysis and the plasma can be produced with a low-energy laser irradiation by the support of solid 
substrate, this method is suitable for remote analysis of hazardous materials, such as contaminated 
water in nuclear power plants. Various substrates have been proposed to improve the analytical 
performance of the surface-enhanced LIBS [3,4]. In the previous work, our group demonstrated that the 
signal intensity and the signal stability of the dry residue can be improved by using a porous silicon 
(Si) substrate instead of a flat substrate [5,6]. In this work, we investigated the quantitative performance 
of the proposed technique by analyzing microdroplets containing different concentrations of strontium 
(Sr) [7]. A 180-nm thick porous layer was produced on an n-Si (100) substrate through displacement 
deposition of gold (Au) nanoparticles, metal-nanoparticle-assisted etching, and dissolution of the Au 
nanoparticles. Sample solutions containing 1–200 ppb (μg/L) Sr and 25 ppm (mg/L) sodium were 
prepared. A 7.0-μL single droplet of the sample solution was dried inside a washer (inner diameter: 4.5 
mm) on the porous Si substrate. A Nd:YAG pulsed laser (wavelength: 1064 nm, pulse width: 6 ns,
pulse energy: 2.5 mJ) was focused onto the porous Si substrate and emission spectroscopy of the laser-
produced plasma was performed using a Czerny-Turner spectrometer equipped with an ICCD camera
(gate delay: 1 μs, gate width: 5 μs). The irradiation position was changed shot-by-shot and an average
spectrum was obtained from 10 laser shots. Five average spectra were measured for each sample. In
the emission spectra, Sr emission lines originated in the dry residues were observed. The peak
intensity of the Sr I resonance line at 460.73 nm was plotted as a function of the Sr concentration in
the sample solution. As a result, a linear calibration curve was obtained with a coefficient of
determination of 0.998. The limit of detection of Sr was 0.67 ppb. This technique has a potential for
quantitative analysis of trace elements in microdroplets of dilute solutions with a low-energy laser
irradiation.
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The dried droplet method (DDM) is a widely used sample pretreatment in analytical chemistry. This 
method involves placing a droplet of solution onto the substrate and drying for elemental detection by 
laser-induced breakdown spectroscopy (LIBS). However, during droplet drying, the solutes would 
converge at the droplet edge and form a circular crater on the substrate surface. This phenomenon is 
called the coffee ring effect (CRE), which results in solutes enrichment at the edge, lowering stability 
and accuracy in analytical chemistry. Therefore, suppressing CRE would be valuable when using 
DDM. For this purpose, we developed different methods to suppress the CRE for high stable 
performance of LIBS according to the formation mechanism of CRE. First of all, two different 
methods were proposed by modifying substrate surface (nanoporous surface and superhydrophobic 
surface) to suppress the CRE. Moreover, a substrate-free method was also applied by levitating droplet 
in the air without contacting any substrate. The results from those methods demonstrated the 
suppression of CRE and high stable performance. Furthermore, the superhydrophobic substrate and the 
substrate-free method indicated ultrasensitive performance. All in all, by suppression of CRE, the 
DDM in LIBS could provide high stable and ultrasensitive performance, which has high potential in 
many analytical areas (e.g., environment and biomedicine).
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Laser-induced breakdown spectroscopy (LIBS) is an ideal real-time on-line detection method. 
However, in the case of high-density plasma generated by LIBS, the self-absorption is usually an 
undesired effect because it not only reduces the true line intensity, introduces non linear effects in the 
growth of line intensity versus the concentration of the emitting species, but also affects the 
characterization parameters of the plasma, and finally affects the accuracy of quantitative analysis. 
Since the plasma electron temperature (T), radiation particle number density and absorption path 
length (Nl) determine the degree of self-absorption and affect the corrected spectral line intensity, a 
new self-absorption correction method based on temperature iteration is proposed to continuously 
calculate and correct these two parameters, and finally achieve self-absorption correction. Firstly, after 
setting the parameter Nl of initial radiation particle number density and absorption path length, the 
self-absorption coefficient (SA) was calculated through the plasma electron temperature T and the 
spectral line intensity was corrected. Then a new T was obtained according to the corrected spectral 
line intensity, a new SA was calculated and the intensity of spectral line was further corrected. In this 
way, the iterative temperature is used to correct the self-absorption effect, and to solve the technical 
problem that the self-absorption effect affects the accuracy of quantitative analysis in LIBS. Compared 
with generally applied self-absorption correction methods, this method has obvious advantages of 
simpler programming, higher computation efficiency, and its independency of the availability or 
accuracy of line broadening coefficients. The experimental results of steel alloy samples showed that 
the self-absorption was corrected with increased linearity of the Boltzmann plots and the measurement 
accuracy of the elemental concentration was significantly improved. In addition, this method can 
directly obtained the radiation particle number density and absorption path length, which benefits the 
plasma diagnostics and quantitative analysis.

Fig 1. Fig 2. 
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Laser Induced Breakdown Spectroscopy (LIBS) is significant for realizing large-scale, multi-sample, 
fast and accurate detection of soil elements. However, due to the low temperature and short life of the 
plasma excited by the LIBS, there are large fluctuations in the spectra, making the accuracy of the 
analysis results lower than the national standard methods. This paper promoted a method based on key 
parameter monitoring and backpropagation neural network to standardize LIBS spectrum, KPBP. By 
monitoring the laser output energy and plasma flame morphology and using the backpropagation 
neural network algorithm to fit the spectral intensity, KPBP standardized a spectral range containing 
characteristic lines. This paper first conducts KPBP experiments on the spectrum of monocrystalline 
silicon, pure aluminum and pure zinc to optimize the KPBP model, and then perform KPBP 
normalization on the characteristic spectral lines in standard soil sample GSS8. The spectral intensity 
relative standard deviation (RSD) of Al I 257.51 nm, Si I 298.76 nm, Fe I 406.33 nm were dropped 
from 12.57%, 16.60%, 14.10% to 3.40%, 3.20%, 4.07%, respectively. Compared with the internal 
standard method and the standard normal normalization method, KPBP obtained the smallest RSD. 
The paper also used the standard soil sample GSS23 and Beijing soil sample to conduct KPBP 
optimization experiments. The RSD of spectral intensity was still significantly reduced, proving that 
the KPBP method had stable effects and wide applicability to improving the repeatability of LIBS soil 
analysis.

Fig 1.  Structure diagram of LIBS system with KPBP function Fig 2.  Spectral standardization results of GSS8 samples by 
KPBP method
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Aerosols originated from sea spray play an important role in the chemical exchange at the atmosphere-
ocean interface. The elemental analysis of sea-spray or sea-salt aerosols is thus critical to the 
understanding of global biogeochemical cycles. The native capability of multi-elemental analysis 
associated with laser-induced breakdown spectroscopy (LIBS) enables its use for the in-situ analysis 
of aerosols. However, it can be difficult to analyze discrete aerosols with pulsed laser-induced plasma; 
the detection of aerosols with LIBS is strongly governed by probabilities. One way to address this 
unstable analytical performance is to exploit the high repetition-rates of a modern DPSS laser, as the 
superior repetition rate drastically increases the detection window per unit time. In this work, 
polydisperse aqueous aerosols containing NaCl were analyzed by a μJ-DPSS laser, with its repetition 
rates ranging from 1 Hz to 30 kHz. The high repetition rates resulted in improved detection 
efficiencies of aerosols. Meanwhile, the on-demand modulation of laser repetition rates yielded optical 
spectra that reflect specific physiochemical properties of the aerosol set, which can be extracted from 
correlation analysis. Furthermore, to ensure stable laser induced plasmas on aerosol particles, aspheric 
focusing lenses with short focal lengths were used to confine and control the spatial power 
distribution. The present results suggest that the temporally and spatially modulations of the excitation 
laser pulse can promote plasma-particle interactions and improve the signal response of aerosol LIBS 
analysis.
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Laser-induced breakdown spectroscopy (LIBS) is an advantageous analytical technique for accurately 
discriminating materials based on chemical composition[1,2]. Nonetheless, the initial spectrum data 
contain an abundance of distinctive spectral lines and significant interference information[3]. To 
overcome the problem, we proposed Spearman’s correlation (SC), mutual information (MI), and 
Kendall’s correlation (KC) as feature selection methods. In this study, twelve soil samples were 
collected for analysis, and their LIBS spectra were recorded. Then, we assigned multivariate 
chemometrics, such as k-nearest neighbor (kNN), shallow convolutional neural network (SCNN), 
naïve Bayes (NB), random forest (RF), combined with feature selection methods to explore and 
compare the capability of each combination. The results revealed that MI could optimize those three 
multivariate chemometrics performance and obtained more than 90% classification accuracy. 
Moreover, the SCNN-MI model outperformed other combinations with the accuracy 98.06%. These 
findings demonstrate that LIBS incorporated with the SCNN-MI algorithm can accurately classify soil 
samples effectively and implementing feature selection methods are a significant preprocessing stage 
that eliminates the irrelevant or redundant features.

Fig 1.  Confusion matrix of combination SCNN and MI algorithm
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There has been weak point for applying LIBS technique for analyzing liquid samples, namely 
splashing out of the liquid sample taking place while a laser beam irradiated liquid samples, 
disrupting the LIBS spectrochemical analysis. To cater to the weak points of LIBS, development of an 
environmentally safe and effective approach have become one of primary concerns of global scientists.  
For the purpose, several green and low-cost adsorbents, such as eggshell organic wastes, are being 
investigated to remove heavy metals and other metallic elements from liquid samples since they have 
no negative impact on natural resources and environmental system[1-2]. Egg shells (ES) and egg shell 
membranes (ESM) are organic waste products from a range of sources, including poultry, households, 
restaurants, and other food processes. Unfortunately, those organic disposals have been a source of 
concern for several governments whole the world. In terms of economics view, the cost of disposing of 
egg waste is expected to improve as landfill taxes rise. Regarding scientific study, eggshell membrane 
layer is one of bio-polymer material, which are commonly disposed with the eggshells as an organic 
waste [3]. Chemically, the membrane surface bears positively charged sites produced by basic side 
chains of amino acids. Chemically, eggshell membrane (ESM) has a very high surface area with 
special functional groups such as hydroxyl (−OH), thiol (−SH), carboxyl (−COOH), amino (−NH2), 
amide (−CONH2) [4], which strongly interact with some chemical species and could act as a green 
and potential adsorbent to couple in LIBS technique. In this paper, LIBS technique coupled with 
eggshell membrane (ESM) an green adsorbent had been demonstrated as new innovative method for 
assessing heavy metals contaminant in liquid. This study could be noticed as an innovative LIBS 
technique to determine heavy metal contaminants in liquid samples. 

Fig 1.  LIBS spectra of eggshell membrane (ESM) Fig 2.  LIBS spectra of Zinc adsorbed on eggshell membrane 
(ESM)
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The property of environment gas has a significant impact on evolution process of laser induced plasma 
so as to influence the signal quality of laser induced breakdown spectroscopy (LIBS). In this work, we 
improve the signal quality of LIBS by changing the environment of laser induced plasma, including 
gas mixture, flame, and dielectric barrier discharge (DBD). The effect and mechanism of different 
environment were analyzed. Results showed that both the gas mixture and flame can enhance the 
signal intensity and signal repeatability simultaneously, while the main effect of DBD was to reduce 
the threshold of laser energy for plasma and LIBS signal.

Keywords: laser-induced breakdown spectroscopy, repeatability, enhancement, flame, dielectric 
barrier discharge.
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There has been a challenge for LIBS quantitative analysis of complex composition. Due to the wide 
concentration range and variety of trace and major elements, the spectrum has the matrix effect and 
self-absorption effect and the standard samples are difficult to obtain. Calibration free-LIBS (CF-
LIBS) is a calibration free method without standard sample. In the present work, the CF-LIBS method 
with consideration of matrix effect and self-absorption effect was used for quantitative analysis of 
complex composition. First, the theoretical calculation method of laser-induced plasma composition 
was proposed. The trends of relative particle number density with plasma temperature for each 
element were obtained. Second, the theoretical spectra of complex composition were calculated based 
on the self-absorption effect and the Stark broadening, Doppler broadening and instrumental 
broadening, the plasma electron density, electron temperature, number of relatives of each element, 
total particle number and plasma size. Based on the above work, the CF-LIBS method for complex 
composition was established. The main idea is to use the plasma electron density, electron 
temperature, relative number of each element and laser plasma size in the complex composition 
sample as cyclic iteration variables, respectively, to select the corresponding elemental analysis 
spectra, and make all the variables by cyclic iteration so that the obtained theoretical spectra and 
experimental spectra consistent with each other through iteration. Then the absolute concentrations of 
the various components of the sample are obtained. The results demonstrated that the relative errors of 
prediction concentration were less than 0.2% and 7% for major elements and trace elements in potassic 
fertilizer, respectively. For cement clinker samples, the relative errors of prediction concentration were 
below 12% except for Si and Na. This indicated that the proposed CF-LIBS is a proven and effective 
method for quantitative analysis of complex composition.
Keywords: Laser-induced breakdown spectroscopy; Complex composition; CF-LIBS; Potassic 
fertilizer; Cement clinker
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Detection of heavy metals in solutions have been performed using laser-induced breakdown 
spectroscopy (LIBS) combined with electrodeposition (ED) . A polished aluminum (Al) sheet serves 
as the cathode in the three-electrode system. Copper (Cu2+), cadmium (Cd2+), chromium (Cr3+) and 
nickel (Ni2+) were concentrated and detected simultaneously. The optimized enrichment parameters 
are as follows: pH is 6-8.5, enrichment voltage is -2.4V, enrichment time is 1200s, and KCl 
concentration is 2g/L. And the smoother the aluminum electrod was polished with metallographic 
sandpaper, the better the uniformity of enrichment and the repeatability of the experiment. After 
optimizing the experimental conditions, the relative standard deviation (RSD) values of laser single-
shot of four polished aluminum electrodes were all below 20%. When the aluminum electrod was 
polished with 5000 meshes metallographic sandpaper, the RSD value between parallel samples was 
only 0.03%. The limits of detection of the elements are 4.86 μg/L for Cd2+, 2.17 μg/L for Cr3+, 2.44 
μg/L for Cu2+ and 10.49 μg/L for Ni2+after concentrated in mixed solution for 15 min, respectively. 
The results indicated that the LIBS technique coupled with ED could be a reliable and accurate method 
for detection of heavy metals in solution.
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The combination of Laser-induced Breakdown Spectroscopy (LIBS) with Raman spectroscopy allows 
a comprehensive chemical analysis of a sample, by gaining information both on the elemental as well 
as the molecular composition. To take full advantage of the combination of both methods the 
application of advanced data fusion and multivariate data analysis methods is necessary. Until now 
mainly principal component analysis (PCA) was used for classification of combined LIBS and Raman 
data [1], [2], [3].
Here we want to present multiple, basic and advanced approaches to analyze LIBS and Raman spectra 
that were measured subsequentially at the same sample spot. The methods range from simple 
correlation of elemental lines obtained from LIBS spectra and molecular band obtained from Raman 
spectra, k-means analysis for chemical imaging to high level data fusion of the combined data for 
discrimination of samples.
We will show the benefits of the combination of both methods with advanced data fusion for the 
analysis of lithium-ion batteries, mineral samples and for forensics, namely the differentiation of glass 
and the analysis of layered paint samples.
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Biochar can provide a large amount of available nutrient metals that can be absorbed and utilized by 
plants. Laser induced breakdown spectroscopy (LIBS) was used to quantitatively detect water-soluble 
nutrient metals in straw based biochar. In order to solve the problem of low sensitivity of LIBS signal 
of water-soluble nutrient metals, Au nanoparticles (AuNPs) combined with ashless paper substrate 
were used to enhance the sensitivity of water-soluble metals in biochar, the enhancement factors of 
average SBR were about 3.46, 1.30, 3.44 and 0.67, respectively. The results of Boltzmann distribution 
equation showed that the plasma temperature decreased significantly after AuNPs enhancement, which 
indicated that the combination of AuNPs with filter paper substrate could reduce the plasma 
denudation threshold of biochar aqueous solution. ElsticNet-Partial least squares regression (EN-
PLSR) and ElsticNet-Support vector regression (EN-SVR) models were then developed based on the 
peak bands of the enhanced elemental analytical lines. The results showed that EN-PLSR can achieve 
the accurate quantitative analysis of K and Na in the aqueous solution of biochar, with RSDP of 5.39% 
and 5.18% respectively; while EN-SVR can achieve the accurate quantitative analysis of Ca and Mg in 
the aqueous solution of biochar, with RSDP of 10.41% and 8.73% respectively. The results show that 
the fast and accurate quantitative analysis of trace metals in the complex matrix of biochar aqueous 
solution can be realized by using NELIBS combined with appropriate multivariate regression model.
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Laser-induced breakdown spectroscopy (LIBS) is one of the typical applications in laser-induced 
plasmas, and has been applied to element analysis of the materials in the form of solid, liquid or gas in 
many fields[1-2]. Although analysis capabilities of LIBS are obvious, it is remains rare in terms of 
physical models including complex processes occurring upon laser-matter-plasma interaction.
In this work, a two-dimensional axisymmetric radiation hydrodynamics model has been presented for 
moderate intensity ns-laser irradiates the solid target in any background gas at any pressure. The 
physical model was used to describe the following phenomena: (1) target heating by laser radiation 
and conductive heat transfer; (2) surface evaporation and condensation; (3) transfer and absorption of 
laser radiation in vapor plasma; and (4) gas-dynamics expansion, heating, and ionization of the 
plasma. Heat conduction inside the solid is modeled using a heat conduction equation. The interaction 
between laser and plasma and the expansion of plasma are described by gas dynamic equations. The 
Knudsen layer boundary condition is used for the target-vapor interface. A steady-state collisional-
radiative model based on screened-hydrogenic atomic levels and rates is used to obtain ionization and 
level population distributions in plasmas. The equations of state of the plasma are described by a real 
gas approximation, which divides the internal energy into the thermal energy of atoms, ions and 
electrons, ionization energy and the excitation energy of atoms and ions. The model is valid when the 
laser intensity is below the threshold of phase explosion, that is, when the target surface temperature 
does not reach or exceed the target material critical temperature.
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Ancient murals, our ancient cultural heritage, have long been affected by human activities and 
environmental factors, and suffered many problems such as discoloration, shedding, fumigation and 
mildew, hence they are in urgent need of preservation and restoration. LIBS has great application 
prospects in the field of mural research due to its advantages such as instrumental simplicity, minimal 
or no complex sample preparation requirements, the capability of real-time analysis of a broad range 
of elements, and the possibility of performing in-situ analysis.
Therefore, in this work, LIBS based element imaging technology is used for the identification and 
analysis of mural pigments because it can provide mural surface element information through spectral 
data, so as to quickly determine the pigment types at different locations. After considering various 
possible influencing factors, the most suitable emission lines were used to characterize the pigment 
distribution of malachite, cinnabar, ochre and orpiment respectively. The simulated murals used in the 
experiment are shown in Figure 1, and the characteristic elements images of the pigments related are 
shown in Figure 2. Different pigment regions can be clearly distinguished from the element images, 
and have a good correspondence with the simulated mural. Therefore, LIBS based element imaging 
technology is a feasible method for mural research.

Fig 1.  A picture of a simulated mural from the 
laboratory

Fig 2.  Elemental images of a simulated mural by LIBS. (a) Malachite: 
Cu image at 327.41nm. (b) Cinnabar: Hg image at 365.01nm. (c) 

Ochre: Fe image at 373.48nm. (d) Orpiment: As image at 286.04nm.
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Micro-laser-induced breakdown spectroscopy (Micro LIBS) technology has many advantages such as 
fast analysis speed, high spatial resolution, extensive analytical materials and simple sample 
preparation [1,2]. With the development of technology and the miniaturization of instruments, low-
power picosecond laser also used in Micro LIBS system. We choose high repetition frequency laser 
(MCC-1064-1-150, Reallight) to study the ablation of aluminum alloy samples by picosecond lasers of 
different frequencies. The energy value of lasers with different frequencies also different, the higher 
the frequency, the higher the energy value, Figure 1 shows the relationship between laser energy and 
frequency. Ablation of aluminum alloy samples with lasers of different frequencies, investigate the 
influence of cumulative effect and thermal effect on laser ablation, study the morphological changes of 
ablation crater with the same number of pulses and different laser frequencies, could found that the 
higher the frequency, the deeper the ablation crater, collect plasma spectra at different frequencies in 
the same integration time and at different frequencies in the same pulse number, it is found that with 
the increase of laser frequency, the plasma spectral intensity obtained at the same integration time has 
a significant increase trend, as shown in Figure. 2. On the contrary, with the same pulse number and 
different integration time, there is no obvious trend of plasma spectral intensity change. This study 
provides a further insight into the thermal effects of laser ablation at different frequencies, it has 
important reference value for the ablation mechanism and application research of Micro LIBS.

Fig 1.  The relationship between laser energy and frequency Fig 2.  Characteristic line intensity of lasers with different 
frequencies under the same integration time
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The laser repetition frequency is one of the key factors that affect the characteristics of laser-induced 
plasma. In order to analyze the mechanism of the effect of laser repetition frequency on laser induced 
plasma, the two-dimensional spatial distribution of the emission from the brass plasma generated at 
five different laser repetition frequencies were compared. The atomic line of Cu I: 529.25nm and ionic 
line of Cu I: 240.01nm were selected as the analysis lines. The spectrum acquisition delay was 
optimized firstly. The results show that the best delay time is 4μs for all of the five repetition 
frequencies. Then, the emission of the plasma at different spatial positions were collected by a 
spatially resolved acquisition system and the two-dimensional spatial distributions of the analysis lines 
intensity were obtained. It has been indicated that the atomic line intensity first increases and then 
decreases, while the ionic line intensity increases with the increase of the laser repetition frequency. 
Finally, the Boltzman method was used to obtain the spatial distribution of the plasma temperature. It 
has been found that when the laser repetition frequency increased, the plasma with higher temperature 
was obtained. More atoms are ionized as the ionization degree of the plasma increases, so that when 
the repetition frequency increases to a certain value, the intensity of the atomic line intensity decreases 
and the ionic line intensity always increases. The research results in our present study play an 
important role in optimizing the experimental system and exploring the physical mechanism of plasma 
extraction. 
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The focusing condition of the laser is one of important parameters that affect the characteristics of 
laser-induced plasma. Focusing lenses with different focal lengths will form different energy density 
distributions near the surface of the sample, thus affecting the properties of the plasma. In this study, 
the emission of laser induced plasma generated from steel alloy by nine focusing lenses with different 
focal lengths was obtained. The effect of defocusing distance on the spectral intensity for different 
focal lengths was investigated. It has been shown that the spectral intensities show similar change 
trend with the change of the defocusing distance. The intensity rises firstly and then drops as the 
defocusing distance increases, then shows a small increase and gradually reduces finally. When the 
focal point of the lens is above and below the sample surface, there is an extreme value on the change 
curve respectively. However, as the focal length increases, the ratio of the second peak relative to the 
first peak decreases. The changes of the plasma images under the focusing lens with a short focal 
length and a long focal length have been compared. Due to the rapid changing rate of the laser energy 
density above the sample under the short focal length lens, the sample surface can still be effectively 
excited as a result of the shorter distance for the interaction between the laser and the air above the 
sample surface. So relatively high line intensity can still appear for the plasma induced by the short 
focal length lens when the focusing point is in the air. For all the focusing lenses, it has been 
demonstrated that the optimal defocusing distance appears below the surface of the sample. As the 
focal length of the lens increases, the optimal defocusing distance exhibits a logarithmic attenuation 
change law.

Fig 1.  The variation of the intensity of atomic 
line Fe I:373.49 nm with the defocusing 

distance under eight different lenses

Fig 2.  The optimal defocusing distance of the spectral line varies with the focal 
length:Fe I:373.49 nm, Fe II:275.57 nm,Cr I:302.16 nm,Cr II:283.56 nm.
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Laser-induced breakdown spectroscopy (LIBS) has been applied to underwater in-situ analysis, such 
as seafloor resource exploration,[1] because it does not require sample preparation, can be measured in 
various gases and even in liquids, and enables real-time and high-speed analysis. In on-site 
measurement, especially in-situ LIBS measurement on the seafloor, it is technically difficult to 
precisely focus the light collection system on the target surface. This can be solved by using long focal 
length lens to increase the focal depth. The use of long focal length lens increases the optical path 
length in water. The 1064 nm wavelength laser, which is widely used for LIBS, is absorbed by water 
in such a setup, and therefore, its second harmonic, i.e., 532 nm wavelength laser would be 
significantly more advantageous.[2] In underwater LIBS, the density of atoms in the plasma is high, so 
that self-absorption tends to occur. In the present work, we compared emission spectra of laser-
induced plasmas obtained at 1064 nm and 532 nm irradiations and investigated the effect of irradiation 
wavelength on self-absorption. The self-absorption was evaluated using the following equation.[3] 
[I(λ)/Iκ=0(λ)=[1-exp{-αIκ=0(λ)}]/αIκ=0(λ), α=κ(λ)/ε(λ) (1)]. Here, I(λ) is the spectral intensity, Iκ=0(λ) 
is the spectral intensity without self-absorption effect, ε(λ) is the emission coefficient, and κ(λ) is the 
absorption coefficient. The closer I(λ)/Iκ=0(λ) is to 1, the smaller the decay of emission intensity, 
which means the self-absorption effect is smaller. In this study, α was obtained by fitting I(λ) in Eq. 
(1) to the C2 Swan band obtained by using graphite as a target, and then I(λ)/Iκ=0(λ) was determined
for the band head, λ=516.5 nm (Fig. 1, Fig. 2). As a result, compared to 1064 nm, the spectrum
obtained by the 532 nm pulse has less self-absorption effect and is more suitable for quantitative
analysis.

Fig 1.  Experimental spectrum (red solid line) fitted with a theoretical 
spectrum with self-absorption (blue solid line). Blue broken line is the 

theoretical spectrum without self-absorption.

Fig 2.  I/Iκ=0 at λ=516.5 nm.
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The emission spectra of laser-produced plasmas from Al-Sn alloy target has been measured in the 200-
800 nm wavelength range. Based on the feature of simple structure and isolated spectral lines of low-Z 
element Al species, the electron temperature and electron density of laser-produced Al-Sn alloy 
plasmas were diagnosed by Saha-Boltzmann plot and Stark broadening method, respectively.
Laser-induced breakdown spectroscopy (LIBS) is a fast and efficient method for elemental 
composition analysis[1], calibration-free LIBS (CF-LIBS)[2] is an important part of it. The plasma 
electron temperature and electron density are the main parameters in the characterization of any 
plasma. However, it is difficult to diagnose the electron temperature and density in LPP of medium- 
and high-Z element by spectroscopy because of their complicated atomic structure, the high 
degeneracy and the difficulty to distinguish convolutional spectral line.
In this work, the alloy targets of medium-Z element Sn and low-Z element Al (Sn: Al = 1:1) was used 
to measure the emission spectrum of the plasma produced by a nanosecond pulsed laser (PRO-350, 
Spectra-Physics; 1064nm, ~10 ns, 4.78×109W/cm2, 2 Hz) in vacuum (5×10-4 Pa). Based on the 
discrete spectral lines of Al element, the electron temperature and density of laser-produced Al-Sn 
alloy plasma were diagnosed by Saha-Boltzmann plot[3] and Stark broadening methods[4], 
respectively.
Figure 1 (a,b) shows the electron temperature and electron density with delay time in laser-produced 
Al-Sn alloy plasma. Figure 1 (a) shows the diagnosis results of electron temperature by Saha-
Boltzmann plot, while Figure 1 (b) shows the diagnosis results of electron density by Stark broadening 
method. It can be seen that from Figure 1, the electron temperature and density decrease with 
increasing time delay (gradual expansion). Clearly, at 100 ns time delay, the plasma electron 
temperature was around 10187 K and the electron density was approximately 4.55×1016, respectively.
Based on the above work, we have succeeded to diagnose the plasma electron temperature and 
electron density of laser-produced plasma of the Sn-Al alloy target.

Fig 1.  The evolution of electron temperature and density of laser Al plasma with delay time.
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Gadolinium doped ceria (GDC) is a material of highly technological importance and is extensively 
used as electrolyte in Solid Oxide Fuel cells (SOFCs). With the passage of time, a lot of researches 
have been carried out to further enhance the performance of these solid electrolytes by co-doping and 
tri-doping. Ceria is a refractory material and conventional analyses of such complex oxide with two or 
three cations require acid digestion and further dilution. In the present work we have employed laser-
induced breakdown spectroscopy (LIBS) to study praseodymium (Pr) and samarium (Sm) calibration 
curves in Pr/Gd and Sm/Gd co-doped ceria, respectively. Glycine-nitrate-process was used for the 
synthesis of Pr/Gd (PGDC) and Sm/Gd (SGDC) co-doped ceria. Sm and Pr nitrates were doped (1, 3, 
5, 7 and 9 mol. %) for gadolinium nitrate with general formula MxGd0.1-xCe0.9O2-δ (M: Pr, Sm; x = 
0.01, 0.03, 0.05, 0.07 and 0.09). Post synthesis calcinations were carried out at 600 °C for 2 hrs to 
remove any inorganic residues. X-ray diffraction (XRD) results confirm the cubic fluorite phase of the 
calcinated samples and the observed diffraction patterns neglects the possibility or co-occurrence of 
extraneous cerium oxide phases. The LIBS spectra of PGDCs and SGDCs were studied in the spectral 
range 489.7-529.6 nm. In this spectral range, four Pr and Sm emission lines were selected that were 
well separated from the Gd and Ce emissions. From the univariate analysis results, the Pr and Sm 
emission peak at 526.015 and 519.999 nm respectively showed better calibration performances over 
the other emission peaks in terms of precision and limit of detection. These results indicate that LIBS 
can be used as a rapid quantification method and would be handy in recycling wastes from co-doped 
SOFCs.
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During the plasma expansion produced by laser ablated aluminum target in the ambient air condition, 
the AlO molecule was formatted via chemical reactions between plasma species (Al atom) and air 
molecules (O2 molecule). In this work, the spectral characteristics of AlO spectra produced by 
nanosecond laser ablation aluminum target are investigated, and the influence of laser energy and the 
laser beam polarization on AlO spectra are discussed. The experimental results show that the 
formation time and spectral intensity evolution of AlO molecule are related to the laser pulse energy. 
The formation time of AlO molecule is increasing with the laser energy from 6mJ to 70mJ , and the 
persisted time of AlO spectra is changing longer. Based on the time resolved spectroscopy, the spectral 
intensity of AlO spectra is firstly increase and then decrease with the time increasing, and the peak 
time of spectral intensity is increased with the laser energy. For the spatial distribution of AlO spectra 
intensity, the spectral intensity of AlO spectra is higher in the center of the plasma plume and lower in 
outside of plasma plume. The spectral intensity of AlO spectra is independent of the polarization 
direction of laser beam when the polarization direction of laser beam is changing rotated with the 
incident direction. This research is of great significance to explore the evolution of plasma chemical 
reactions.
Keywords: laser induced breakdown spectroscopy; AlO spectra; formation time; laser energy; laser 
beam polarization;
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Laser induced breakdown spectroscopy(LIBS) technology has the advantages of fast detection speed, 
not limited by environmental factors, and no sample pre-treatment, especially in the smelting industry 
can achieve effective online monitoring. However, the self-absorption effect in LIBS detection directly 
affects the accuracy of LIBS analysis technology. It has been found that different gas environments 
affect the self-absorption effect in LIBS. In this paper, a 532nm fundamental frequency pulsed laser 
generated by Nd: YAG laser is used to ablate aluminum alloy in air and argon respectively to generate 
plasma. The intensity of the characteristic spectral line and the time resolution of the signal to 
background ratio of aluminum in the range of 0-5μs are observed. It is found that the self-absorption 
effect of the emission line of Aluminum decreases obviously in argon. In order to explore the 
mechanism, the evolution of Al self-absorption with delay time in air and argon was studied in this 
paper for two Al lines of 309.3nm and 396.2nm. The time resolution of electron temperature and 
electron density is calculated by Saha-Boltzmann diagram. By analyzing the data difference between 
air and argon, the best observation time and the influencing factors of aluminum alloy were obtained.
Keywords: Aluminum alloy; laser induced plasma; ambient gas; time resolved spectrum; self- 
absorption effect

Fig 1.  Self-absorption effect variation of spectral lines of 309.27 and 396.15 nm with delay time
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Flour food is one of the main food types consumed daily especially by Chinese residents, which 
occupies an important position in dietary intake. At present, the phenomenon of excessive aluminum 
(Al) addition in pasta food is serious, and it is very important to control the aluminum residue in food. 
Laser-induced breakdown spectroscopy (LIBS) is an emerging rapid detection technology that can 
achieve in-situ, rapid, and green detection of Al residues in flour food. In this study, the aluminum-
contaminated dough in the laboratory was used as the research object. The nine-point smoothing 
pretreatment of the spectrum was constructed in the range of 390.03 ~ 398.03 nm. Moreover, different 
pretreatment methods, such as denoising, normalization, baseline correction, first-order derivation 
noise reduction, and second-order derivation noise reduction were used to preprocess the spectral data. 
Partial least squares method (PLS) was utilized to establish a quantitative model. The results show that 
the first-order derivative combined with the PLS quantitative model has the best effect. The 
determination coefficients (R2) of model training set and prediction set were 0.9930 and 0.9900, and 
the root mean square errors were 1.17% and 7.62%, which had high prediction accuracy and precision. 
This proves that the usage of LIBS technology for rapid quantitative detection of specific ingredients 
in food has broad application prospects, which provides a basis for real-time monitoring and 
evaluation of food safety.

Keywords: LIBS; Flour Food; Quantitative Analysis; Al Element
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Heavy metal element in sewage has brought great threat to the human's activities and lives, so the 
detection of heavy metal element is of great significance. Laser induced breakdown spectroscopy has 
the advantages of online detection and multi-element analysis, but LIBS applications is limited by its 
low detection sensitivity. In this work, the spectral enhancement and reduction of limit of detection of 
LIBS are investigated via the combination with the plasmon effects of the Au nanoparticles and the 
liquid-solid conversion for the Cu element detection in CuSO4 solution. With the Au nanoparticles 
assistant spectral emission, the maximum enhancement factor of Cu at 324.7nm and 327.4nm can 
reach 1.74 and 1.834, respectively. The spectral enhanced mechanisms is that the incident light field 
couples with the surface plasmon of Au nanoparticles to generate an enhanced localized 
electromagnetic field, benefiting for the generation efficiency of seed electrons. The calibration curves 
of Cu at 324.7nm and 327.4nm are obtained, and the limit of detection of Cu element in CuSO4 
solution could be as low as 0.37ppm and 0.88ppm, respectively. The experimental results indicate that 
metallic nanoparticles can significantly improve the detection sensitivity of LIBS technology 
combination with the liquid-solid conversion, which is of great significance for the detection of trace 
element in sewage.

Key words: Laser Induced Breakdown Spectroscopy; Nanoparticle Enhancement; CuSO4 Solution
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Erbium oxide (Er2O3) has received extensive attention as the cladding coating material of the first wall 
in the Tokamak nuclear fusion device. In this work, the spatio-temporal evolution of Er2O3 laser-
induced plasma (LIP) in air under different laser irradiance has been investigated by using time and 
space resolved picosecond-laser induced breakdown spectroscopy (ps-LIBS). The Saha-Boltzmann 
plot method was used to estimate the plasma temperature (Te) with Er I and Er II spectral lines 
respectively, and the electron density (Ne) was measured with the stark broadening of Er II 349.9 nm, 
and the Te of Er atoms and ions in the evolution of LIP were compared. The spatial evolution of Er 
LIP with the time integral distance between vertical and target is studied. The Te and Ne at each axial 
point are estimated to obtain the spatial evolution behavior of Te and Ne. The effectiveness of the local 
thermodynamic equilibrium (LTE) is verified by the Mc-Whirter criterion, plasma relaxation time and 
diffusion length. And the branching ratio method was used to verify the optical thin condition of LIP. 
The time detection window of Er with high signal-to-background ratio (SBR) and signal-to-noise ratio 
(SNR) under LTE and optical thin condition is determined.
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A focus-offset collinear dual-pulse laser-induced breakdown spectroscopy (FOC-DP-LIBS) is 
designed and used to investigate the laser ablation and spectral intensity with an aluminum alloy 
sample. The laser crater morphologies and ablation volumes were measured. An inter pulse time delay 
dependent ablation efficiency on a nanosecond laser heated sample is observed, which was similar to 
the trend of spectral intensity vs. inter pulse time delay. This trend is in consistent with the physical 
process of a pulse laser heated sample. The pure nanosecond pulse laser heating effect on subsequent 
second laser ablation is then been observed, which will be helpful for understanding the ablation and 
signal enhancement mechanism in standard collinear DP-LIBS technique. 
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As a fast, real-time feedback atomic spectroscopy detection technology, laser-induced breakdown 
spectroscopy (LIBS) has been used in many fields, like coal quality analysis, space exploration, and 
biomedical sciences fields. However, in many cases, the difference reflected by the element spectrum 
is quite small, and it is difficult to accurately identify the sample to be analyzed. Therefore, it is 
particularly important to find more information rather than spectral intensity that can reflect the 
characteristics of the sample from the spectrum. In this work, we propose a set of experimental 
methods for detecting the polarization parameters of LIBS. By adjusting the angles of the quarter wave 
plate and the polarizing prism, the plasma spectra that can reflect the polarization characteristics are 
obtained through four measurements, and then we can obtain the four Stokes parameters of the full 
spectrum range through theoretical analysis and calculation. Previous analyses of plasma polarization 
spectra only considered the characteristics of the degree of polarization, and were only used to 
suppress the background of bremsstrahlung radiation [1,2]. The analysis of the Stokes parameter is 
closer to the essential characteristics of the polarization spectrum, and can reflect other features of the 
sample from aspects other than intensity. As Fig. 1 shows, we took the aluminum alloy as an example 
to obtain the full-Stokes parametric spectra. The difference in these polarization spectra may improve 
the identification accuracy in fields with small sample differences such as biomedicine.

Fig 1.  Full-Stokes parametric spectra of aluminum alloy. a) S0, b) S1, c) S2, d) S3.
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Several potential influencing factors of long-term repeatability of LIBS have been proved including 
instrumental drift due to environmental changes, fluctuation of experimental situations such as laser 
energy, focusing situation, and radiation collection efficiency. This study reports a novel finding of the 
imperceptible change of beam shape and its effects on the repeatability of LIBS. Based on that, a basic 
PLS model was built with the input of laser beam images as well as corresponding spectra of 11 days, 
aiming to correct spectral intensity towards ‘standard intensity’, thus to improve the long-term 
repeatability of LIBS. The result showed that the day-mean intensity RSD during the testing days was 
decreased from 20.96% to 11.90%, indicating a large improvement of long-term repeatability of LIBS.
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As an in situ and remote diagnostic technique, laser-induced breakdown spectroscopy (LIBS) has been 
well proven to detect the elemental distribution on the plasma-facing materials (PFMs) in magnetic 
confinement nuclear fusion device of Experimental Advanced Superconducting Tokamak (EAST). 
However, due to the limited optical windows and irregular shape of the PFMs surface, such as the 
monoblock structure of divertor, the laser ablation angles (LAAs) of LIBS always vary with the laser 
spot scanning on the different regions of the PFMs. In this work[1], a LIBS system with a coaxial 
collection configuration based on the linear array fiber bundle is developed to investigate the features 
of laser-induced W/ Mo/C plasma spectra at variable LAAs under the vacuum condition. It has 
confirmed that the emission of continuum background propagates mainly along the direction of the 
incident laser, while the plume of atoms and monovalent ions propagates along the normal direction of 
the target. Moreover, for the W plasma, the results show that the LIBS signal intensity, signal to 
background ratio, and signal to noise ratio of W II line have different trends compared with W I under 
different LAAs. The intensities of W I line decrease faster than those of W II with the increase of 
LAAs. For the coaxial LIBS system, the collection areas with a diameter no less than 7 mm can cover 
the plasma emission of W (high-Z element) to avoid the loss of emitted light at large LAAs in our 
experimental conditions. However, for other elements such as Mo and C, both spectral and plasma 
imaging results indicate that the spectral emission size of plasma expand relatively larger due to the 
small atomic mass. [2] Therefore, a larger collection area is advantageous for detection of low-Z 
elements under large LAAs.
This result will further improve the understanding of the spatial evolution of LIBS plasma at variable 
LAAs, to optimize and upgrade the current collection system of the in situ LIBS in nuclear fusion 
device of EAST. [3]
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Due to the differences in raw materials, production processes, and packaging formats, the qualities of 
the same kind of medicine produced by different manufacturers also vary to a certain extent. When 
identifying a certain medicine, further identifying the manufacturer is beneficial for medicine quality 
traceability. In this study, a total of eleven samples of three kinds of penicillins 
(Phenoxymethylpenicillin Potassium Tablets, amoxicillin capsules, and amoxicillin and clavulanate 
potassium tablets) were used as samples. A novel method for identification of multi-variety and multi-
manufacturer penicillins was proposed based on laser-induced breakdown spectroscopy (LIBS) for the 
first time. LIBS spectra were obtained from eleven kinds of samples, and the important weights of 
feature lines were calculated by random forest (RF). Three classifiers linear discriminant analysis 
(LDA), support vector machine (SVM), and artificial neural network (ANN) were used to distinguish 
eleven kinds of samples, and their correct classification rates were 94.85%, 88.18%, and 100%, 
respectively. ANN combined with RF provided the best classification performance. The results 
demonstrated that LIBS can be adopted to discriminate the multi-variety and multi-manufacturer 
penicillins, and it has a certain application potential in medicine testing vehicles.
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Online measurement of the structure and composition of steel used for pressure vessel in nuclear 
power plant is helpful to understand the properties of steel and prevent accidents. When detecting the 
elemental contents of carbon steel using laser-induced breakdown spectroscopy (LIBS), it is necessary 
to ensure the high stability with less sample ablation. This research focused on the influence of delay 
time, laser pulse number and surface oxides on the spectral stability. In the delay time of 2500 ns, the 
absolute spectral intensity of Mn I 403.076 nm decreased sharply and then increased slowly with the 
increase of pulse number at the same ablation point as shown in Fig 1(a). Due to the existence of 
surface oxides, the spectral intensity produced by the first laser pulse was relatively higher. With the 
increase of surface oxidation degree, the spectral intensity increased. The influence of surface oxide 
decreased rapidly with the increase of pulse number. After correction by internal standard method, the 
signal instability index (relative standard deviation, RSD) of Mn I 403.076 nm of multiple pulses 
decreased from 43.74% to 6.73% when comparing Fig 1(a) with Fig 1(b). Stable measurement results 
of the carbon steel could be obtained by controlling delay time and laser pulse number using LIBS.

Fig 1.  Measured results of different laser pulse number for carbon steel. (a)Absolute intensity of Mn I 403.076nm; (b)Normalized 
intensity of Mn I 403.076nm/Fe I 404.524nm
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In this fashion era, women use different beauty products to adorn their beauty without knowing their 
side effects. Vermilion is one of the products used by most women in India, in which toxic elements 
are used for its manufacturing. Married Indian women of all classes regularly use this product as a 
beauty product and the symbol of marriage. The vermilion is made of HgS (cinnabar), which is toxic 
for human health and leads to dangerous diseases like shaking, loss of health, and death. Laser-induced 
Breakdown Spectra (LIBS) is used to detect the toxic elements present in vermilion. LIBS spectra of 
vermilion were recorded using the experimental setup described by Darpan et al.. LIBS spectra show 
spectral lines of poisonous elements like Hg and nontoxic elements like C, N, Na, K, O, and Ti.
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Volatile matter content is one of the important characteristics of coal, which would inevitably 
influence the laser-coal interaction process. In this work, the coal samples with different volatile 
matter contents were carried out by laser induced breakdown spectroscopy (LIBS) in argon 
atmosphere. The temporal and spatial evolution of spectra was captured along with the plasma 
evolution to investigate the mechanism of the volatile matter effects. The results showed that the 
spectral emissions for the species that abundant in volatile matter were intense at the plasma front, 
which indicated that the volatile matter vaporized preferentially as laser irradiating and pushed toward 
the upper part of the plasma. The distribution characteristics of the atomic carbon emission and ionic 
calcium emission of different coals demonstrated that the amount of vaporization increased with the 
volatile content. The more abundant dissociated volatile matter in the plasma plume benefited the 
generation of molecular carbon (CN and C2) formed by several pathways, resulting in an enhancement 
on the corresponding emissions. Moreover, effects of volatile content on ablation process contributed 
to the difference in plasma structure and composition, which would be magnified during the plasma 
expansion and fluctuation process, contributing to greatly diverse plasma morphology and parameter 
distribution. Consequently, a diagram of laser-coal interaction process was proposed based on the 
comprehensive analysis of the measurements to describe the initiation and propagation of the effects of 
volatile matter on coal plasma.
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Laser-induced breakdown spectroscopy (LIBS) has been proven to be an attractive technique for in-
situ oceanic applications because of its specific advantages of multi-elemental and stand-off analysis 
capabilities. However, compared with that in gases [1], the plasma in water suffers strong pulse-to-
pulse fluctuations due to the multiple breakdown phenomenon, leading to a poor stability of 
underwater LIBS signals. In this work, a spatiotemporal-resolved plasma diagnosis system was built in 
the laboratory based on the fast imaging and shadowgraph techniques. The obtained results showed 
that by increasing the laser focusing angle, discrete and irregular plasma formed in multiple sites could 
be turned into continuous and stable plasma with single core fixed at the laser focal point [2]. Based on 
this single-core plasma, we further studied the pulse-to-pulse plasma repeatability as a function of 
delay time. The correlation coefficient of the single-shot plasma image for the delays from 5 ns to 
1900 ns were calculated and shown in Fig. 1. We found that there exists a first correlation coefficient 
drop at around 35 ns and then a second correlation coefficient drop at around 150 ns. The first drop 
corresponds to the termination of the laser pulse, while the second one may be caused by the 
dynamical evolution of the plasma inside the cavitation bubble. The temporal evolution of the 
cavitation bubbles as well as the spectroscopic results will also be shown in this presentation. This 
work may give some insights into the mechanism of signal uncertainty for underwater LIBS.

Fig 1.  Correlation coefficient of the single-shot plasma image as a function of delay time from 5 ns to 1900 ns.
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The value and distribution of seawater salinity is important factor of the fields of marine, such as 
hydrological movement, meteorological prediction, marine biology and aquaculture. Therefore, 
accurate detection of salinity is of great significance to the above-mentioned fields. The current 
salinity detection methods are mainly the conductivity method and the refractive index method. The 
accuracies of those methods will be affected by the change of the chemical composition of the sample 
in practical applications. In this paper, a new method, named LRS method, for salinity detection, 
which combined LIBS (Laser Induced Breakdown Spectroscopy) with Raman spectroscopy detection 
technology, is introduced. In this method, LIBS technology is used to determinate the concentration of 
main cations dissolved in water and the Raman technology is utilized to determinate the concentration 
of the non-chloride anions in the water. By a newly established inversion algorithm, the molar 
concentrations of all the main cations an anions could be caculated. Using the obtained molar 
concentrations, salinity of water could be calculated according to the essential definition of salinity. To 
study the capabilities of LRS, experiments were carried out in laboratory enviroment. In those 
experiments, samples with different ion components and samples with different salinities were 
prepared and alalyzed with LRS mehotd. It showed that the accuracy of salinity determination by LRS 
method is obviously better than that by only LIBS technology. The salinities determined were 
comparated with the results obtained by high-precision CTD and traditional refractive index devices. 
The accuracy of LRS method was equivalent or even better. It could be found that the LRS method 
was less effected by the change of concentration of ion components or total salinity. Therefore, LRS 
method, as an new salinity analysis method, could be regarded as a potential option with acceptable 
accuracy and wide suitability.
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Laser-induced breakdown spectroscopy (LIBS), as a promising analytical technique for coal analysis, 
is greatly affected by the matrix effect. Existing studies have a fundamental understanding of the 
matrix effect in coal pellet, but the matrix effect in coal particle flow has never been studied 
previously. This paper aims to characterize the matrix effect in the coal particle flow and compared it 
with the coal pellet. Using seven coal samples with similar carbon content but different matrices, we 
investigate the spectral analytical response of C I 247.86nm to carbon content. Additionally, the 
ablation crater profiling method and the fast-imaging approach have been applied to characterize the 
ablation mass and the laser thermal effect, followed by the in-depth analysis of the matrix effect in 
coal particle flow. Based on these improvements, LIBS analysis of particle flow gets the milder matrix 
effect compared with pellet, reducing the inconsistency of spectral analytical response from 21.64% to 
12.87%, as shown in Fig 1.

Fig 1.  (a) and (b) Signal intensity of C I 247.86nm for seven samples. (c) and (d) Univariate regression between signal intensity and 
carbon content. The signal intensity is the peak intensity in C I 247.86nm with the background signal subtracted. The outliers (blue 

diamond), with coal sample information marked out, are not included in the univariate regression. The error bar is given by the 
standard deviation (20 spectra) of signal intensity.
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In recent years, the application of laser-induced breakdown spectroscopy (LIBS) in ocean in-situ 
detection has gained increasing interest. However, the knowledge about the early dynamics of the 
laser-induced plasma and cavitation bubble generated in bulk water, especially about the numerical 
calculation of the cavitation bubble at the early stage is rare [1]. In this work, we investigated the 
temporal evolution of plasma and cavitation bubble at the early time before 4 μs, by using the fast 
imaging and shadowgraph techniques [2,3]. Different laser energy and laser focal angle were used in 
the experiment. Fig. 1 shows the radius of the cavitation bubble as a function of delay time under 
different laser energy. It was found that the bubble evolution curve can be well fitted by the expression 
R=at0.4 and a was the parameter connected with laser energy. The formula of bubble radius was then 
applied to the Rayleigh-Plesset model to obtain the pressure inside bubble at different laser energy, as 
shown in Fig. 2. By comparing between the images of the cavitation bubble and the plasma, it was 
shown that the evolution of cavitation bubble at early stage depends strongly on the characteristics of 
the plasma inside bubble. This work may provide a good approach to predict the characteristics of 
plasma evolution based on the bubble dynamics model, and also provide some insights into the laser-
induced breakdown in water for a better understanding of underwater LIBS. 

Fig 1.  Cavitation bubble radius as a function of delay time 
under different laser energy.

Fig 2.  Cavitation bubble pressure as a function of delay time 
derived by the Rayleigh-Plesset model.
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The plasma temperature is essential for the analysis of emission spectra. The study on the spectral line 
calibration of zinc was presented in this paper. The spectrum was detected under different laser 
energy, and all characteristic spectral lines of Zn in the region of 200-895 nm were identified. Then the 
influence of laser energy on plasma temperature and spectral characteristic was analyzed. In addition, 
the plasma temperature and the intensity ratio of ionic lines and atomic lines of zinc (Iion/Iatom) were 
obtained, and a mathematical model was established by curve fitting to propose the novel plasma 
temperature measuring method. Finally, 8 supplementary experiments, acting as test set, were carried 
out to verify the new method of calculating plasma temperature. The results demonstrated that the 
proposed method was feasible in calculating plasma temperature.

Fig 1.  The variations of plasma temperature and spectral lines 
with different laser energy

Fig 2.  Fitting result
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The influence of distance from focusing-lens to target-surface (DFTT) on the spectral characteristics of 
femtosecond and nanosecond laser-ablated Cu plasmas for different target temperatures was compared 
in air. The results showed that the spectral intensities were dependent on the DFTT and the target 
temperature. The spectral intensities increased with an increase in the target temperature. In the 
process of changing the DFTT, the spectral intensities first increased and then decreased; that is, there 
was a spectral emission maximum. In addition, as the target temperature increased, the spectral 
emission maximum moved away from the focusing-lens in the case of femtosecond laser, while the 
spectral emission maximum moved close to the focusing-lens in the case of nanosecond laser with 
increasing the target temperature. The phenomena were mainly based on the different pulse widths 
between femtosecond and nanosecond with laser ablation mechanisms. 

Fig 1.  Evolution of emission peak intensities of Cu (I) 521 nm as 
functions of DFTT in femtosecond LIBS, laser energies are 0.3 

mJ (a), respectively. And the evolution of emission peak 
intensities of Cu (I) 521.82 nm as functions of DFTT in 

nanosecond LIBS, laser energy is 30 mJ (b).

Fig 2.  Evolution of electron temperatures of femtosecond 
laser-induced Cu plasmas as functions of DFTT, laser energies 
are 0.3 mJ (a). And the evolution of electron temperatures of 
nanosecond laser-induced Cu plasmas as functions of DFTT, 

laser energy is 30 mJ (b).
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In this work, addition of chloride ions to silver colloid was proposed as an effective approach to 
enhance laser-induced breakdown spectroscopy (LIBS) signal. We studied the emission intensity of 
LIBS as a function of the concentration of chloride ions with an example of Mg I lines at the 
wavelength of 390.55 nm. The experimental results showed that the limit of detection (LOD) with this 
method were significantly improved, 30.6 ppb for magnesium, compared with the LOD in the order of 
ppm in traditional LIBS method. This technique provides an effective method to improve sensitivity of 
LIBS. 

Fig 1.   (a) Comparison of NELIBS 
spectra of Mg I lines with Si substrates 
deposited with the mixed solution of 

MgSO4 (spectrum 1, dot line), 
MgSO4+SDS+Ag NPs (spectrum 2, 
dashed line) and MgSO4+SDS+Ag 

NPs+KCl (spectrum 3, solid line); (b) 
The NELIBS intensity of Mg I lines at 

the wavelength of 383.23 nm and 
383.83 nm on different sample prepared 

with different chloride ion 
concentration; (c) Calibration curve of 

Mg in the case of MgSO4 with and 
without chloride ions.

Fig 2.  The SEM images of silver colloid morphology on Si substrate prepared with 
different chloride ion concentrations: (a) 0 mM; (b) 0.1 mM; (c) 0.2 mM; (d) 0.5 mM; 

(e) 1.0 mM; (f) 2.0 mM; (g) 4.0 mM; (h) 20.0 mM.
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Turmeric is a flowering plant that has a scientific name is Curcuma longa belongs to the ginger family. 
This has been used in different types of cooking as well as in Ayurvedic medicine for the treatment of 
several diseases. In the recent Covid-19 pandemic, it is highly used to boost the immunity for human 
health. Therefore, it is of utmost requirement to determine every constituent present in Turmeric 
powder. In the present work LIBS technique has been used to check the chemical constituents by 
recording its emission spectra. In this technique, identification of the elemental composition of any 
sample present in any phase (solid, liquid, or gas) is done without any need for sample preparation or 
minimal sample preparation. The recorded LIB spectra of samples have been analyzed using the NIST 
database. The spectral lines show the presence of different elements such as carbon, sodium, calcium, 
magnesium, iron, etc along with electronic bands of CN molecules. Thus this technique may be used 
as an instant monitoring tool for multi-elemental analysis of any type of sample. In the present work, 
the system assembled for spectral analysis could be highly applicable for testing the quality and purity 
of food and also in herbal products.

96



P I-31

Depth profiling and quantitative measurement of impurity 
deposition in EAST by using laser-induced breakdown 

spectroscopy
Muhammad Imran, Zhenhua Hu

Institute of Plasma Physics, Chinese Academy of Sciences, Hefei 230031, China

E-mail: mimrang@ipp.ac.cn

The impurity content, recycling and extraction are the key issues in fusion devices. The detailed 
analysis of impurity is a key to improve understanding about all impurity-related issues and their 
solutions. It is very essential to maintain a safe limit of impurity particles in the plasma and surface 
monitoring of plasma-facing components (PFCs) for the fault free operation of a facility. In this study, 
the deposition of sputtered materials on lower hybrid wave (LHW) gas puffing pipe of EAST was 
characterized. The depth profiling and quantification of impurity contents were measured by using the 
laser-induced break down spectroscopy (LIBS). The conventional techniques can be used for 
characterization, but LIBS as a remote, optical and in situ analysis technique is considered more 
suitable for the future fusion devices like ITER. The laser parameters were optimized before the 
ablation of deposition layer as there are various elements in the impurity deposition. Each element has 
specific optimal conditions like threshold laser fluence for plasma ignition and time delay to obtain a 
good signal to noise ratio (S/N). The calibration free LIBS strategy was used to measure the 
concentration of impurity as there was no known standard for the impurity deposition. The depth 
profiling and quantification of impurity elements were performed for different spot positions on the 
pipe surface. The laser-induced plasma of impurity deposition gave information about the chemical 
composition with concentration and distribution of elements in the deposition layer. The impurity 
elements appeared in the spectrum of deposition are copper (Cu), tungsten (W), molybdenum (Mo) 
and lithium (Li). The laser pulse removed entire deposition within the first five to seven laser shots 
from the ablation spot. The thickness of deposition estimated from the ablation rate is 2-3 µm. The 
deposition of impurity is observed uneven on the different spot positions which depends on the 
location of pipe in the EAST. The spectral intensities of impurity elements decrease exponentially for 
the consecutive laser shots due to Gaussian profile of laser beam. The ablation behaviour of laser for 
deposition and substrate surface were observed different that depends on the structural properties. At 
optimized laser parameters, the calibration free strategy of LIBS improved the quantitative analysis of 
unknown chemical species in the deposition layer. The study provides the estimation of impurity 
contents in the fusion plasma because the deposited materials come from the plasma dust. The 
elemental analysis, depth profiling and quantification of impurity deposition gave the information 
about chemical species in deposition, the thickness of deposition, distribution pattern of impurity 
elements and the concentration of impurity contents. The results obtained through these analyses are 
helpful to conclude some key points, e.g., the present condition of irradiated plasma-facing materials 
(PFMs), the source of impurity in the plasma dust, the erosion/deposition rate of PFCs and the surface 
morphology of first wall in the fusion devices.
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Methods for analyzing the chemical composition during the steelmaking and steelmaking processes 
include ICP-MS and Spark-OES, which sample a part of molten metal or high-temperature material 
and perform pretreatment such as polishing to attach it to the analyzer. However, these methods 
require tens of minutes to several hours to analyze, and the above-mentioned online control has not 
been realized, and the molten metal composition and steel material composition are non-contact and 
high. Measuring devices and measurement technologies that enable real-time measurement with 
sensitivity have not yet been put into practical use. Therefore, a method for spectroscopically 
measuring the molten metal composition and steel material composition using a laser device that 
enables non-contact and high-sensitivity real-time measurement has been adopted. Attention [1] [2]. In 
this study, a method called Long and Short-Double Pulse-Laser Induced Breakdown Spectroscopy 
(LS-DP-LIBS) was used. A short-pulsed laser is fired in the middle of a long pulse to generate plasma 
from a cleaned and preheated surface. At the same time, the long-pulsed laser continuously irradiates 
the plasma region, providing energy to the plasma during the plasma cooling process. Therefore, the 
plasma is stable for a period of time and the temperature can be maintained at a higher level. Fig.1 
shows a spectrum diagram in which an iron sample having a carbon concentration of 220[ppm] was 
actually measured. In addition, the trace carbon spectrum can be confirmed from the enlarged figure of 
the wavelength range of Fig. 1 shown in Fig. 2. In the constant measurement of carbon elements in 
molten steel, the mixing of carbon elements from the outside is the most important issue to be aware 
of. In this study, we examined the effects of the composition and density of the crucible and the state 
of the sample before melting on the measurement.

Fig 1.  Spectral diagram of a molten iron sample with a carbon 
concentration of 220[ppm]

Fig 2.  Enlarged spectral view of Fig.1
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In the atmosphere, fluorine element in rocks is hard to detect using fluorine atomic emission spectrum 
in laser-induced breakdown spectroscopy. In this study, a novel radical synthesis method based on 
laser ablation was proposed, by which strontium-fluorine (SrF) radical spectrum was collected to 
quantify fluorine element in rocks instead of fluorine atom spectrum. A pure strontium carbonate was 
placed orthogonally to the sample, and ablated by an additional laser to provide sufficient strontium 
atoms for promoting SrF radical formation. The fluorine content in rocks was sensitively and 
accurately determined by SrF radical emission signal. The coefficient of determination, average 
relative standard deviation, root mean square error, limit of detection, and limit of qualification were 
0.996, 4.68 %, 0.0068 wt.%, 6.36 µg g-1, and 21.2 µg g-1, respectively. This work proved that this 
novel method provides a new way to promote radical synthesis and has considerable potential for 
detecting fluorine in rocks in geological exploration.

Fig 1.  Graphical Abstract
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Glass coated with various optical film materials is widely used in people's life and scientific research 
because the coverage of optical film materials can change the optical properties of glass. In this study, 
a series of aluminum doped copper oxide films with different sputtering pressure and power 
parameters were deposited on soda lime glass substrates by RF-magnetron sputtering to explore the 
effect of element content ratio on the optical properties of the films. Using nanosecond-LIBS, the 
quantitative analysis of Al/Cu element content ratio was realized by drawing the comprehensive 
calibration curves of Al/Cu atomic concentration ratio and LIBS spectral line emission intensity ratio 
under different sputtering pressure and power. According to the LIBS spectral line emission intensity 
ratio of Al/Cu, the 2D chemical mappings were drawn, which provided a more complete and detailed 
spatial distribution of aluminum content. Meanwhile, we used picosecond-LIBS to ablate the film 
samples at a single point for many times. Through the difference of characteristic elements in the film 
and glass, the film thickness was estimated, and the single ablation accuracy was 48 ± 8 nm. Finally, 
the optical transmittance of the films under different sputtering parameters was measured by UV-vis-
NIR spectrophotometer to evaluate the optical properties of the films and the relationship with Al/Cu 
atomic concentration ratio. The results show that the multi-dimensional characterization (quantitative 
analysis, 2D chemical mapping, film thickness estimation and optical transmittance analysis) of 
aluminum doped copper oxide films prepared by RF-magnetron sputtering can be effectively realized 
by LIBS.

Keywords: LIBS, multi-dimensional analysis, aluminum doped copper oxide film, glass
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Ga-doped ZnO transparent conductive thin films (ZnGa2O4, GZO) were prepared by Radio Frequency 
magnetron sputtering at different sputtering powers. During the deposition process of the GZO thin 
film, the sputtering power will affect the composition ratio of the sample, resulting in a difference in 
the performance of the GZO thin film. In this paper, the GZO thin films were analyzed by picosecond 
laser induced breakdown spectroscopy (PSLIBS), and the critical element concentration ratios of GZO 
films were quantitatively analyzed. The results showed that there is a certain relationship between the 
optical properties of the GZO film and the intensity ratio of the element spectral lines. With the 
increase of the sputtering power, the Zn/Ga spectral line intensity ratio and the concentration ratio 
show a consistent change. The content of Ga element which was consistent with the change of the 
forbidden band width of the sample. The plasma temperature and electron density were calculated by 
Boltzmann slope method and Stark width method respectively. PSLIBS technology could achieve 
rapid analysis of the key composition ratio of GZO films, and provide a technical reference for the 
rapid performance analysis and real-time optimization of preparation parameters for the process of 
preparing GZO films by Radio Frequency magnetron sputtering.
Key words: Radio Frequency magnetron sputtering, picosecond laser induced breakdown 
spectroscopy, plasma temperature, electron density, quantitative analysis
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Laser-induced breakdown spectroscopy (LIBS) has the advantages of high response speed, in situ and 
real-time detection. Therefore, it has great application prospect in nuclear emergency detection. A 
laser is used to excite uranium oxide powder to produce uranium oxide aerosol in order to simulate the 
emission process of aerosol during the accident. The emission components of uranium are detected by 
LIBS, and the spectrum of uranium oxide aerosol is obtained. Through spectral analysis, the 
characteristic spectral lines of uranium plasma spectrum (Fig. 1) are observed. Based on those spectral 
lines, the variation relationship between the counts of characteristic spectral lines of uranium and the 
sedimentation process is acquired (Fig. 2). The preliminary results show that LIBS is feasible in 
detecting uranium in aerosols and has great application potential in nuclear emergency detection, 
especially aerosol detection. In the next step, real-time quantitative analysis of aerosol by LIBS in 
nuclear emergency detection will be carried out.

Fig 1.  The spectrum of uranium oxide aerosol (characteristic 
spectral lines of uranium marked with arrow)

Fig 2.  The relationship of signal intensity of uranium spectral 
line and non-uranium spectral line with time
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On-stream analysis of the element content in ore slurry plays an important role in the control of the 
mineral flotation process. Therefore, our laboratory developed a LIBS-based slurry analyzer named 
LIBSlurry, which can monitor the iron content in slurries in real time. However, achieving high-
precision quantitative analysis results of the slurries is challenging. In this paper, a weak-supervised 
feature selection method named spectral distance variable selection (SDVS) was proposed for the raw 
spectral data. This method utilizes the prior information that multiple spectra of the same slurry sample 
have the same reference concentration to assess the important weight of spectral features, features 
selected by this prior can avoid over-fitting compared with traditional wrapper method. The spectral 
data were collected on-stream of iron ore concentrate slurry samples during the mineral flotation 
process. The results show that the prediction accuracy is greatly improved compared with the full-
spectrum input and other feature selection methods, the root mean square error of the prediction of 
iron content can be decreased to 0.75%, which helps to realize the successful application of the 
analyzer. 

Fig 1.  LIBS system and circulation system of the slurry 
analyzer.

Fig 2.  Graphical abstract
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Rice is the major food crop for almost half of the world population and is also a major dietary source 
of cadmium (Cd) for these populations. Therefore, fast detection of heavy metals (HMs) is very 
important for ensuring the quality and safety of agricultural products. Laser-induced Breakdown 
Spectroscopy (LIBS) is expected to overcome the time-consuming shortcomings of traditional 
methods and realize rapid and in-situ detection of HMs in rice. The stress effects of Cd on the intensity 
of Mg, K, Na, Si and Mn in rice were studied by LIBS technique. Rice samples from contaminated 
areas were collected, and the reference values of Cd content in rice were determined by Atomic 
Absorption Spectroscopy (AAS). The results showed that the Cd content of rice in 5 collection sites 
exceeded the national standard, and the maximum superscalar value was 4.05 times of the national 
standard limit. After crushing and pressed the rice samples, the LIBS spectra were collected, combined 
with Partial Least Square method (PLS), internal calibration method and correlation analysis. The 
results show that the PLS model was established by smoothing and Multiplicative Scatter Correction 
(MSC). The prediction model of cadmium concentration shows correlation coefficients (R2) of model 
training set and prediction set were 0.9036 and 0.9771, and the root mean square errors were 4.87% 
and 2.70%, which had high prediction accuracy and precision. The spectral intensity ratios of Mg, K, 
Na, Si, Mn to Ca decreased with the increase of Cd stress, and there was a very significant negative 
correlation between Cu, Mn and Cd. It is demonstrated that the LIBS is suitable for Cd stress in rice 
and analysis of rice mineral elements. It can provide new technologies and methods for the study of 
rice HMs and mineral elements interactions.

Keywords: Rice; LIBS; Heavy Metals; Stress Effect
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Gannan navel orange, which is listed as one of the eleven dominant agricultural products in China by 
the Ministry of Agriculture, is one of the important pillar industries and characteristic 
industries of Jiangxi agriculture. However, Huanglongbing (HLB) is a common and devastating 
disease that occurs in the whole process from seedling to production, which spreads fast and brings 
huge economic loss to the local citrus planting industry. It even destroys the whole citrus industry in 
some areas.Thus, it is significant to look for a quick accurate detection technology for preventing and 
controlling of HLB navel orange. In this work, the laser induced breakdown spectroscopy (LIBS) is 
used for the rapid and green identification of Gannan navel orange juice. The contents of sugar and Ca, 
K and Zn element in healthy and HLB navel oranges are experimentally measured. In addition, the 
differences in sugar and element contents are analyzed. The LIBS data of orange juice is first 
collected, the spectra are preprocessed by the nine-point smoothing (9SM) combined with multiple 
scattering correction (MSC). Finally, the principal component analysis (PCA) combined with the 
multi-layer perceptron (MLP) neural network and radial basis function (RBF) neural network is used 
for rapid identification of healthy and HLB navel orange juice. The results show that the PCA-MLP 
model is superior than the PCA-RBF model in the identification accuracy of healthy and HLB navel 
oranges. The identification accuracies of healthy and HLB navel oranges on the training dataset are 
93.8% and 93.4%, respectively. The identification accuracies of healthy and HLB navel oranges on the 
prediction dataset are 93.9% and 94.8%, respectively. The experiment results show that LIBS 
technology combined with appropriate pretreatment method and classification model could realize the 
rapid and green identification of HLB navel orange based on the mineral elements of pulp.

Key words: laser induced breakdown spectroscopy; Huanglongbing; orange juice; mineral elements
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Laser induced breakdown spectroscopy (LIBS) is gradually applied to the analysis and protection of 
ancient painted pigments in Dunhuang murals. However, the paint layer of mural will be slightly 
damaged after laser ablation. This abstract describes that in order to reduce the micro damage caused 
by LIBS, the ambient gases was added in the experimental process, and the role of ambient gas in the 
in-situ analysis of Dunhuang murals by LIBS technology was studied.
Our experimental results show that He as buffer gas can not only effectively improve the stability of 
spectrum and the accuracy of identification of mural red pigment and mural residue unknown pigment, 
but also reduce the micro damage of laser to the surface of mural pigment layer. Therefore, it is 
feasible in the process of in-situ analysis of Dunhuang murals by LIBS technology with He as buff 
gas.

Fig 1.  Photo  of red sample laser ablation under different ambient gases
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As a plant with important medicinal value, Astragalus membranous efficacy in preventing and treating 
diseases, the composition and content of elements have great influence on the efficacy of medicinal 
materials [1]. The laser-induced breakdown spectroscopy was used to analyze the traditional Chinese 
medicine Astragalus [2]. Through optimization of experimental parameters such as delay time, focus 
position, and laser energy, the optimal experimental parameters suitable for the traditional Chinese 
medicine Astragalus were determined. Because there are many elements in Astragalus, when electron 
transitions in atoms of different elements, the wavelength of emission spectrum is close or overlapped. 
Through the method of multi-peak fitting, it can be seen that overlapping peaks are the result of the 
superimpose of several spectral lines. Most of the ingredient in Astragalus exist in the form of clusters 
and molecules. Therefore, molecular spectra often appear in the spectrum, Due to the wider band of 
the molecular spectrum, characteristic lines of different elements are often superimposed. Through the 
analysis of single peak, double peak, overlapping peak and molecular peak in complex spectral 
structure, the common spectral line type and outline for element analysis of Chinese herbal medicines 
were determined. Finally, the common spectral lines for qualitative or quantitative analysis of 
Astragalus membranous were given. It provides important basis for element analysis of Chinese 
medicinal materials and accurate technical support for quality detection of Chinese medicinal 
materials.

Fig 1.  Overlapping peak structure in the spectral structure of 
Astragalus

Fig 2.  Molecular bands structure in the spectral structure of 
Astragalus
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Due to environmental and human activity, various diseases appeared on the Mogao grottoes murals [1]. 
Meanwhile, these mineral pigments usually present various tones of color according to their different 
particle sizes [2]. Therefore, simple analysis methods cannot accurately identify the mineral pigments 
used on the mural paint layer. In this work, to identify mineral pigments in-situ on Dunhuang murals, 
spectral matching algorithms (SMA) are combined with laser-induced breakdown spectroscopy (LIBS) 
for the first time. The optimal range of the LIBS spectrum was determined according to the similarity 
values between two types of the same sample. A mineral pigment LIBS database was established by 
comparing the spectral similarity of tablet and simulated samples. these references spectra were 
successfully used to identify unknown pigments on tablet, simulated, and real mural debris samples. 
R1, R2 and R3 are different areas on the real mural debris, as shown in Figure 1(a). Figure 1(b) shows 
that the classified results are consistent with the XRD results, which were malachitea, azurite and 
realgar. The above results show that the SMA method coupled with LIBS technique has great potential 
for identifying mineral pigments.

Fig 1.  (a) Real mural debris from the Mogao Grottoes. (b) Spectral similarity calculated of the mural debris and standard database.
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Currently, the most promising economic opportunity for mitigating poverty and unemployment in 
developing countries is vegetable production, which are affordable source of minerals and vitamins, 
requisite for good health. However, the major concern is of food quality and the technique, which 
enhanced the safety of human health by exploration and detection of trace element’s presence in dark 
green leafy vegetables, which may pore risk to consumer’s health. For the reason to know the heavy 
metals accumulation in food chain locally available in the market is always a need. Taking into 
consideration the aforementioned facts the current investigation has been planned to explore the use of 
LIBS with Q- switched Nd:YAG laser at fundamental mode and second harmonic to focus on fresh 
and contaminated samples of spinach for the production of plasma spark in samples. Furthermore, the 
effect of different delay time (1μs,3μs,5μs) on temperature, intensity and electron number density at 
both harmonics was also investigated. The LIBS spectral signatures were compared with the national 
institute of standards and technology known as (NIST) database. It was found that, temperature, 
intensity and electron number density were maximum at 3μs and then shows decreasing trend for both 
harmonics. Finally, the investigations of trace elements specified that the contaminated sample of 
spinach had concentration of heavy metals such as Cd, Hg, Cr, Si, Zn and Pb above the safety level, 
while the concentration of these metals was lower or absent in fresh sample. The results also reveal 
that waste water and contaminated soil is the main source of accumulation of heavy metals in spinach 
grown in that areas which is an indication to intensification of some of these heavy metals in the 
spinach. Hence, LIBS proved to be a promising technique for elemental analysis of food products with 
precision in shorter period of time. 
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The supply and demand of potash in China is tight, and it has long been dependent on imports. 
Therefore, the rapid and accurate analysis of potassium in potassic salt ore is of great significance to 
whether the mine has mining value. In this paper, a method based on laser induced breakdown 
spectroscopy (LIBS) technology combined with partial least squares (PLS) was established for rapid 
analysis of the content of K in potassic salt ore. The LIBS spectrometer was used to collect the spectra 
of 30 potassium salt samples. First, the initial PLS model was constructed based on the original LIBS 
spectra of the potassium salt mine, and three spectral preprocessing methods (first derivative, wavelet 
transform, normalization) was explored to improve the performance of the model. The preprocessing 
method based on wavelet transform is focused on exploration. In order to reduce the interference of 
the spectral data of other elements on the prediction performance of the PLS model. The characteristic 
bands based on potassium (404.41 nm, 766.48 nm and 769.89 nm) were used to construct the PLS 
model. Optimizing the PLS model using the five-fold cross-validation method,the LIBS 
spectra preprocessing method and the characteristic band. Based on the optimized input variables and 
model parameters, the LIBS partial least squares model of potash mine is established. Compared with 
the partial least squares model based on the original spectrum, the coefficient of determination of 
prediction set (R2p) of this model is improved from 0.7856 of the original spectrum to 0.9575, the root 
mean square errors of prediction set (RMSEp) is reduced from 0.2176 to 0.1546, and the mean 
relative error (MRE) is reduced from 0.2530 to 0.1632. The results show that the combination of LIBS 
technology and PLS is a method that can be used to quickly and accurately analyze the composition of 
potash minerals, which can provide a new idea and new method for the quantitative analysis of 
potassium in the process of potassic salt ore.
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Dunhuang grottoes are exquisite art treasures in the world [1]. Due to the existence of various diseases, 
a series of scientific methods are urgently needed to provide key data support for in-situ detection of 
murals, protection and restoration guidance, and value utilization research [2].
In this work, the laser-induced breakdown spectroscopy (LIBS) was employed to achieve in-situ 
analysis of painted layer on murals which is located in cave 98 under the south wall at Mogao Grottoes 
for the first time. The portable LIBS equipment, the real murals and some experimental data obtained 
in the cave are shown in Figure 1. According to ablation of the laser pulse on the surface of the mural, 
the ablation area is within the acceptable range from the perspective of cultural relic protection and 
mural viewing. A classifiable model for mineral pigments was applied to classify mineral pigments on 
real mural by spectral matching algorithms and PCA method. The results were consistent with the in-
situ FORS and XRD detection methods. The pigment size on the real mural was evaluated accurately 
by the established classifiable model for pigment sizes. According to relationships of laser pulses 
number and ablation depth in each pigment size, the quantitative analysis of the thickness in the green 
and red area at the real mural was realized. Compared with the microscopy images of cross-sections, 
the thickness difference was about 5 μm. The above results show that the LIBS technique has great 
potential for in-situ analysis of murals.

Fig 1.  In-situ portable LIBS equipment and stable spectra of pigment layers with different pigment sizes in the cave 98.
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Fiber-optic laser-induced breakdown spectroscopy (FO-LIBS), which delivers the laser energy through 
an optical fiber cable, is more suitable for remote analysis and applying in complex environment than 
traditional laser-induced breakdown spectroscopy (LIBS). However, since the laser fluence is limited 
by optical fiber loss and attenuation, FO-LIBS suffers more from spectral interference, matrix effect, 
and self-absorption effect. In this work, three multivariate quantitative analytical methods, including 
two linear models partial least squares (PLS) and sparse partial least squares (SPLS), one nonlinear 
model support vector machine (SVM), were utilized to carry out the quantitative analysis of four trace 
metal elements (Manganese (Mn), Chromium (Cr), Nickel (Ni), and Titanium (Ti)) in pig iron. And 
the quantitative analytical ability of linear model and nonlinear model was studied and compared. The 
results show that nonlinear SVM model has the best performance. Using the SVM model, the 
coefficients of determination (R2) of Mn, Cr, Ni, and Ti were 0.9705, 0.9849, 0.9882, and 0.9837, 
respectively, and the root mean squared errors of prediction (RMSEP) of Mn, Cr, Ni, and Ti were 
0.0982 wt%, 0.0185 wt%, 0.0179 wt%, and 0.0178 wt%, respectively. This work demonstrates that 
nonlinear quantitative analytical methods can effectively overcome those nonlinear effects and 
improve the quantitative analytical accuracy of FO-LIBS.
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Gadolinium-doped ceria (GDC) is a ceramic material that is extensively used as electrodes and 
electrolytes for solid oxide fuel cells (SOFCs) due to its excellent oxygen transport properties and 
catalytic activity. Doping trivalent rare earth cations in ceria increases the oxygen diffusion coefficient. 
Thus, it is important to determine the stoichiometry of GDCs. In present work, we have investigated 
the feasibility of a simple low-cost laser-induced breakdown spectroscopy (LIBS) setup assembled 
with a low-power diode-pumped solid-state laser and a low-resolution hand-held spectrometer for the 
stoichiometric analysis of GDCs. The laser ablation used in LIBS greatly simplifies the sample 
preparation process by removing acid digestion, high temperature treatment, and further dilution which 
are necessary for conventional elemental analyses. However, Gd and Ce pour out abundant emission 
lines in the observed wavelength region of 397 – 450 nm and therefore those could not be resolved. 
Nevertheless, the characteristic spectral features of Gd and Ce were successfully extracted from the 
unresolved spectra and well correlated with the mole fractions of Gd in GDCs via partial least squares-
regression (PLS-R). Moreover, the first derivatives of LIBS spectra were found to provide the better 
PLS-R model than that based on the LIBS spectra. The RMSECV calculated from the first derivative 
spectra (0.27 mol % of Gd) was lower than that from the LIBS spectra (0.63 mol % of Gd). Our results 
indicate that the low-performance LIBS setup and PLS-R modeling can be a cost-effective practical 
technique for the stoichiometric analysis of GDCs.
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Laser-induced breakdown spectroscopy (LIBS) is an effective technique to analyse the elemental 
composition and content of samples. It has intense activity in many fields because of its advantage 
such as fast measured, low disruptive, no sample preparation or pre-treatment and remote measured. A 
crater is left as the sample is ablated by a laser pulse to produce plasma, which enables LIBS to 
analyze the elemental composition and content of samples at different depths. Correct classification of 
vertical laser pulse serial number is base which to analyses depth and element by one LIBS spectrum 
simultaneously. In this paper, laser-induced breakdown spectroscopy combined with principal 
component analysis and support vector classification is used to classify the serial number of vertical 
laser pulses in aluminum alloys. 100 points are selected on the sample, and 20 spectra of different 
depths were measured at the position of each point using LIBS. The laser pulse serial number have 
been classified as 4 classes, 5 classes, 10 classes and 20 classes in order, respectively and the accuracy 
rate is 64.33% (386/600), 41.00% (246/600), 23.83% (143/600) and 15.00% (90/600), respectively. 
The results of principal components analysis and support vector classification (PCA-SVC) show that 
the greater the difference of laser pulse serial number lead to classification easier. It can be inferred 
from the confusion matrix that the recall rate decreases with laser pulse serial number increases and it 
means that more difficult to predict correctly as ablation depth increases. In the future, the 
classification accuracy rate still needs to continue to improve by changing the experimental conditions 
and algorithm model parameters.

Fig 1.  The confusion matrix of the PCA-SVC in 4 class of depths 
for aluminum alloy

Fig 2.  The confusion matrix of the PCA-SVC in 10 class of 
depths for aluminum alloy
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In the steelmaking process, steel sheets suitable for various shapes and uses are manufactured from 
iron ore, coal, coke, etc. as raw materials. In the process, it is very important to measure the molten 
steel composition and steel material in a short time and control each component composition within 
the target range in order to mass-produce excellent steel materials. The elements required to be 
measured are C, Si, Mn, P, S, Cu, Ni, Cr, Al, Mo, Ti, Nb, B, etc. However, short-time measurement 
technology for steel materials and high-temperature materials, and technology for measuring the 
elemental composition of molten metals in real time have not yet been put into practical use.
Therefore, in recent years, Laser Induced Breakdown Spectroscopy has been attracting attention 
because it enables non-contact and high-sensitivity real-time measurement.[1][2]
The purpose of this study is to measure and quantitatively measure the spectra of various elements 
including Si element in molten metal using LS-DP-LIBS (long and short double pulse LIBS) 
technology that enables high sensitivity measurement. Therefore, the measurement characteristics of 
each element were evaluated. Figure 1 and 2 show the LIBS spectral results for Si elements in solid 
metals and molten metals. The Si content of solid metals is 0.391%, and the Si content of molten 
metals is 0.380%. In both cases, the Si spectrum was confirmed at a wavelength of 390.7 nm. 
Therefore, quantitative evaluation was performed in solid and molten using five steel materials with 
different Si contents. The results will be presented at the poster session.

Fig 1.  LIBS spectral results for Si elements in solid metals Fig 2.  LIBS spectral results for Si elements in molten metals
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There are many types of hams and their origins are different. This article uses laser-induced 
breakdown spectroscopy (LIBS) combined with machine learning algorithms to carry out research on 
the identification of ham origins. The LIBS spectrum data of 16 ham slice samples (4 Rugao ham 
samples, 5 Jinhua ham samples, 7 Xuanwei ham samples) were collected in the experiment, using k-
Nearest Neighbor (KNN), Support Vector Machine (SVM) and Deep Neural Network (DNN) 
classifies the origin of ham samples, and studies the dimensionality reduction processing of the 
spectrum data of the ham samples using Principal Component Analysis (PCA), and then combines the 
KNN and SVM algorithms to classify the samples and the speed of modeling And the impact of 
forecast accuracy. The research results show that: KNN and SVM combined with PCA, the modeling 
and analysis time is greatly reduced; the average accuracy of the four classification methods of KNN, 
PCA+KNN, SVM, and PCA+SVM are 70.53%, 73.50%, 79.53%, and 80.42%, when using KNN and 
SVM combined with PCA, the classification accuracy is improved slightly; Using DNN to classify the 
ham samples, the classification accuracy rate can reach 85.56%, compared with KNN and 
SVM, DNN has a higher classification accuracy rate for ham LIBS spectrum data. The above show 
that LIBS combined with machine learning algorithm is feasible to distinguish ham samples from 
different origins. 
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With the widespread use of metals in production and life, the pollution they bring has also caused 
serious harm to the health of organisms. Pollutants can be absorbed by plants and spread through the 
food chain, endangering biological health. However, few existing mature element analysis methods 
can perform rapid analysis. Therefore, based on the convenient and rapid advantages of laser-induced 
breakdown spectroscopy (LIBS), we propose a new method for in situ analysis of plants. The 
advantage of this method is that it does not need complicated processing to directly imaging, which is 
more convenient than traditional frozen sections or paraffin sections. In this work, we used common 
heavy metals such as copper and nickel to stress the pea sprouts. The results show that the life 
activities of plants under heavy metal environments are severely inhibited and endangered. The heavy 
metal ions are stored in roots. This method provides a favorable means for plant in vivo elemental 
imaging with the LIBS technology. A miniaturize instrument is preparing to be used for on-site 
analysis in the near future.

Fig 1.  The plant sample under the stress of copper ion (10000 ppm); a is before laser treatment, b is after laser treatment, and c is 
element imaging result.
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Nitrogen (N) content is a significant indicator for use in evaluating eutrophication. However, N is hard 
to directly determine by atomic laser-induced breakdown spectroscopy (LIBS). Therefore, molecular 
LIBS was proposed to determine N in water. The carbon-nitrogen (CN) radical of band 379.3 nm-
388.6 nm was used instead of using the atomic line 746.83 nm. The results showed that the detection 
sensitivity could be improved about three orders of magnitude using molecular LIBS compared to 
atomic LIBS. The optimal limits of detection (LoDs) of 0.6 μg/mL in argon (Ar) gas and 1.5 μg/mL in 
helium (He) gas were obtained, respectively. The optimal limits of quantification (LoQs) were 1.98 
μg/mL and 4.95 μg/mL in Ar gas and He gas, respectively. The results indicated that the LoQ in Ar 
gas met the surface water environmental quality standards of China (2 μg/mL for N). Furthermore, the 
real waters including tap water and river water were determined by molecular LIBS. Compared with 
the Ultraviolet spectrophotometer, the average standard deviation was 8.16%. The work demonstrated 
the feasibility of molecular LIBS to realize the reliable determination of N in water eutrophication.
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Excessive heavy metals in pig feed will cause great harm to pork health and the environment, 
Therefore, accurate detection of heavy metals in pig feed is very important. Laser-induced breakdown 
spectroscopy (LIBS) has the advantage of fast green detection in the field of element analysis. 
However, When the traditional LIBS technology is applied to pig feed safety and quality detection, 
there are problems such as weak characteristic spectrum intensity and low detection accuracy. Based 
on this, heavy metal Cu in pig fodder was analyzed by LIBS combined with a spatial limit in this work 
to improve detection sensitivity. The results show that when Cu 324.75 nm is used as the analysis line, 
the overall enhancement effect of the analysis line is the best when the spatial confinement cavity 
diameter is 5.0 mm and the height is 2.0 mm, and the enhancement factor can reach 5.16. Under the 
above-mentioned optimal test parameters, it is found that the linear relationship between the Cu 
element concentration in the pig feed samples and the analysis spectral line intensity after loading the 
space confined cavity is significantly improved compared with the traditional LIBS. Its univariate 
calibration model correlation coefficients(R2) increases from 0.674 to 0.995, and the limit of detection 
(LOD) reduces from 8.23 mg/kg to 1.59 mg/kg. At the same time, under the condition of the confined 
loading space cavity, the detection model's accuracy established by the Partial Least Square method 
(PLS) can be greatly improved. Studies have shown that the combination of spatial confinement and 
LIBS technology can greatly improve the detection accuracy and sensitivity of the system. This result 
has better support for the accurate, rapid, and green detection of LIBS for samples with low Cu 
element content in pig feed.

Keywords: pig feed; LIBS; Cu; Spatial confinement
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Abstract: Calcium oxide is often used as a sintering aid in non-reactive sintered magnesia-alumina 
spinel, and its mixing ratio and homogeneity determine the quality of magnesia-alumina spinel 
products. In this paper, a mixed powder of magnesium oxide and alumina was used to simulate 
magnesia-alumina spinel samples, and calcium oxide was added to the prepared samples. Laser 
induced breakdown spectroscopy (LIBS) array scanning was used to quickly obtain information on the 
distribution of Ca elements in the mixed samples. The optimal conditions of detection delay time and 
pulsed laser energy were determined by optimization experiments, and the calibration models of Ca/Al 
and Ca/Mg were established using Al and Mg characteristic line intensities as internal standards. The 
correlation coefficient R2, root mean square error (RMSE) and relative error (REL) of different 
calibration curves were evaluated. It was verified that the LIBS technique can provide support in 
detecting the uniformity distribution of calcium in Mg-Al spinel.
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Lithium-ion batteries have been extensively used in portable instruments, electric vehicles and medical 
instruments because of their strengths, such as high operating voltage, long cycle life, low self-
discharge, and light weight[1]. Laser-structuring of electrodes is a new technique for improvement in 
physical and electrochemical characteristics of lithium ion battery electrode, such as interfacial area, 
internal resistances, material loss and electrochemical performance[2-3]. In this study, 
LiNi0.5Co0.2Mn0.3O2(NCM) electrodes were structured with a femtosecond laser for varying groove 
depth and pitch, which resulted in an increase of 140%-260% in the interfacial area between electrode 
surface and electrolyte at a material loss of 5% -14%. Laser structuring affected the ionic, electronic 
and charge transfer resistances because the shape of grooves was directly related to diffusion pathways 
of lithium ions To examine the function of laser-structured grooves as a diffusion path for lithium ions, 
laser induced breakdown spectroscopy (LIBS) mapping of the electrodes were carried out for grooves 
with varying depth and pitch. The electrodes for LIBS analysis were undergone for cycling test and 
then disassembled and cut in half for LIBS measurement on the cross sections. A second harmonic Q-
switched Nd:YAG laser (532 nm, 5 ns) was focused to a spot diameter of 10 μm on the electrode 
cross-section using an objective lens, and each measurement point was irradiated by a single shot at 
the pulse energy of 60 μJ and a repetition rate of 1 Hz. The total LIBS mapping area of each type of 
electrode was approximately 140 μm × 2,000 μm at the center of the electrode cross-section, and the 
spot-to-spot distance of the LIBS laser was kept at 12 μm. It is demonstrated that the grooves 
contributed to the diffusion of lithium ions into the deeper regions by shortening the diffusion 
pathway, resulting in a lower ionic resistance in the laser-structured electrodes.
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In recent years, metal additive manufacturing technology has achieved rapid development. However, 
the purity and composition stability of metal powder as a raw material for additive manufacturing have 
a significant impact on the quality of additive manufacturing products. Therefore, the rapid analysis of 
metal powder composition is of great significance to the quality control of additive manufacturing 
products. In this research, a rapid analysis method of metal powder based on laser induced breakdown 
spectroscopy (LIBS) was proposed. The copper foil conductive tape is used to adhere metal powder to 
make the measurement sample, and the pulse laser beam is always irradiated on the surface of the 
fresh sample by scanning movement, so as to avoid the damage of the powder sample by plasma shock 
wave effect. In the experiment, two pretreatment methods of copper foil conductive tape adhesion and 
traditional sheeting were used for comparative study. A small Nd: YAG passively Q-switched 
microchip laser is used to excite the sample. At the same time, a grating spectrometer (SOL, NP-250-2 
M) was used to quantitatively analyze the characteristic spectrum of Mn in the wavelength range of
400~410nm. Through analysis and calculation ,the average value of REP% is reduced from 7.73% to
1.76%.,and the average value of RSD% is reduced from 20.34% to 6.22%. The results have shown that
the traditional tablet preparation method is significantly affected by the plasma shock wave effect.
When the pulsed laser is irradiated on the surface of the sheet, a drilling effect will be formed near the
focal point, which increases the volatility and uncertainty of the plasma signal. However, the sample
preparation method with copper foil conductive tape can effectively overcome the shock wave effect
of plasma, and the intensity and stability of the obtained LIBS spectrum signal are significantly
improved.

Fig 1.  Diagram of the sample pretreatment processes. Fig 2.  Calibration curves of LIBS measurement for steel 
powder. 
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Grain size is one of the most important physical parameters for randomly packed granular (RPG) 
materials. Its estimation plays a key role in many natural and industrial processes [1,2]. However, the 
current techniques of estimating the grain sizes in a range of several tens to several hundreds of 
micrometers, such as mechanical sieving and laser diffraction methods, are usually time consuming 
and labor intensive. Therefore, an easy and in-situ technique is urgently required. In this work, an 
experiment has been performed to investigate the promising technique for in situ estimation of grain 
size of RPG materials using laser-induced breakdown spectroscopy (LIBS). The experiment took 
sieved copper microspheres with discrete median diameters, d, ranging from 53 to 357 μm as 
examples. Based on measurements on plasma emissions induced by pulsed laser ablating RPG targets 
in air, we demonstrated that monitoring the variations in plasma temperature (electron density) can 
achieve the estimation of grain size when it is below (above) a certain threshed size (see fig. 1 and fig. 
2). Furthermore, we also demonstrated that, when plasma temperature serves as an indicator of grain 
size, the intensity ratio between two spectral lines from different upper energy levels of the same 
emitting species can be used as an alternative indicator of grain size with higher sensitivity (see fig. 2). 
This work opens the door for LIBS to be exploited not only as a spectrochemical analytical technique 
for RPG materials but also as an in-situ technique to estimate grain size for RPG materials.

Fig 1.  Electron density as a function of grain median 
diameter. The red line is the exponential fitting.

Fig 2.  Intensity ratio of Cu I 521.8 nm to Cu I 510.6 nm and 
plasma temperature as a function of the grain median diameter. 

The red lines are the linear fittings.
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Laser-induced breakdown spectroscopy (LIBS) is an important technology in the field of chemical 
analysis and has been used in many industries. However, the poor robustness of the classification 
model severely restricts the application of LIBS technology in industrial production. This study used 
feature selection combined with support vector machines (SVM) to classify the LIBS spectral data of 
four typical plastic samples (ABS, nylon, 3240, and its improved product FR-4). The robustness of 
models for data acquired at different times (A total of 13 sets of data were collected from 11th 
March to 26th August.) was evaluated and compared. The training set was constructed with the spectra 
acquired by 1064 nm wavelength laser excitation on 11th March, and four sets of data collected from 
March 15th to March 23th were used as the validation set, and the remaining 8 sets of data were set as 
the test set. This study specifically includes the following four steps. The first step was to use 
traditional methods to preprocess the spectrum (including background removal, normalization, peak 
finding, peak shift, and missing peak completion). Then, the feature spectral lines were selected out 
based on the important weight assessed by Relief-F. On the training set, all models are constructed by 
using different numbers of feature lines (sorted according to their important weights) as inputs. The 
next most important step, we applied all the trained models to the validation set, then the feature lines 
corresponding to the highest prediction accuracy were obtained. Finally, the optimal classification 
model, which was trained by the optimal feature lines selected, was applied to the test set. When the 
first 19 feature lines were selected, the average CCR of the test set was up to 97.8%, which was 
significantly improved compared to the 78.7% prediction accuracy of only using spectral 
preprocessing. The experimental results demonstrated that the robustness of the model for LIBS 
spectra could be improved by feature selection.
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The decommissioning of the Fukushima Daiichi Nuclear Power Station (1FNPS), which haves melt 
downed core, it will be required a rapid, remote and in-situ screening analysis of fuel debris and a 
large amount of waste materials in a narrow and extremely high radiation environment. Radiation-
resistant Optical Fiber based LIBS[1] (Fig.1) is one of the practical technique as the remote in-situ 
analysis, and basic performances of remote operability and radiation resistance has been demonstrated. 
As a result, over 50m Laser delivery and radiation resistance of a few MGy under at a dose rate of 10 
kGy/h, has been shown. And especially, it has demonstrated that the calibration curve will be not 
changed even under the radiative environment of 10 kGy/h[2].
Although on the other hand, decommissioning company will be conservative about introducing new 
technologies for decommissioning sites because they place importance on the reliability and 
achievements of the measurement methods from the viewpoint of promoting reliable projects.
The challenging plan to install a LIBS system as a trial use in an actual work environment where air 
contamination is undeniable and to challenge the remote analysis of radioactive samples is approved. 
A simple pollution prevention unit to protect the previously developed portable LIBS system from the 
contaminated environment and remote controlled XYZ sample stage for LIBS probe combined with a 
ventilation system will be prepared (Fig.2) and tested at actual working site in 1FNPS. 

Fig 1.  Schematics of Optical Fiver based Remote LIBS Probe Fig 2.  A pollution prevention unit and Remote controlled 
sample stage Unit
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The exploitation and utilization of deep-sea mineral resources put forward requirements for the 
elements analysis technology of the mineral surface. To this aim, we developed a new deep-sea LIBS 
(Laser Induced Breakdown Spectroscopy) system for metal elemental analysis. On August 26, 2020, 
the system was carried out a sea trial with a maximum depth of 3224 m by deploying on the 
ROV(Remotely Operated Vehicle) Haima 2. LIBS spectra of the carried metal sample in different 
water depths were obtained (as shown in the figure). It can be seen that the system has obtained 
abundant spectral signals of metal elements under various environmental conditions of water 
depth. The system was shown to has the ability to analyze the mineral composition of the seabed, 
which is expected to be applied in the field of marine mining in the near future.

Fig 1.  LIBS Spectra obtained at different depths in the sea trial
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Energetic materials are widely used in the fields of national defense and civil industry and play an 
irreplaceable role. Accurate estimation of detonation parameters of energetic materials has always 
been an important topic in the research of energetic materials. Especially for new energetic materials, 
using the results of small-scale test to estimate the detonation parameters of large-scale explosion test 
could reduce the costs caused by direct large-scale explosion test. As an atomic emission spectroscopy, 
laser-induced breakdown spectroscopy (LIBS) can be used to analyze the composition of materials 
with small sample amount needed, no complex sample preparation, real-time and non-contact 
detection. Therefore, LIBS could effectively avoid a large amount of sample consumption if it were 
successfully applied to the estimation of performance parameters of energetic materials. In this study, 
the correlation of the results of laser-induced breakdown spectroscopy with the detonation velocity of 
energetic materials was investigated. A flash-pumped Q-switched Nd:YAG laser with 1064 nm 
wavelength, 5 ns pulse width, 1 Hz pulse frequency was used to ablate the sample's surface. Three 
energetic materials, including RDX, HMX and CL-20, were selected as samples for LIBS detection. 
100 spectra were obtained for each sample and the average spectrum of 100 spectra was calculated for 
reducing the error caused by spectral data fluctuation. The characteristic spectral lines of three 
energetic materials, such as C, H, O, N, C2, and CN were identified for an attempt to establish a 
correlation of the intensity or intensity ratio of spectral lines and the detonation velocity. Compared 
with other correlation, the intensity ratio of N and O was found to correlate better with the detonation 
velocity of the three energetic materials. Therefore, LIBS has a development prospect for detonation 
parameter estimation of energetic materials.
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Early diagnostics of ovarian cancer is urgently required by clinical medicine, because of the high 
mortality due to the absence of obvious clinical symptoms, which seriously delays the treatment. LIBS 
has been identified as a potential technique providing fast screening of cancers. Among various 
operation modes, direct analysis of blood-related liquid samples was preferred for a preclinical 
approach because of its easy and cost-effective implementation for a wide coverage screening. We 
have developed in this work a method of classification with 176 blood plasma samples collected from 
hospitals, corresponding to 3 case-types of normal, ovarian cyst and ovarian cancer. The method is 
based on LIBS spectrum recording coupled with spectral data treatment using machine learning 
algorithms. A model training process with a schema of classification in 2 steps of 2 case-types was 
implemented. A first classification model allowed a satisfactory classification between the normal 
samples and the ensemble of cyst and cancer samples, whereas numerous misclassifications happened 
between the cyst and cancer samples, leading to mediocre sensitivity and specificity for cancer 
identification of respectively 66.7% and 78.4% when the models were tested with independent test 
samples. A detailed investigation on the spectral features selected for the model training revealed the 
domination of K lines, which was effective for separating the normal samples and the ensemble of cyst 
and cancer samples. The second ensemble of models optimized for the discrimination between the cyst 
and cancer cases. A new feature selection disgraced the K lines and put forwards other features, Mg 
and Ca lines for instance. The new models exhibited a better performance of differentiation between 
cyst and cancer samples, leading to an improved cancer identification sensitivity and specificity of 
respectively 71.4% and 86.5% when the models were tested with independent test samples. 
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After the first LIBS instrument ChemCam landed on Mars in August 2012 with the Curiosity rover, 
LIBS has significantly contributed to the Mars exploration by determining the elemental compositions 
of rocks and soils on Mars. It is expected to play an even more important role with new LIBS 
instruments on Mars onboard Perseverance and Zhurong Rovers. After the successes with ChemCam 
project, the new exploration missions clearly aim at the search of traces of past lives. Among the key 
elements necessary for the development of lives, nitrogen is an elementary component of protein and 
DNA. Its detection and precise quantification on Mars represents therefore a crucial step in the 
investigation. A series of preliminary experiments has been carried out using a set of laboratory-
prepared samples with a simulating soil with a relevant Mars-soil-like geochemistry, and prepared in 
the form of pressed pellets. Organic and inorganic nitrogen-containing chemicals were mixed into the 
Mars simulation soil to prepare samples with a nitrogen concentration gradient in the range from 1 to 
40 wt %. A terrestrial agricultural standard soil containing 0.5 wt % of N completed the set of samples. 
Frist LIBS measurements were performed in the atmospheric ambient. A typical spectrum is shown in 
Fig. 1, with a detail on the C-N molecular bands. A Mars atmosphere simulation chamber has been 
constructed in our laboratory (Fig. 2) for the next series of experiments. Further data processing will 
incorporate a pretreatment with de-noising, continuum removal, peak fitting, and a multivariate 
regression based on machine-learning algorithms. Among the research objectives, we will consider the 
quantitative determination of nitrogen in soil, and the distinction between organic and inorganic forms 
of nitrogen. Furthermore simultaneous determinations of nitrogen and phosphorus can also be an 
important indicator of past lives on Mars.

Fig 1.  Fig.1 LIBS spectrum of an adenine-containing sample showing the 
spectral bands of the C-N bond.

Fig 2.  Fig.2 Laboratory Mars simulation chamber. 
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With the emergence of fish commercial fraud and global epidemics, fish species identification and 
origin tracing have become a hot issue in the field of food safety [1]. Laser-induced breakdown 
spectroscopy (LIBS) is a new method for the analysis of seafood with element contents [2], and Raman 
spectroscopy can reveal the molecular information of materials. The combination of LIBS and Raman 
spectroscopy can provide comprehensive information of the material which has been used in the 
species identification or classification. In this study, a total of 3000 LIBS spectra and 3000 Raman 
spectra were collected from 5 fish species, including Danish salmon, Norwegian salmon, Chilean 
salmon, Amur salmon, and rainbow trout. Random forest (RF) method was used to build the 
classification models based on the LIBS data, the Raman data, and the LIBS-Raman fusion data, 
respectively. The comparison of the classification accuracy between different classification models 
was shown in Fig. 1. The LIBS-Raman fusion model has a classification accuracy of 91.2%, which is 
better than those of the LIBS model (84.4%) or Raman model (86.0%). This work provides a new 
method for the rapid identification of fish products in the market, which may also be used for other 
meat species identification.

Fig 1.  Comparison of the classification accuracy of fish samples between different methods.
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Although the risk of some hazardous operations has been greatly reduced, the changes in air conditions 
caused by them cannot be ignored. In this paper, electric welding operation is taken as an example to 
study the air conditions in typical hazardous workplaces in industry. A lot of smoke is produced 
inevitably in the welding process. There are many metal ions in the smoke, which can easily cause air 
pollution. In this case for a long time, human health may be greatly endangered. Therefore, the real-
time in situ detection of smoke generated by rosin, lead tin wire, lead-free tin wire and many other 
different welding scenes are carried out. The characteristic spectral line of heavy metal lead is found in 
the smoke spectrum of lead tin wire. Consequently, it is recommended to use lead-free tin wire instead 
of lead tin wire. Al is detected in the smoke generated by welding aluminum. In the smoke produced 
by welding circuit board, there is an obvious change in the proportion of H and O compared with that 
in air. It shows that the generated smoke contains different element information with different welding 
objects. In addition, combined with the error back propagation artificial neural network (BP-ANN), 
different kinds of smoke are classified and recognized, and the recognition accuracy is more than 99%, 
which proves the monitoring of different air pollutants can be realized with the combination of LIBS 
and BP-ANN.

Fig 1.  Spectra of smoke from lead tin wire and air Fig 2.  Recognition accuracy of ten cross validation
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Laser-induced breakdown spectroscopy(LIBS), as an optical technology for material composition 
analysis, has been successfully developed and applied for detection of atmospheric water vapor. 
Detecting local air by LIBS, the difference between air with high water vapor content and air with low 
water vapor content is analyzed under the same temperature conditions. Based on this, the relationship 
between the relative intensity of H atom spectrum and relative humidity is studied. Simulating the 
usage of a humidifier, the air humidified with salt water and tap water are detected respectively, and 
their spectra are compared with those of distilled water. Simulating the atmospheric pollution of heavy 
metal elements, the water vapor containing trace heavy metal elements is detected. The N, H, O, C, Ar 
and Xe elements in the characteristic spectrum of humid air are mainly derived from nitrogen, 
hydrogen, oxygen, carbon dioxide, rare gases and water vapor. Compared with low-humidity air, the 
intensity of H and O elements in the spectra of high-humidity air is significantly enhanced. The 
relative intensity of the H atomic spectrum has a good linear relationship with the relative humidity 
value. Na atom is detected in the air humidified with salt water, and Mg ions and Ca ions are detected 
in the air humidified with tap water. Pb element and Ca impurity are obviously detected in the water 
vapor generated by the lead acetate solution with a concentration of 455 ppm. The results show that 
LIBS has a good recognition ability for rapid analysis of atmospheric water vapor, and it is an 
effective means for simultaneous humidity measurement and element detection.

Fig 1.  Spectra of air at relative humidity 43% and 73%. Fig 2.  Spectrum of water vapor containing heavy metal Pb.
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In the fusion reactor such as tokamak, Deutrium(D) and Tritium (T) are used as a fuel for fusion 
reaction. Helium (He) is a product as an ash from the D-T burning plasma in the reactor. The fuel 
(D/T) and impurity of He will be deposited on the first wall of fusion devices. In-situ diagnosing the 
amount of D/T and He retention on the first wall is one critical issue for the investigation of the helium 
removal and fuel recycling. Laser induced breakdown spectroscopy (LIBS), due to its remote, in situ, 
online, non-invasive and full elemental monitoring abilities, is a promising technique to accomplish 
this task. In this work, LIBS method was used to measure the D and He retention in the ITER-like wall 
material using a coaxial configuration in vacuum. The Al-film containing D or He on silicon substrate 
were made by pulsed laser deposition (PLD) in He or D2O ambient atmospheres. The Al is proxy of 
Be material, which has been selected as the first wall material in ITER fusion reactor. The parameters 
of LIBS including the laser power density and gate delay time are optimized. The absolute calibration 
of the retained D and He in the Al film was obtained by thermal desorption mass spectroscopy (TDS). 
The results indicate that the limit of detection of 1018/m2 for He has been achieved in vaccum 
coditions using the proposed LIBS approch. More details will be presented in the conference. 
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The combustion of sulfur-containing minerals is one of the primary causes of various atmospheric and 
water pollution issues[1], including sulfuric acid rain[2]. Considering that sulfur is particularly 
susceptible to oxidation in the air, the direct detection of sulfur via laser-induced breakdown 
spectroscopy (LIBS) has presented a major challenge. In this work, CS2 was used as a sample 
evaporated and atomized into the air. A new experimental device that combines the LIBS system with 
the single particle aerosol mass spectrometry (SPAMS) system was adopted for the direct detection of 
sulfur in the atmosphere[3]. As shown in Figure 1, under the optimal experimental conditions, the 
characteristic spectral lines of sulfur were observed and recorded in the LIBS spectra. Additionally, in 
the LIBS spectrum, CN molecular bands were observed, and the vibration and rotation temperature of 
the CN molecules in the experiment were obtained through software simulation. While the SPAMS 
system generates the real-time composition of a single CS2 aerosol particle, the isotope information of 
sulfur can also be distinguished simultaneously (Figure 2). Sulfur isotopes are widely used as tracers in 
chemistry, agricultural science, and environmental science research. Finally, the LIBS and SPAMS 
experiment systems can perform the direct in-situ detection of sulfur in the air and provide its isotope 
information[4]. As a supplement, the Raman spectrum of CS2 was also measured, and the vibration 
mode of CS2 molecules was obtained through first-principle calculations. The results indicate that the 
LIBS and SPAMS systems can directly detect sulfur in the air online and provide its isotope 
information.

Fig 1.  Figure 1. The sulfur characteristic peak in the LIBS 
spectrum.

Fig 2.  Figure 2. The sulfur characteristic peak in the SPMAS 
spectrum.
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VOCs are the major pollutants in the atmosphere, which could cause serious atmospheric 
environmental problems. There exists particular difficulty for LIBS detection of nonmetallic elements 
including halogens and sulfur because of the high ionization energy of these elements and the relative 
weakness of their spectral lines. In this paper, the self-designed LIBS system was developed and 
applied to the direct online detection of halogens and sulfur in the VOCs in the atmosphere. The LIBS 
measurements were performed on gaseous Halon 2402, Freon R11, iodomethane and dimethyl sulfide 
samples under the atmospheric pressure, and the characteristic spectral lines of fluorine, chlorine, 
bromine, iodine, sulfur were observed and recorded in LIBS spectra. Then the quantitative analysis 
models of these elements were established by linear fitting. Finally, the character of molecular 
structure of VOCs molecule was studied by the combination of Raman spectroscopy and theoretical 
calculation. The development and application of this system could provide important theoretical 
guidance and technical support for the rapid online detection of air pollutants.

Fig 1.  Schematic of the LIBS system designed for the online direct detection of VOCs.
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The fast and multi-elemental analysis by the laser-induced breakdown spectroscopy (LIBS) can be 
carried out with a little or no sample preparation. The LIBS technique was applied to detect rapidly the 
elemental composition of ambient particles less than 2.5 μm (PM2.5) during 2018 winter and 2019 
winter in urban Gwangju, Korea. Total 19 elements (C, H, O, N, Li, Na, Mg, Al, Si, K, Ca, Mn, Fe, 
Ni, Cu, Zn, Sr, Ba, and Ti) were detected from the PM2.5 samples. Supplying Argon (Ar) gas on filter 
samples led to the better LIBS emission performance than supplying clean air. Normalized-LIBS 
signals of detected elements by considering the filter substrate elements were correlated well with 
mass concentrations of elements determined by ion-chromatography (IC) and X-ray fluorescence 
(XRF) analysis. Our results suggest that several considerations in our LIBS measurements can 
improve the detection capability of the LIBS technique for fine particles.
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Rosa rugose Thunb., Rosa sp. and Rosa chinensis Jacq. all belong to the genus Rosa L. These three 
kinds of flowers are similar in appearance and can be easily confused. The genus Rosa L. has 
important ornamental value and medicinal value, so it is of great significance to quickly identify the 
genus Rosa L. Laser induced breakdown spectroscopy (LIBS) was used to detect the main elements in 
the three flowers in situ.In addition, CN can be recognized in the spectrum of the genus Rosa L. 
LIFBASE was used to simulate the CN in the spectrum, and the vibration temperature and rotation 
temperature of CN were calculated.The parameters obtained can be regarded as experimental 
parameters. By comparing and analyzing the laser induced breakdown spectra of different flowers, the 
characteristic spectral lines with significant difference in intensity were selected as variables, and the 
prediction accuracy of the general regression neural network (GRNN) could reach 93.3%.

Fig 1.  Forecast results for Rosa rugosa Thunb., Rosa sp. and Rosa chinensis Jacq.
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Boronization is an important wall conditioning procedure for realizing the steady-state high 
performance operation of tokamaks such as KSTAR and ITER. The measurement of boron and its 
distribution on the first wall and divertor is a key issue for studying the plasma-wall interaction (PWI) 
such as impurity generation, transportation and deposition behavior. In this study, the laser-induced 
breakdown spectroscopic (LIBS) diagnostic approach has been used to investigate the boron impurity 
deposition on the sample surface of tungsten (W) castellated blocks adopted from the Korea 
Superconducting Tokamak Advanced Research (KSTAR). Meanwhile, LIBS lines from other various 
impurity elements such as carbon, silicon, calcium, copper, chromium, and nickel also were observed. 
The lateral-distribution of the impurities on the three different shaped divertor blocks (Rounded, 
Chamfered, Double chamfered) were investigated at 10−5 mbar vacuum condition. Depth profile of the 
elements in the deposited impurity layer also has been studied by the variation of spectral intensity 
with consecutive laser pulses. The electron temperature and electron number density of laser ablation 
plasma have been quantitatively determined by analysis of the relative line intensities and line width. 
The distribution features of the impurities on the different shaped blocks provide valuable information 
for the understanding on plasma-wall interaction in KSTAR. This study indicates that LIBS is a 
potential diagnostic approach for monitoring the impurity deposition in KSTAR or ITER. 
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As a key element necessary for the formation of the life, carbon attracts much attention in Mars 
explorations. Carbonate minerals have been detected on Mars by remote sensing with orbiter 
spectrometers [1-2], and latter validated in situ by Spirit and Curiosity rovers [3-4]. On the other hand, 
organic carbons in Martian soil were detected with low concentrations by the SAM instrument 
onboard the Curiosity rover in mudstones in Gale crater [5]. The low abundance of organic carbon on 
the Mars surface makes it difficult to be quantified, especially with the interference of the Martian 
ambient gas of CO2. The results with the LIBS instrument, ChemCam, onboard the Curiosity rover has 
not revealed levels of the carbon line intensity statistically distingushable from the variations induced 
by the Martian atmosphere [6]. An improved carbon analysis performance is therefore expected for the 
LIBS instruments onboard Zhurong and Perseverance rovers. In our work, a series of samples were 
prepared by respectively mixing calcium carbonate and adenine with a simulated Martian soil at a 
mixing rate varied from 0.1 wt% to 20 wt%. Such concentration range includes samples with carbon 
content below the current limit of detection. LIBS experiments in a Mars atmosphere simulation 
chamber were then conducted to build models for both organic and inorganic carbons, which could be 
latter used for the inversion of the LIBS spectra from real Mars soils. Multivariate quantitative models 
were developed respectively for carbons originated from calcium carbonate and adenine based on 
back-propagation neural networks. Further studies will be focused on soil samples containing carbons 
from different sources, including different kinds of organic and inorganic carbons. A final model 
developed in this study will be capable of quantification of different types of carbons present in 
Martian soils, which is necessary to analyze the LIBS spectra from the MarSCoDe instrument.
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Carbon neutrality and peak carbon dioxide emissions are hot topics discussed in recent years and have 
attracted great attention. There has been seldom good method for in-situ detection of carbon 
concentration. In this work, LIBS is applied to detect changes in the concentration of carbon in the 
local air in real time. The burning of a candle in the local air is used to simulate the change of carbon, 
the element composition in the air is detected by LIBS, and the intensities of spectral lines of the C 
element at different burning times are fitted, and a fitting function with R2 of 0.98359 is obtained. 
Moreover, the changes in the intensity of the CN spectral lines are detected to show the changes in the 
elements in the local air more intuitively. Real-time detection of C and CN in the local air via LIBS 
provides a potential solution for carbon monitoring.

Fig 1.  Variation of LIBS line intensity with burning time, 375-
395nm.

Fig 2.  Fitting curve of LIBS spectral line at different burning 
time intensity at 247.77nm
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The combination of laser-induced breakdown spectroscopy (LIBS) and energy dispersive X-ray 
fluorescence spectroscopy (EDXRF) in the coal quality analysis was reported formerly. But in the 
practical test of the prototype instrument in the real power plant, the XRF spectra suffered from signal 
fluctuations over long-time measurements. The long-term signal fluctuations cause lower efficiency on 
the establishment of calibration model and relatively larger root mean square error of prediction 
(RMSEP) for unknown samples after certain time of the model establishment. Therefore, the spectral 
intensity correction was carried out in the measurements of the spectra: a randomly selected sample 
was measured several times in the whole measurements, including the modeling samples and the 
unknown samples which were measured a month later, recording the signal fluctuations and searching 
for a set of factors suitable for the correction of a full-spectrum based partial least square calibration 
model. The RMSPs of calorific value, ash, sulfur were expected to be lowered from 0.5475 MJ/kg, 
1.0357 %, 0.2192 % to 0.32 MJ/kg, 0.67 %, 0.13 % respectively. The RMSP of volatile was not 
improved as none information about molecular structure was included in the calibration model. In 
addition, as the spectra of the coal samples of the power plan showed potential of classification, the 
piecewise model was established for more accurate modelling and prediction. 
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The quantification accuracy of laser-induced breakdown spectroscopy was limited due to matrix 
effects. In this work, a method named unsupervised-clustering-based quantification (UCQ) was 
proposed to reduce the matrix effects by clustering the spectra by k-means combined with the 
histogram of oriented gradient (HOG). The calibration spectra were clustered by k-means into k 
categories, and partial least squares regression (PLSR) models were established on each category. The 
unknown spectra were classified, and the relevant models were used in prediction. When the spectra 
were clustered into three categories, the accuracy of classification of samples from different sources 
was 100%, and the accuracy of classification of samples with volatile content higher and lower than 20 
wt.% from the same source was 97.41 %. When the number of clusters was three, the best prediction 
accuracy of ash content was achieved, the R2P was increased from 0.7677 to 0.8178, and the RMSEP 
was decreased from 2.0733 wt.% to 1.8362 wt.%. The highest accuracy of predicting volatile matter 
was achieved when the number of clusters was two, the R2P was increased from 0.9692 to 0.9786, and 
the RMSEP was decreased from 1.3066 wt.% to 1.0879 wt.%. The prediction error of calorific value 
was minimized when the spectra were clustered into five categories, the R2P was increased from 
0.8093 to 0.8306, and the RMSEP was decreased from 0.8892 MJ·kg-1 to 0.8382 MJ·kg-1. The results 
demonstrated that HOG has great potential in the classification of spectra, and the influence of the 
matrix effects can be reduced by unsupervised clustering.

Fig 1.  Graphical Abstract
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The chloride ion has a strong erosion effect on the concrete structure, causing the corrosion of the 
reinforced concrete inside the structure, leading to the concrete cracking, destroying the stability of the 
structure. Laser-induced breakdown spectroscopy (LIBS) can obtain the analysis results in real time, 
with high accuracy and fast analysis speed, which has obvious advantages in the field inspection of 
concrete structures. To improve the insufficient sensitivity of LIBS toward trace chlorine detection in 
cement materials, a dual-pulse spectral enhancement system based on two nanosecond lasers with a 
total energy of 30 mJ is set up. The key parameters of the system are optimized to improve the 
detection sensitivity of trace chlorine element in cement matrix and the mechanisms of the influence of 
these parameters on chlorine emission are investigated through plasma temperature. The optimal 
values of the parameters are found to be: 4 L/min helium gas flow rate, 200 ns inter-pulse delay, 800 
ns gate delay, 19 mJ/11 mJ pulse energy ratio, and 42.8 mm lens-to-sample distance (corresponding to 
laser irradiance of 11.63 GW/cm2 and 2.85 GW/cm2 for first and second pulse). After optimization, 
the SNR and spectral line shape of the trace chlorine emission line at 837.6 nm for samples with low 
chlorine content have been improved significantly based on dual-pulse LIBS. Two calibration methods 
including internal standardization and partial least squares regression are employed to determine the 
chlorine concentrations in cement standard samples, and the limit of detection is calculated as 87.4 
ppm. In addition, the leave-one-out cross validation method is utilized to evaluate the accuracy of 
chlorine quantification.

Fig 1.  Increase of the chlorine emission line Cl I 837.6 nm 
with an increasing total chloride content in the calibration 

samples.

Fig 2.  The calibration curve of Cl including the coefficient of 
determination (R2) and limit of detection (LOD) obtained from the 

IS method. 
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From the last two decades, Laser-induced breakdown spectroscopy (LIBS) is an analytical technique 
that has been used as a versatile tool in various fields[1]. In the present work, LIBS has been employed 
to detect various constituents of sands collected from the River Ganga in the Prayagraj Uttar Pradesh. 
LIBS is superior to other conventional techniques such as ICPMS, AAS, etc because of its distinct 
abilities, especially the simple, rapid, in-situ detection of any material (solid, liquid, or gas) without 
any sample pretreatment[2]. The sand is collected from the river Ganga at 5 cm depth. The sample was 
dried, mutated to powder form. The Pallet of the sands was prepared with KBR Press Machine having 
Pressure1200 Pascal. The LIBS spectra of these pellets were recorded in the spectral range of 230 to 
300 nm by focusing the laser light (Nd: YAG LASER, 532 nm) on its surface. LIB spectra of the sand 
sample showed the spectral signature of various elements such as Iron (Fe), Magnesium (Mg), 
Aluminium (Al), and Silicon (Si). Silica (SiO2) is the major constituent of the sands and the presence 
of the spectral lines of Si is justified. The presence of other elements like Iron (Fe), Magnesium (Mg), 
and Aluminium (Al) may be one of the causes of pouring the industrial waste into the river. Thus 
LIBS can be employed as a useful alternative experimental technique for the identification of major as 
well as minor elements along with the elements coming from different sources like industrial waste, 
sewage which ultimately pollute the holy river Ganga.

Fig 1.  LIBS Spectra of River Sand Sample(Ganga River) from Range of 230nm to 300nm
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Syzygium Cumini, locally known as Jamun in India, is a rich source of nutrition and is also used for 
diabetic management. It is highly perishable among all minor fruits. But due to its antidiabetic and 
antioxidant properties, it is consumed by diabetic people. Various industries are providing/selling the 
powder of Syzygium cumini seeds for easy access to people. But these industries do not list/mention 
its nutritional information. Thus, to check the quality of seeds’ powders of different brands with that of 
natural seeds, Laser-induced Breakdown Spectroscopy (LIBS) has been used to evaluate the presence 
of various elements which are responsible to control diabetes. It is an emission spectroscopic 
technique that is non-destructive and required minimum sample preparation. Using the LIBS 
technique, significant nutrients such as Ca, Fe, Mn, Na, Mg, K, and Zn have been identified in the 
emission spectra of seeds’ powders. For rapid discrimination of different brands with natural seeds, 
principal component analysis (PCA) has been also used. The samples are clustered in three different 
groups based on their constituents. Thus, LIBS coupled with PCA has been proven as a quality control 
tool for edible, medicinal, and herbal products and also helps the industries to check the quality of 
their product at the time of manufacturing.

Keywords: Syzygium cumini, PCA, LIBS 
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Inclusions and elemental segregation in metals can reduce their plasticity, toughness and fatigue life, 
which have a direct impact on the metal’s workability, surface finish and welding performance. In the 
existing research on LIBS microanalysis, the ablation crater interval of laser sampling on the sample 
surface is generally 20 μm or more. It is difficult to detect the morphology of inclusions smaller than 
50 μm in diameter and the micro-segregation of elements.
In this work, when the laser ablation crater is 10 μm and the sampling resolution of the laser on the 
sample surface is 5 μm, the morphology and distribution of spherical inclusions (20–60 μm) in ductile 
iron can be detected according to the difference of the Fe spectrum on the Fe matrix and the spheroidal 
inclusions. The Fe 259.9 nm was selected as the observation line for the different spectral intensities of 
the Fe element acquired on the spherical inclusion and the iron matrix when the laser is scanning on 
the sample. The intensity distribution of the drawn spectral line is consistent with the result of 
scanning under a metallographic microscope. Moreover, the grade of spherical inclusions in ductile 
iron was evaluated based on the size of the spherical inclusion reflected in the intensity distribution 
chart, and the results are consistent with those of metallographic microscope. In addition, the intensity 
distributions of Mg 285.2 nm and Ti 334.9 nm were used to analyze the micro-segregation of these 
two elements, and it was found that the area of micro-segregation of Mg is basically the same as that 
of Ti.
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The characteristics of soil are very important for detecting the change in regional environment. The 
paleoclimate evolution or geological formations can also be investigated by studying soil properties at 
different depths[1]. Tanks to the differences between composition of soil, elemental analysis methods 
may be helpful to distinguish the kinds of samples. Laser-induced breakdown spectroscopy (LIBS) has 
been demonstrated as a powerful elemental analysis technique on substances for its multi-element 
analysis, high sensitivity and on-site process[2]. To identify soil with different vertical distribution 
characteristics by LIBS, 30 kind of soil samples from different depths were measured in this work. A 
Nd:YAG laser was used as the excitation source. 10 sets of spectra for each soil were collected, and 
each set of spectra was the average result of 100 laser pulses. The spectra of soil samples were divided 
into training set and test set in ratio of 7:3. Principle component analysis (PCA) was used for 
preprocessing of spectral data and a poor result was obtained. Then linear discriminant analysis (LDA) 
was used for more accurate identification of these spectra. When 30 principle components were 
imported into LDA model, the accuracies for the training set and test set were 98.09% and 91.11% 
(shown in Fig.1), respectively. The result shows that LIBS can identify soil at different depths 
accurately. It can provide a method reference for on-site analysis of samples in geological exploration 
by portable LIBS system. What’s more, a LIBS system was also developed for the detection of soil 
samples (shown in Fig.2).

Fig 1.  The identification accuracy of  soil spectra by PCA-
LDA.

Fig 2.  A LIBS system for detecting soil samples.
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It is important to develop methods of explosives identification for military confrontation, anti-
terrorism in public places and so on. Laser induced breakdown spectroscopy (LIBS) is a candidate 
method to identify of the trace explosives due to its efficient and remote detection. However, LIBS is 
only an elemental analysis technology so that it is difficult to identify the explosives from them spectra 
directly. The reason is that the main elements in explosives are similar. Machine learning algorithms 
can be used to identify features of the spectra from different explosives exactly. In this work, the 
principal component analysis (PCA) and linear discriminant analysis (LDA) were used to build the 
model for recognition of trace explosives by LIBS technology. For simulating the detection of residual 
trace explosive with concentration of 200 μg/cm2, 2-nitroanisole, ethyl carbamate, glycine and black 
powder were deposited on 4 aluminum alloy substrates, respectively. A nanosecond laser with a 
wavelength of 1064 nm was used to ablate a blank aluminum substrate and four samples. LIBS spectra 
were acquired by a 6-channel optical fiber spectrometer in the range of 220 nm- 880 nm. The 
dimensionality reduction of original spectra was performed by the PCA firstly. Then, 100 spectra from 
each sample were divided into training set and test set in a ratio of 7:3. The first 30 principal 
components extracted by PCA were used as attribute values for modeling of LDA. The classification 
accuracy of the test set was up to 100%. This work shows that the combination of LIBS technology 
and chemometric algorithm identify the trace explosives residual on metal. In the future, with the 
adoption of remote LIBS, remote trace explosives measurements are expected to be carried out.

Fig 1.  Aluminum alloy sample board. Fig 2.  The identification results by LDA for test set.
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A compact pulse laser is important for portable laser-induced breakdown spectroscopy instruments, 
laser ignition, and so on. In this work, a passive, Q-switched pulsed, Nd:YAG laser system was 
designed and built. The laser includes the advantages of small size, compact structure and low-cost. It 
can be derived by batteries. The packaged laser head is shown in Fig.1. The maximum pulse energy of 
the laser was 7 mJ and the pulse width was less than 2 ns. The peak power can be up to 3.5 MW. The 
laser exhibited a very high stability. The relative standard deviation (RSD) of the pulse energy was 
less than 0.4% for running more than 4000 pulses. The laser has been used in LIBS experiments to 
quantitatively analyze and identify the alloy[1]. The laser beam was focused on the alloy samples using 
a lens with 50 mm focal length to produce plasma. Then the plasma emission was focused to an optical 
fiber by a pair of plano-convex lenses. The fiber was connected to a mini spectrometer (AvaSpec-
Mini2048CL, Avantes, Netherlands) with a spectral range of 240-370 nm. The laser pulses were 
detected by a photodiode, which were used to trigger the spectrometer. Fig.2 shows the calibration 
curve of chromium plotted by its concentration versus the relative intensity of 357.82 nm. It can be 
found that the calibration curve is well characterized by straight lines and the regression coefficient 
values R2 of linear fit is up to 0.932[2]. The laser can also run as dual-pulse mode. It has been 
demonstrated that the dual-pulse mode can be used to clean samples or to enhance the spectral signal. 
In future, the laser will be equipped to a portable LIBS instrument.

Fig 1.  The prototype of the laser system. Fig 2.  The calibration curve of Cr in national calibration 
alloy.
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Laser-induced breakdown spectroscopy (LIBS) has provided an optional access to analyze multiple 
components of geomaterials with the advantages of fast measurement, micro damage and minimal 
sample preparation, compared with other conventional analytical methods. Fiber-optic LIBS (FO-
LIBS) is also considered to be more suitable for in-situ detection because of its remote laser and signal 
transmission capability[1].
In this study, a FO-LIBS with a pulse duration of 12 ns is established to analyze 10 different sediment 
samples. The maximum laser fluence is measured to be 1.38GW/cm2. Multiple elements, including Si, 
Al, Fe, Mg, Ca, Ti, Na, K, Cr, Zr and V are successfully detected. However, the fluctuations of trace 
lines are found to be strongly correlated with the focused spot size. In this context, the roughness and 
compactness, which are both considered to be important component of matrix effect, have an adverse 
effect on quantification. Internal-standardization (IS) is utilized to decline the fluctuations caused by 
the spot size and matrix effect. All analyte elements are quantitatively analyzed and the result shows 
better performance compared with other standardization methods. In addition, three chemometrics 
models based on partial least squares (PLS), support vector machines (SVM) and random forest (RF) 
are also employed for quantitative comparison, which shows better adaptability to different matrixes.
This work demonstrates FO-LIBS can be treated as a feasible technical scheme for remote and online 
analysis of geological samples. The optimized IS and chemometrics models can stabilize spectral 
characteristics in a set of complex matrixes. 

Fig 1.   Schematic diagram  of laboratory FO-LIBS system Fig 2.  Calibration curves of Fe based on IS
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Laser-Induced Breakdown Spectroscopy (LIBS) is an analytical technique used to identify elements 
present in any type of materials in any state (solid, liquid, gas, and aerosol). In the present work, our 
objective is to find toxic elements in Khaini (leaf of Nicotiana tabacum). It is the most popular 
smokeless chewing tobacco plant leaf in India. The LIBS spectrum of Khaini has been recorded in the 
spectral range 200-900 nm. Spectral signatures of elements like C, Fe, Si, Mg, Mn, Ca, Al, Ti, Sr, Ba, 
Na, H, Li, N, K, O, Cu, Sb are observed in the LIBS spectra of Khaini tobacco. Among these elements, 
Al, Sr, Li, Cu, and Sb are toxic elements. Smokeless tobaccos are responsible for many health diseases 
like addiction, cancer, dental disease, heart disease, poisoning risk, etc., while they have lower levels 
of harmful chemicals than tobacco smoke. The result suggests the potential application of the LIBS for 
the risk assessment of smokeless tobacco.
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Trace alkali and alkaline earth elements with high mobility such as Li, Rb, Sr and Ba, can present in 
rocks on Mars as the witness of the past water activities. Their precise determination is highly desired 
for Mars explorations with LIBS. In the previous studies reported by the ChemCam team, regression 
models have been developed using laboratory reference samples in the forms of pellets or ceramics. 
The application of these models for predictions with the LIBS spectra required on Marian rocks 
however, is influenced by the both chemical and physical matrix effects, due to the variation of bulk 
chemistry of Martian rocks and the different surface states between laboratory reference samples and 
rocks on Mars. The present study focused on the simultaneous corrections of the both chemical and 
physical matrix effects in LIBS analyses of the above mentioned 4 elements in rocks. In the 
experiment, a set of 27 natural rocks were prepared in both raw natural state and pressed powder 
pellets. LIBS measurements were performed on the samples. The recorded spectra from pellets were 
first used to train multivariate regression models based on back-propagation neural network (PBNN). 
The trained models were tested respectively by pellets unseen in the training process and raw rocks 
with or without counterpart pellets in the training pellet sample set. Effective correction of the 
chemical matrix effect as well as the influence of the physical matric effect were observed. Transfer 
learning models were then developed by including a part of the raw rocks in the training sample set, 
leading to significantly increased prediction performances for raw rocks, showing RMSEP of 2 ppm, 
14 ppm, 121 ppm and 128 ppm respectively for Li, Rb, Sr, and Ba. These results represent an order of 
magnitude improvement with respect to those reported previously by the ChemCam team. 
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Determination of the characteristics of coals, including calorific value, ash, and some elemental 
contents, such as sulfur and carbon, represent an essential task in a coal mine. LIBS offers the 
possibility to realize a fully automatic online monitoring and real time analysis of the above quantities. 
The challenges however come from the complexity and variability of the bulk chemistry of minerals, 
leading to strong chemical matrix effect. An online measurement, in addition, is influenced by the 
variation of the surface property and geometry of the samples, introducing a significant physical 
matrix effect. Concerning the elements of interest, S and C, their LIBS analyses are known as more 
difficult than for metal elements due to the high excitation energy and chemical activity. This work 
simulated an online analysis of coals with a laboratory setup and using coal samples collected from 
mines. Thirty-four coal samples with particle sizes of about 3 mm were collected from 2 mines in the 
north China. They were first characterized by conventional analysis methods. Samples were put in a 
petri dish with a roughly flatten surface without other pretreatment. During a LIBS measurement, the 
petri dish was continuously shacked simulating a conveyor belt. The recorded LIBS spectra then went 
through the data processing developed with a backward propagation neural network (BPNN), resulting 
in models with satisfactory R2 as shown in Fig. 1. The models were tested with independent samples 
resulting in the evaluation parameters of average relative error of prediction (REP) and root mean 
square error of prediction (RMSEP) of 1.4% and 0.2 wt% for caloric value (Qg), 7.6% and 0.25 wt% 
for ash, 5.1% and 0.0078 wt% for S, and 0.91% and 0.3 wt% for C. These results, as well as the 
analytical performances for other characteristics of coals obtained in our experiments almost fit the 
requirements of the online applications.

Fig 1.  Calibration and prediction results for Qg, Ash, S, and C with multivariate models based on BPNN.
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The determination of chloride is crucial in industries to prevent corrosion of constructions for 
example, and plays a key role in Mars exploration. LIBS provides a reliable way for chlorine analysis 
in rocks without complex sample preparation. Nevertheless, Cl emission lines, which appear only in 
the LIBS spectrum for a chlorine-rich sample obtained with a large laser pulse energy and in a specific 
ambient, are hard to detect in a usual LIBS experiment due to the high excitation energies of the 
element. This work focused on the determination of chlorine in rocks with LIBS performed under the 
atmospheric condition and with laser pulses of modest energy of 10 mJ. The date treatment used a 
multivariate regression based on machine learning algorithms and plasma imaging allowing the 
assessment of chemical and physical matrix effects for their effective corrections. A set of 13 natural 
rocks with their Cl concentrations determined by XRF in the range of 35.1 - 355 ppm, were ground 
into powders with 3 ranges of particle sizes (< 50 µm, 50 - 75 µm, and 75 - 150 µm) and pressed into 
pellets. Three models have been trained respectively for the three particle size ranges, with satisfactory 
performance as shown in Fig. 1. The improved limit of detections of the models and their RMSEs for 
prediction demonstrates an effective correction of the chemical matrix effect (sample of different rocks 
with unknown Cl chemical forms in the rocks). At the same time, as illustrated in Fig. 1 and Fig. 2(a), 
a model for the merged samples of the 3 size ranges showed a degraded performance due to the 
physical matrix effect with different particle sizes. A correction using plasma images based on 
histogram of oriented gradients algorithm was then implemented to overcome the influence as shown 
in Fig. 1 and Fig. 2(b).

Fig 1.  Assessment parameters of the multivariate regression models 
with both particle size specific and particle sizes merged calibration 

models.

Fig 2.  Model-predicted Cl concentration vs the reference 
concentrations with multivariate model without plasma 

images classification (a), and with plasma images 
classification (b).
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Laser induced breakdown spectroscopy (LIBS), as a fast and on-line element detection technology, has 
developed rapidly in the field of element detection in gas and solid samples in recent years. However, 
there are many difficulties in the detection of liquid environment. For example, the detection limit of 
elements in liquid obtained by LIBS technology is high, which cannot meet the high sensitivity 
detection requirements of some heavy metals or low content elements, and the detection signal of 
LIBS technology in liquid is weak. Therefore, in this paper, glow discharge (GD) technology is 
combined with LIBS technology, so that the plasma formed by glow discharge is further excited by 
pulsed laser, and the signal of plasma is enhanced to meet the requirements of high sensitivity 
detection of heavy metal elements in liquid.
In this work, on the basis of retaining the advantages of glow discharge (GD) technology, a LIBS 
combined glow discharge (LIBS-GD) experimental apparatus was established and applied to detect the 
heavy metals Cu and Cr in mixed liquid with high sensitivity. After optimizing the experimental 
conditions of GD and LIBS-G, the optimum voltage is 450V, the best laser energy is 60mJ, and the 
best detection delay time is 4000ns. The results show that compared with GD method, the spectral line 
intensity of Cu and Cr by LIBS-GD method is increased by about 2 times, the signal obtained is more 
stable and the detection limit is lower. Therefore, this method is expected to develop into a highly 
sensitive and stable sewage detection method.

Fig 1.  Comparison of test results between LIBS-GD combined technology and GD technology
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The prediction of heavy metal environmental risk of oily sludge is of great significance to the 
treatment, environmental risk monitoring and remediation of oily sludge. Therefore, it is an urgent 
need for an accurate and rapid environmental risk prediction method for heavy metals in oily 
sludge. In this work, an environmental risk prediction method of heavy metals in oily sludge based on 
laser-induced breakdown spectroscopy and chemometrics was constructed. LIBS spectra of 30 oily 
sludge samples from an oil production plant in Yan'an, Shaanxi Province were collected, the reference 
values (Cu, Zn, Ni, Cr and Pb) in the above samples were determined by XRF, and the environmental 
pollution index of the above samples was calculated based on the Nemero index method. Then, the RF 
initial calbration model was constructed based on LIBS spectra and Nemero index. The effects of 
different spectral preprocessing methods on the performance of RF model were explored. To further 
improve the prediction performance of RF model, a filter/wrapper hybrid variable selection method 
(mutual information (MI)/variable importance measurement (VIM)) was proposed to optimize the 
input variables. In the process of model optimization, out of bag error estimation (OOB) was used to 
optimize the input variables, variable importance threshold and model parameters. Based on the 
optimized input variables and model parameters, an RF model for environmental risk prediction of 
oily sludge was constructed. The results show that the prediction performance of the MI-VIM-RF 
model is better than that of the RF models based on other methods, of which the determination 
coefficients (R2) of the calbration set and prediction set are 0.9964 and 0.9468 respectively, and the 
average relative errors (ARE) of the calbration set and prediction set are 0.0161 and 0.0896 
respectively. Therefore, the proposed method can provide theoretical basis and technical support for 
environmental pollution early warning and prevention of heavy metals in oily sludge.
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Internal standard line plays a crucial role in the univariate quantitative analysis in portable laser-
induced breakdown spectroscopy (LIBS) technology. To overcome the uncertainty of the conventional 
internal standard method, the distribution principles of high-quality internal standard lines were 
studied and revealed at the macro and micro levels, and an automatic internal standard line selection 
method based on Q-value was proposed. Using this method, in the quantitative analysis for the Si in 
low-alloy steel samples, the average relative error of cross-validation (ARECV), root mean squared 
error of cross-validation (RMSECV), and the limit of detection (LoD) were decreased significantly 
from the 27.42%, 0.041wt.%, and 1060 μg/g to the 18.65%, 0.026 wt.%, and 680 μg/g, respectively. 
The quantitative analysis results of Cr, Cu and Ni showed that it has excellent generalization ability. 
The results indicate that this method can screen out the optimal internal standard lines efficiently and 
accurately, which provides a new approach to improve the performance of univariate quantitative 
analysis in portable LIBS.
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Laser-induced breakdown spectroscopy (LIBS) inside liquids is accompanied by the plasma emission 
and expansion, the propagation of intense shockwaves, and the growth of cavitation bubbles. A 
comprehensive time-resolved observation of these processes can be essential to reveal the underlying 
physiochemical mechanism and improve the analytical performance of LIBS in liquids. Fast imaging 
and shadowgraph techniques with ICCD are generally used to collect time-resolved images of plasma 
and shockwaves/bubbles. However, it is unable to obtain full temporal resolution of an individual 
plasma event, due to the low frame rate of ICCD. In this work, to rapidly gain information regarding 
the whole process of liquid-phase LIBS, a CW He-Ne laser coupled with a photodiode were utilized to 
record the transmission signals from the shockwave and bubble, as well as the emission signals from 
plasma. Such a combination of optical transmission and optical emission techniques enables 
simultaneous estimation of the intensity and lifetime of the plasma, shockwaves and bubbles. Under 
the excitation of different laser pulse energies, the intensity of cavitation bubble derived from the 
transmission signal is proportional to the spectral intensity of LIBS signal with a relative high 
correlation coefficient. We demonstrate that the proposed emission-transmission combined approach is 
viable for characterization of liquid-phase LIBS. On the basis of this approach, the synchronously 
acquired optical emission-transmission signals can further serve as a reference for LIBS spectra in 
liquid samples, and was employed for spectral correction with partial least squares regression.
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It has been necessary to develop technology that can measure the elemental composition of substances 
in real-time in various industrial processes. For example, in the iron and steelmaking process, steel 
materials are manufactured from iron ore, coke, and limestone. In this process, improving the accuracy 
of controlling chemical components within a limited time has been extremely important for the mass 
pro-duction of high-quality steel materials [1] [2]. Therefore, a component analysis technique called 
LIBS (Laser Induced Breakdown Spectroscopy) is drawing attention as a non-contact and real-time 
measurement method using a laser [3] [4]. However, there are many processes in which the temperature 
becomes high in the actual field, and there is a problem that the laser or the optical system cannot be 
placed near the object to be measured. Therefore, remote measurement that can be measured from a 
distance is required. In addition, it is necessary to focus the laser beam on the object when performing 
LIBS measurement. However, since the distance from the laser to the surface of the object is not 
constant, measurement with autofocus is required. In this research, we have developed an optical 
system to enable measurement with autofocus. Fig.1 shows an experimental device diagram. In this 
system, when the sample was irradiated with a laser, the laser was automatically focused using an 
electric stage. This system was used to determine the concentration of carbon in iron samples. Fig.2 
shows the results of measurement with five types of iron samples having different carbon 
concentrations.

Fig 1.  Experimental device Fig 2.  Carbon concentration in iron sample measured by 
autofocus system
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As a rare element in the earth's crust, Au is distributed sparsely and unevenly. Due to the influence of 
the interference elements of natural minerals, laser-induced breakdown spectroscopy(LIBS)technology 
is difficult to apply in the gold mineral detection. Spectral intensity in the UV band is the key problem 
to be solved urgently. In this paper, firstly, the side-collecting LIBS experimental system is built, 
which is conducive to ultraviolet spectra acquisition.Secondly,the sample cavity whose environmental 
temperature can be controlled is designed to study the influence of sample temperature on the LIBS 
signal of gold.The experimental results showed that the signal strength of Au (I) 267.59nm at 
100 degree Celsius is about 10 times higher than that at 25 degree Celsius. Further measurement of the 
ablation pit volume showed that when the substrate temperature is increased, more laser energy can be 
coupled to the sample,and the ablation volume is significantly increased. Therefore,gold has a 
significant temperature sensitivity to laser energy absorption efficiency.The above conclusion is 
significant for the improvement of LIBS detection spectral intensity of gold minerals through 
temperature control.
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Special steels play an important role in particular areas of industry for their special performance. 
Detection and classification of special steels is often carried out by complex analytical techniques, 
which are labor intensive and time consuming. Laser-induced breakdown spectroscopy (LIBS), is an 
atomic emission spectroscopy technique and has many advantages, such as easy sample pretreatment, 
fast analyzing speed and multi-element analysis capability. However, the spectra signals obtained by 
LIBS are complex, high dimensional and easy influenced by spectral noise or complicated matrix 
effect, which may lead to unsatisfied recognition results.
In this work, we achieved rapid classification of special steel material by a mobile LIBS combined 
with machine learnings. The accuracy of support vector machine (SVM) classification model could be 
improved by selecting the appropriate traversal combinations of spectral lines as input. Compared with 
51 analytical lines, the accuracy of using the optimized traversal combinations (includes 6 analytical 
lines) as input is improved from 95.71% to 100% and the modeling time is reduced by 40%. In 
addition, a method of LIBS coupled with deep boltzmann network (DBN) was developed to rapidly 
classify 24 kinds of special steel samples. It can be seen that the DBN with one hidden layer is suitable 
for LIBS data to extract features and the maximum accuracy could reach 100%. These results suggest 
that LIBS combined with machine learning methods has great potential prospects in real-time 
recognition of industrial field.

Keywords: LIBS, Special steels, Classification, SVM, Traversal combinations, DBN.
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The existence of the self-absorption effect results in a nonlinear relationship between spectral intensity 
and elemental concentration, which dramatically affect quantitative accuracy of laser-induced 
breakdown spectroscopy (LIBS), especially calibration-free LIBS (CF-LIBS). In this work, the CF-
LIBS with columnar density and standard reference line (CF-LIBS with CD-SRL) was proposed to 
improve the quantitative accuracy of CF-LIBS analysis by exploiting self-absorption. Our method 
allows using self-absorbed lines to perform the calibration-free approach directly and doesn’t require 
self-absorption correction algorithms. To verify this method, the experiment was conducted both on 
aluminium-bronze and aluminium alloy samples. Compared with classical CF-LIBS, the average 
errors (AEs) of CF-LIBS with CD-SRL were decreased from 3.20%, 3.22%, 3.15% and 3.01% to 
0.95%, 1.00%, 1.16% and 1.78%, respectively for four aluminium-bronze alloy samples. The AEs 
were decreased from 0.66%, 0.70%, 0.89% and 1.30% to 0.43%, 0.61%, 0.77% and 0.33%, 
respectively for four aluminium alloy samples. The experimental results demonstrated that CF-LIBS 
with CD-SRL provided higher quantitative accuracy and stronger adaptability than classical CF-LIBS, 
which is quite helpful for the practical application of CF-LIBS.

Fig 1.  The basic idea of the proposed method and the improvement of quantitative results
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Target-enhanced orthogonal double-pulse laser-induced breakdown spectroscopy (TEODP-LIBS) was 
developed and applied on quantitative elemental analysis of heavy metals in water samples as an 
analytical example. The results were compared with those analyzed with orthogonal double-pulse 
laser-induced breakdown spectroscopy (ODP-LIBS) without using target-enhancement. In the 
experiments, a wood slice was selected as water absorber to convert liquid sample analysis to solid 
sample analysis; signal enhancement effects using Al, Au, Ag and wood targets were compared; the 
temporal profiles of the atomic emissions were observed and the plasma temperatures were 
determined. Limit of detection (LOD) of copper and lead in water were determined to be 0.049 μg/mL 
and 0.18 μg/mL with TEODP-LIBS, 4.5 and 3.8-folds enhancements were demonstrated if compared 
with those in ODP-LIBS without using target enhancement. The mechanisms on the sensitivity 
improvement were discussed based on experimental observations.
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Based on the Galileo telescope (laser emission) and Cassegrain telescope (plasma light signal 
collection) systems, a 10-meter remote laser-induced breakdown spectroscopy (LIBS) measurement 
device with automatic laser focusing and spectral signal autofocusing was designed and built to 
achieve non-contact composition analysis at remote distances from 1 up to 10 meters. First, a general 
spectral analysis line pair selection method was proposed, based on the NIST library, the top 20 
analytical lines of the analyzed elements and the top 50 reference lines were selected according to the 
typical intensity level, and the data were combined to select the analytical line pairs with the highest 
correlation coefficient of the fitted curve for data analysis, and the experimental results showed that 
the correlation coefficients of the internal calibration curves of Cr, Mn, Ni and Cu all reached above 
0.99. Secondly, using the spectral line intensity at a remote distance of 5 m as the benchmark, a 
standardization method of the internal calibration curves at different remote distances was proposed to 
realize the rapid and accurate quantitative analysis of the remote LIBS in the field, and the feasibility 
of the method was verified by using a set of low and medium alloy steel standard samples. The 
experimental results showed that the trend of intensity ratio changes inconsistently and irregularly with 
the change of remote distance, and the error of intensity ratio after standardization was within 10%. At 
the remote distance of 1 m, the relative errors of concentration prediction before standardization for 
four elements of Cr, Mn, Ni and Cu were 23.95%, 26.14%, 132.47% and 20.27%, respectively, and the 
relative errors decreased to 3.95%, 4.78%, 4.43% and 10.30% after standardized correction. The Mn 
element had the best standardization effect at 7 m, and the relative error decreased from 46.87% to 
0.53%.

Fig 1.  Optical structure diagram of remote LIBS system Fig 2.  Univariate calibration curves for the selected spectral 
line: (a)Cr, (b)Mn, (c)Ni, (d)Cu.
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There is a serious problem in quantitative analysis of Martian LIBS spectra. The same sample with 
different instruments has different spectra which mainly reflected in the intensity difference, 
wavelength shift and peak width difference. Such difference will affect the spectral data analysis 
returned by the Mars rover, which modeling by terrestrial laboratory data.The aim of this study is to 
correct the difference by applying 1DCNN (One-Dimensional Convolutional Neural Network). Firstly, 
the transfer data set is forming by comparing and analyzing the LIBS data obtained from the two 
spectral datasets produced from the ChemCam on the Curiosity rover and the Mars Science Laboratory 
(MSL) instruments. Secondly, considering the large number of samples of this dataset, 1DCNN is used 
to solve the problem of difficult transfer of complex high-dimensional data by increasing the number 
of network layers. Considering the large spectral dimension and order of magnitude, the relative 
percentage error rate evaluation index is used instead of RMSE. Finally, quantitative analysis effect of 
the proposed and ELM method on the transmission spectrum with PLS, the results show that the 
transmission method in this paper is effective and stable.
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Laser-induced breakdown spectroscopy (LIBS) is a promising multi-elemental analysis technique and 
has the advantages of rapidness and minimal sample preparation. In traditional LIBS measurement, 
sample spectra are generally collected based on a single set of fixed experimental parameters, such as 
laser energy and delay time. When samples have the same main components and similar component 
concentrations, the difference in their spectral intensities becomes less obvious. This can lower the 
sensitivity of LIBS measurement and pose a threat to the accuracy and robustness of LIBS qualitative 
analysis. In this work, we propose a new method to increase the spectral difference between similar 
samples, namely multiple-setting spectra. For each sample, it adopts different sets of experimental 
parameters and obtains a group of spectra to increase the fingerprint spectral information. The 
effectiveness of the proposed method is theoretically verified and then tested on 11 similar coal 
samples. Specifically, the sample spectra were collected with different laser energy and delay time, 
and processed by principal component analysis (PCA) and Davies-Bouldin index (DBI). The results 
show that the use of multiple-settings spectra can significantly improve the sample discrimination 
accuracy from 81.8% to 96.4%. In addition, the proposed method can maintain the efficiency and cost 
of LIBS measurement.
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It is significant to realize the quantitative analysis of coal in particle flow state by using laser-induced 
breakdown spectroscopy (LIBS), because there is no need to add additional sample pretreatment and 
control systems[1]. However, due to the influence of the instability of pulverized coal particle flow on 
LIBS spectra, it is necessary to use spectral data preprocessing method to eliminate invalid 
data[2,3]. In this work, we proposed a spectral filtering method for quantitative analysis of coal 
particle flow by using the plasma image information. Firstly, the atomic carbon spectral 
line was employed for the analysis of correlations between the plasma image areas and LIBS spectra, 
which showed a good linear relationship between the spectral line intensity and plasma image area, the 
coefficient of determination (R2) was 0.9118. Secondly, the spectral data were screened by using 
plasma image auxiliary method with different threshold value, the average relative standard deviations 
(RSD) of the CI 247.8nm spectral intensity reduced from 60.17% to 40.89% under the optimum area 
threshold conditions. Moreover, the recognition effect of the image information method was compared 
with the standard deviation (SD) method and the signal-to-noise ratio (SNR) method, which verified 
the stability of image information method. Finally, the effectiveness of the plasma image method was 
evaluated by the industrial index models of coal particle flow established by using partial least 
square regression (PLSR). After eliminating the invalid spectra by adopting image information 
method, the coefficient of determination (R2) of the volatile matter content was significantly improved 
from 0.927 to 0.999, and the root-mean-square error of prediction (RMSEP) was appreciably reduced 
from 2.610% to 0.229%. Similarly, the calorific value and ash content analysis was also 
improved. The image information method showed the application feasibility and prospect 
for improving the quantitative analysis of coal particle flow.
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Laser-induced breakdown spectroscopy (LIBS) is a micro-destructive analytical technique that 
provides elemental analysis of materials1, but its destructiveness is still not satisfactory for precious 
samples such as gem stones2 and ancient wall paintings3. Existing solutions include double-pulse 
LIBS4, glow discharge assisted LIBS5 and nanoparticle enhanced LIBS6, which require expensive 
instruments, low-pressure environment or complicated sample preparation. In this work, a dielectric 
barrier discharge (DBD) assisted LIBS system was proposed to reduce the sample damage in a simple 
and cheap way. A coaxial DBD device was used to generate an atmospheric pressure plasma jet 
(APPJ) impacting the surface of a solid sample. The APPJ provided an environment with energetic 
ions and electrons, which both lowered the breakdown threshold by increasing the initial electron 
density and increased the signal intensity by enhancing the collisional excitation. Compared with the 
conventional setup, DBD LIBS reduced the breakdown threshold of brass from 1.01 J cm-2 to 0.06 J 
cm-2, and made the crater invisible under a 10X objective when detectable spectral signals were
generated.
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For the problems of low signal intensity applied in situ detection and poor spectral stability of LIBS 
technology in liquid samples, this paper proposes a method for manufacturing continuous small gas 
column in the liquid to assist LIBS detection and enhancing LIBS signal of metal elements in liquid 
(MGC-LIBS: Micro-Gas Column assisted LIBS).The method forms a micro-column auxiliary system 
by self-processed air intake and diversion components, forming a small gas column of millimeter, 
continuous and stable inside the liquid. A plasma is generated by knocking through the interface of the 
liquid and gas column in situ using the focused laser pulse when detecting, in which an improved 
LIBS detection signal is obtained.Experimental results on elements like Ca and Sr inside the liquid 
show that this method can enhance the signal of the ion line of metal elements by at least one order of 
magnitude, have good signal stability (RSD<1%), and observe elements not visible to multiple 
conventional liquid inside LIBS methods at conventional natural water concentration content.For this 
new method, relevant scientific and technical issues including influencing factors and physical 
properties of the plasma are discussed.The final results showed that the observed metal detection limit 
improved significantly to below 1ppm.Furthermore, the temporal and spatial evolution properties of 
the plasma is studied and discussed by the plasma imaging technique using the micro-gas column 
system.

Fig 1.  Experimental Set-up
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Laser Induced Breakdown Spectroscopy (LIBS: Laser Induced Breakdown Spectroscopy) technology 
is a kind of atomic emission spectroscopy with great advantages of real-time, on-line, minor-
destruction, multi-element analysis, etc. It has been successfully applied for in-situ detection in deep-
sea. However, LIBS detection is sensitive to the laser focal-position, and the shift of focal position 
would cause dramatic signal variation, even lead to detection failure. To obtain high stability and 
repeatability of ambient conditions, in this work a spectra-based focusing method was developed to 
achieve precise focusing in LIBS detection, so as to obtain accurate qualitative and quantitative 
analysis for the in-situ measurements underwater. It is proved that Lorentz fitting of LIBS intensities is 
a practical way to realize the accurate focusing, and the environmental breakdown was an issue which 
decreased the focusing precision, while a large moving step (200 mm) was more suitable to find the 
focal position. In the evaluation of accuracy and reliability, the microscopic imaging was employed as 
the comparison for spectra-assisted focusing to carry out shape profiling and quantitative analysis. The 
obtained results indicated that the spectra way and the micro-image way both possessed similar 
precision for laser focusing, as the results of measurement error of 46.76 mm vs 58.33 mm and 
measurement RSD 46.89 % vs 43.92 %. In the aspect of quantitation, it is easy to obtain better 
sensitivity and stability under the spectra-based focusing, because the copper detection limit was 0.33 
% and the quantitative RSD was 8.69% when comparing with the results under micro-image focusing 
(detection limit 0.60 %, RSD 10.27 %). So, it is proved that spectra-assisted focusing could be a 
practical way in the application of laser-induced breakdown spectroscopy.

Fig 1.  Two focusing methods restore the results of multi-step targets Fig 2.  Image focusing and spectrum-assisted focusing to 
obtain the LOD of Cu
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Metal element detection technologies for seawater analysis are very important in the fields of marine 
scientific investigation and environmental monitoring. The current technologies cannot meet the 
requirements of detection capabilities, such as online, real-time, multi-element and highly sensitive 
while used in the above fields on-site.  A newly developed sensor named online ultrasonic nebulizer 
assisted laser induced breakdown spectroscopy (OUN-LIBS) is introduced in this paper which is 
expected to be used for on-site seawater analysis. The core design idea of this sensor is to combine an 
online ultrasonic nebulizing auxiliary device with a traditional LIBS system to nebulize the liquid 
samples into aerosol for LIBS detection in order to realize a continuously, highly sensitive, stable and 
fast on-site detection. Based on this idea, a hardware system composed of an adapter module, a 
nebulizing module and an optical module and a software system with communication, control and 
display functions were designed. The laboratory experiments and marine field testing were carried out 
to assess the sensor. Under the status of continuous online detection, the LODs of the 6 target elements 
are lower than 1ppm and the stability of spectral line intensity of Ca is lower than 0.38%. Besides the 
traditional calibration curve method, an online and on-site standard sample calibration method is 
adopted in the concentration quantitative analysis. The results of research show that the accuracy of 
online quantification analysis is very impressive even in the marine field testing

Fig 1.  Graphical Abstract

173



P III-18

Spectral enhancement of underwater laser induced breakdown 
spectroscopy at solid-liquid interface

Zihao Wei, Canxu Zhai, Cheng Meng, Wangquan Ye*, Ronger Zheng

College of Physics and Optoelectronic Engineering, Ocean University of China, Qingdao 266100, China

E-mail: yewangquan@ouc.edu.cn

When the deep-sea LIBS system developed by Ocean University of China was used for 
underwater metal detection, it is found that the seawater detection signal in the spectrum of metal 
samples is significantly enhanced compared with the spectrum obtained by direct seawater detection. 
In order to analyze the occurrence of this phenomenon, a LIBS experimental device was built based 
on the previous sea trial work. The Nd: YAG pulse laser with the fundamental frequency of 1064nm 
was used as the excitation light source, and the metal Al target was immersed in LiCl 
solution for detection. According to the solution breakdown threshold, the laser energy is 10mJ, 
20mJ and 30mJ. The laser focus is adjusted from 2mm above the Al target surface to 2mm below the 
Al target surface in a vertical step of 0.5mm, and the typical underwater LIBS spectrum is 
obtained. Through the analysis of the focusing position and time evolution law, it is found that 
different focusing conditions play a decisive role in the LIBS signals of Al and Li elements. There is 
an optimal focusing condition of 0.5mm above the Al target surface. Compared with the direct 
detection of liquid samples, the LIBS signals of Li elements in solution have a longer lifetime 
and the spectral intensity has been significantly enhanced. Based on the analysis of the spectral 
enhancement factors affecting the solid-liquid interface of underwater LIBS, the experimental 
working conditions and detection parameters are further optimized. The LIBS signals at the 
concentrations of 50mg/L, 5mg/L and 0.5mg/L are detected and analyzed. The results show that the 
LIBS signals of Li elements at different concentrations are significantly improved compared with 
the direct detection solution, The existence of spectral enhancement effect at the solid-liquid 
interface of underwater LIBS is preliminarily verified, which is expected to improve the LIBS signal 
in the detection of metal elements in water.

Fig 1.  Variation of spectra intensity of Al I 394.400nm and Li I 
670.776nm measured at different focus position

Fig 2.  Comparison on the Li atomic line obtained from solid-
liquid interface and solution
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The direct detection of analytes in aqueous solution using laser-induced breakdown spectroscopy 
(LIBS) has several difficulties, including low spectral signal, poor stability, and rapid quenching of the 
plasma. In this study, chelate resin and anion exchange resin were used to adsorb the chromium ions 
Cr (III) and Cr (VI) from liquid onto a solid substrate, thus avoiding drawbacks of liquids analysis 
with LIBS. Crucially, Cr (III) and Cr (VI) were separated by selective adsorption on these two distinct 
resins, i.e., chelate resin and anion exchange resin. The following analytical parameters were 
optimized: flow rate of sample solution for preconcentration on the resins, laser pulse energy, and 
integral delay time of the ICCD detector. Calibration curves displayed excellent linearity, with 
correlation coefficients of 0.994 for Cr (III) and 0.993 for Cr (VI). The analytical limits of detection 
(LOD) were 0.088 mg/L for Cr (III) and 0.27 mg/L for Cr (VI), which were lower than most previous 
studies. The relative uncertainty for Cr (III) in single and mixed solutions ranged from 2.50% to 4.25% 
and 4.75% to 14.0%, respectively, and those of Cr (VI) ranged from 2.88% to 7.67% and 11.50% to 
13.89%, respectively. Recoveries of Cr (III) and Cr (VI) from natural spring water were 92.50–99.86% 
and 97.70–98.75%, respectively. These results show that this method can be successfully applied to 
the determination and separation of chromium ions in aqueous solution.

Fig 1.  Schematic diagram of the experimental set-up Fig 2.  Schematic diagram of sample preparation for LIBS analysis
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Searching for organic compounds as a trace of the past lives is one of the most important goals of 
Mars exploration1. As a compound element of phospholipid (important component of cell membrane) 
and DNA (major components of genetic materials), phosphorus plays a crucial role in the detection of 
organics and bio-signatures on Mars1. Zhurong, the rover of Tianwen-1 mission, landed on Mars 
successfully in last May, with Mars Surface Composition Detector (MarSCoDe) Multispectral camera 
and other scientific payloads2. Similar to the Chemcam instrument onboard the Curiosity Rover, 
MarSCoDe is sensitive to almost elemental components of geo-materials on Mars with the capability 
of remote detection in the range of 1.6~7 m using a LIBS spectrometer. The strong emission P I lines 
around 253 and 255 nm is in the spectral range of the spectrometer, offering the capacity of detecting 
phosphorus on Mars3. From laboratory LIBS to in situ LIBS in an extreme environment like Mars, 
matrix effects represent the major issue to be fixed for a precise quantitative analysis. Chemical matrix 
effect arises due to various bulk chemistries of rocks or soils, as well as the actual forms of the 
compounds containing phosphorus. The specific low pressure CO2 atmosphere on Mars, in addition, 
greatly affects LIBS measurements4. The purpose of this work is thus to study LIBS data acquisition 
and treatment methods in order to effectively correct the matrix effect and take into account the Mars 
atmosphere for LIBS measurements. Samples were prepared by mixing synthetic Mars soils and 
various P-containing chemicals in order to work out models able to calculate phosphorus 
concentrations with LIBS spectra from Mars5. A LIBS setup has been also constructed within a 
vacuum chamber capable to realize the Mars atmosphere. Further works will be carried out with the 
acquisition of LIBS spectra and their treatment with machine learning algorithms. 
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Laser-induced plasma in water always suffers from strong pulse-to-pulse fluctuations due to the 
multiple breakdown phenomenon, leading to a poor stability of underwater LIBS signals. The 
traditional normalization method by using the internal standard element is often limited in some 
practical cases due to the lack of a suitable element as a reference[1,2]. In this work, a spectrum 
normalization method based on acoustic signals measured by a hydrophone immersed in water was 
developed to improve the stability of underwater LIBS[3]. Firstly, the characteristics of acoustic 
signals under different experimental conditions were studied. The typical time-domain acoustic wave 
and frequency-domain acoustic wave are shown in Fig. 1. Based on the correlation between the 
acoustic signals and the LIBS spectra, an acoustic normalization model was established by using the 
partial least squares regression (PLSR). Calibration curves of Mn, Sr, and Li were built to assess the 
quantitative analytical performance. In addition, the feasibility of this method was further verified by 
combining with the internal standard method. The RSDs of the spectral intensity of Mn I 403.3 nm, Sr 
I 460.7 nm, and Li I 670.8 nm with different normalization methods are shown in Fig. 2. With the 
proposed method, the average RSD of all analyte elements were significantly reduced from 6.37% to 
3.84%. By combining the proposed method with the internal standard method, the RSD can be further 
reduced to 1.40%, which is lower than that using the internal standard method only (1.89%). This 
work may provide a simple external acoustic normalization method for underwater LIBS applications.

Fig 1.  Typical time-domain signal (a) and frequency-domain 
signal (b) of the underwater plasma acoustic wave.

Fig 2.  RSDs of the spectral intensity of Mn I 403.3 nm, Sr I 460.7 
nm, and Li I 670.8 nm with different normalization methods.
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Abstract: Laser-induced breakdown spectroscopy (LIBS) is one of the promising and competitive 
technologies for rapid and on-line analysis of industrial materials. However, due to the self-absorption 
effect on spectral line, its measurement accuracy needs to be further improved in order to meet the 
requirements of certain industries. The self-absorption-free LIBS (SAF-LIBS) we developed recently 
was demonstrated to be effective in reducing the effects of self-absorption, which can directly capture 
the optically thin plasma emission by matching the measured doublet intensity ratios with the 
theoretical one. However, this technology requires an ICCD and echelle spectrometers, which lead to 
high cost, large size and strict requirements for operating environment, so it is difficult to be widely 
used. In this study, a novel quantitative analysis technology named as high repetition frequency 
acousto-optically gated SAF-LIBS is proposed, which employs a high repetition frequency diode-
pumped solid state laser as the excitation source, and an acousto-optic modulator (AOM) as the optical 
gating switch to diffract the optically thin emission towards the spectrometers. This enables the 
Czerny-Turner spectrometers equipped with CCDs to replace the ICCD and echelle spectrometer in 
SAF-LIBS, thus greatly reducing the cost and size. Univariate quantitative analysis results show that 
the linear correlation coefficient of the calibration curve of aluminum is 0.98, and the average absolute 
error is 0.13%, indicating that the measurement accuracy is almost the same as traditional SAF-LIBS. 
This work will greatly promote the SAF-LIBS technology from laboratory research to industrial 
application.
Keywords: laser-induced breakdown spectroscopy (LIBS), self-absorption effect, optically thin, 
elemental analysis, acousto-optical modulator
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Abstract: Accurate acquisition of coal quality information, including the chemical composition and 
proximate analysis results, is of great significance for coal blending and combustion optimization in 
thermal power plants. Laser-induced breakdown spectroscopy (LIBS) is one of the potential and 
competitive technologies for rapid and on-line analysis of coal quality. However, due to the difficulty 
in controlling the stability of the generated plasmas, the measurement repeatability of LIBS needs to 
be further improved. In this paper, we propose a novel X-ray fluorescence (XRF) assisted LIBS 
method for high repeatability analysis of coal quality, which not only inherits the ability of LIBS to 
directly analyze organic elements such as C and H in coal, but also uses XRF to make up for the lack 
of stability of LIBS in determining other inorganic ash-forming elements. By combining the elemental 
lines of LIBS and XRF spectra, principal component analysis (PCA) and partial least squares (PLS) 
are employed to establish the prediction model and perform multi-elemental and proximate analysis of 
coal. Quantitative analysis results show that the relative standard deviation (RSD) of C is 0.15%, the 
RSDs of other elements are less than 4%, and the standard deviations (SDs) of calorific value, ash 
content, volatile matter and sulfur content are 0.11MJ kg-1, 0.17%, 0.41% and 0.79% respectively, 
indicating that the method has good repeatability in determination of coal quality. This work is 
helpful to accelerate the application of LIBS in the field of rapid measurement of coal entering the 
power plant and on-line monitoring of coal entering the furnace.
Keywords: Laser-induced breakdown spectroscopy (LIBS), X-ray fluorescence spectrometry (XRF), 
Spectral calibration, Instability analysis 
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A detection method of laser-induced breakdown spectroscopy 
based on bessel beam
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China
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Laser-induced breakdown spectroscopy (LIBS) is a rapid, in situ, realtime detection technique. 
However, the rough, uneven and curved surfaces of actual samples will lead to violent fluctuation of 
spectral signal, which severely reduces the accuracy and stability of LIBS. An autofocusing device 
was used as a common solution, which required a complicated optomechanical structure. And the 
focus is determined by comparing the images each time and then changing the height of the sample or 
the laser ablation probe, which is too time-consuming. To find a detection way for achieving the rapid 
and accurate LIBS detection for uneven surface samples, we carried out a method that Bessel beam 
combined with laser-induced breakdown spectroscopy. Bessel beam is a kind of "non-diffracting 
beam" with the advantage of extended linear focus. Its laser fluence is almost the same in a certain 
height range near the focal plane, which is very suitable for analysing uneven samples. To verify the 
effectiveness of Bessel beam improving the accuracy of LIBS, the quantitative analysis of slanting 
cupronickel samples using Bessel beam and Gaussian beam were performed, the results showed that 
Bessel beam had higher accuracy and stability than Gaussian beam. This research provided a new 
method to achieve the rapid and accurate in situ LIBS detection for uneven surface samples.

Fig 1.  Schematic diagram of Bessel beam experimental setup
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laser-induced breakdown spectroscopy

Deng Zhang, Lianbo Guo*
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The matrix effect is one of the main bottlenecks for the laser-induced breakdown spectroscopy (LIBS) 
technique. In this work, image-assisted, laser-induced breakdown spectroscopy (IA-LIBS) based on 
the Lomakin-Scherbe formula was put forward as a correction to the matrix effect. The brightness and 
area information in the plasma image was extracted to correct the spectral line intensities among which 
the brightness information characterizes the plasma temperature, and the area information 
characterizes the ablative mass. To verify the feasibility of this method, the experiment was conducted 
on metal samples and pressed samples. The method was applied for quantitative analysis of copper 
(Cu), magnesium (Mg) in metal samples and chromium (Cr), manganese (Mn) in pressed samples. For 
the metal samples, after correcting the matrix effect by IA-LIBS, the determination coefficient R 
squared (R2) of Cu I 510.55 nm and Mg I 518.36 nm calibration curves were increased from 0.726 and 
0.942 to 0.992 and 0.988, respectively. The root-mean-square-error of cross-validation (RMSECV) 
and the average relative error (ARE) decreased by 75.10% and 77.18%, respectively. For the pressed 
samples, R2 of Cr I 520.84 nm and Mn I 403.07 nm calibration curves corrected by IA-LIBS increased 
from 0.364 and 0.098 to 0.975 and 0.980; and RMSECV and ARE decreased by 77.88% and 83.83%, 
respectively. The experimental results showed that IA-LIBS had an obvious improvement on 
elimination of the matrix effect for the different samples and the different elements. Therefore, IA-
LIBS will become a promising technology and will greatly promote the development of LIBS in 
various fields.
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Laser-induced breakdown spectroscopy (LIBS) technology is a spectral detection method with 
characteristics of high detection sensitivity, in-situ and multi-element analysis. Thus, LIBS can be used 
to analyze the low carbon alloy steels for online monitoring in metallurgical manufacturing industry. 
As a pure optical method, LIBS can realize the component analysis of sample in some extreme 
industrial environments from a stand-off distance[1]. In this work, a coaxial open path long-range 
LIBS detection system was designed and built[2]. A lower cost six-channel optical fiber 
spectrometer(AvaSpec Multi-Channel, Avantes) was used for spectra analysis. A reflective Cassegrain 
telescope was used to collect the signal of plasma emission. Figure 1 is the photo of coaxial dual-pulse 
remote LIBS system. Six low carbon alloy steels were measured using this remote LIBS at 5~20 m 
away. However, the sensitivity and repeatability of remote LIBS are decreased with the increasing of 
detection distnace rapidly. To improve these problems, two nanosecond Nd:YAG laser were used to 
ablate the targets with a collinear dual-pulse configuration.The signal enhancement and stabilization 
effect of the coaxial remote LIBS was investigated. Figure 2 shown that the intensity of signal was 
enhanced 5~10 times with the optimized 1 μs delay time between two pulses. The intensity and 
stability of the spectral signal were improved significantly. In the future, the remote LIBS will be used 
to detect the trace explosives.

Fig 1.  The experimental setup of the coaxial DP-
LIBS system

Fig 2.  The comparison of spectra produced by single and double laser pulse 
at 5 m
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Laser-induced breakdown spectroscopy(LIBS) has been a versatile technique in applications, while 
underwater applications were hindered by low SBR (signal-to-background) performance. Time 
resolved detection can be a way to decrease the background impact on LIBS signals, but it is still 
necessary to implement background subtraction in the signal processing to realize a fine quantitative 
analysis. At present, a variety of baseline subtraction methods has been applied in LIBS such as 
penalized least squares, polynomial fitting, Savitzky-Golay filter, etc. In this work, we tried out 4 
background-subtraction methods in signal processing of LIBS underwater. A series comparison was 
implemented to summarize the methods’ applicability, and also several issues were included as: 
incomplete background removal, weak-signal elimination, inaccurate calibration-curve. However, we 
found “penalized least squares” is more applicable for LIBS underwater due to the signal particularity. 
It is hoped that our work could be a reference for the signal processing of LIBS underwater.
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temperature based on transfer learning

Jianhong Yang* 1,2

1.  School of Mechanical Engineering, University of Science and Technology Beijing, Beijing 100083, China
2.  Institute of Artificial Intelligence, University of Science and Technology Beijing, Beijing 100083, China

E-mail: 421158584@qq.com

The analysis accuracy of laser-induced breakdown spectroscopy (LIBS) in high temperature 
application will decrease when certified standard samples used for building calibration curves are 
insufficient. A novel type of LIBS quantitative methodology based on transfer learning is proposed, in 
which the information of the spectra at room temperature are transferred to the spectra at high 
temperature in order to assist in building a better regression model. Two schemes, instance-based 
transfer learning and feature-based transfer learning are presented for different situations. In the 
instance-based transfer learning scheme, a small number of labeled samples at high temperature are 
combined with a relatively larger number of labeled samples at room temperature to train the 
regression model, using the approaches of iterative weight adjusting and ensemble learning. In the 
feature-based transfer learning scheme, no label information of samples at high temperature is needed. 
The spectral data collected from labeled samples at room-temperature and the spectral data collected 
from unlabeled samples at high temperature are together mapped into a high-dimensional feature space 
in which LIBS regression model is trained and used for predicting.

Fig 1.  Experimental setup Fig 2.  The theory of (a) instance-based transfer learning and (b) feature-
based transfer learning
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The isotopic ratio of uranium is important to nuclear safeguards and nuclear forensics. Although mass 
spectrometry is widely used for the isotope analysis, the optical spectroscopy has potential to perform 
in-situ, rapid and also stand-off isotopic analysis of uranium. In the present work, the atomic emission 
spectrum of the uranium was measured using Laser-Induced Breakdown Spectroscopy (LIBS), three 
analysis methods were applied to determine the isotopic ratio of uranium using the LIBS spectrum, 
and these analysis results were compared to find the optimum method to determine the uranium 
isotope ratio. The experimental setup was as follows. Laser pulses from a Q-switched Nd:YAG laser 
with wavelength of 532 nm, and energy around 10 mJ were focused on sample surface, and plasma 
emission from the sample surface was measured using Echelle spectrometer and EMCCD. The 
spectral resolution of the spectrometer was 20 pm, which was determined using Hg-Ar lamp. 
Operation parameters of the EMCCD were delay of 2 μs and the gate width of 100 μs. The background 
of the detector was measured before the experiments, and the background was subtracted from all the 
measured spectra. The uranium samples used in the present work were UO2 pellets with 1.6 % 235U, 
UO2 pellets with 2.3 % 235U, UO2 pellets with 3.8 % 235U, and U metal with 19.8 % 235U. The 
numbers of UO2 pellets with the same 235U ratio were 9 ~ 10, and all the UO2 pellets were measured 
with the LIBS. Only one U metal with 235U ratio of 19.8 % was used in the present work, and five 
different spots on the U metal were measured. U II 424.437 nm emission line with isotopic shift of -
25.1 pm was selected for the analysis. All the measured spectra was obtained in atmospheric Ar 
environment. Although the 235U and 238U emission lines were not completely resolved in our LIBS 
spectrum, the count of the estimated 235U position in the spectrum was increased as the 235U ratio 
was increased. Three analysis methods were applied to obtain the 235U ratio of the sample from the 
LIBS spectrum. These were 1) peak height counting, 2) fitting, 3) Principal Component Analysis 
(PCA). Peak height counting method was effective in obtaining the averaged 235U ratio from multiple 
samples, and PCA was powerful in distinguishing the 235U ratio of individual samples.          
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