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An experimental study has been conducted for the practical and in situ application of laser-induced

breakdown spectroscopy (LIBS) for the detection of Cs pollutant in water and soil in the nearby area of

Fukushima Nuclear Power Station. The spectrochemical measurements were carried out by means of

355 nm Nd-YAG laser with N  and He ambient gases at atmospheric and low pressures. The soil

samples were prepared by pelletizing the mixtures of 80% soil and 20% KBr while the aqueous samples

were prepared as thin films electro deposited on indium tin oxide (ITO) glass. The resulted emission

spectra using 0.5 kPa N  ambient gas shows the minimum detectable Cs concentration of 0.2 ppm and

0.3 ppm in the water and soil samples, respectively. The result of this experiment has thus

demonstrated the viability of the LIBS equipment employed here as a more practical, in-situ and even

mobile alternative to the standard use of gamma-ray spectroscopy using germanium detector. © 2017
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Advanced HeavyWater Reactor (AHWR) grade (Th-U)O2 fuel sample and Simulated High Burn-UpNuclear Fuels
(SIMFUEL) samples mimicking the 28 and 43 GWd/Te irradiated burn-up fuel were studied using laser-induced
breakdown spectroscopy (LIBS) setup in a simulated hot-cell environment from a distance of N1.5 m. Resolution
of b38 pm has been used to record the complex spectra of the SIMFUEL samples. By using spectrum comparison
and database matching N60 emission lines of fission products was identified. Among them only a few emission
lines were found to generate calibration curves. The study demonstrates the possibility to investigate impurities
at concentrations around hundreds of ppm, rapidly at atmospheric pressurewithout any sample preparation. The
results of Ba and Mo showed the advantage of LIBS analysis over traditional methods involving sample dissolu-
tion,which introduces possible elemental loss. Limits of detections (LOD) under Ar atmosphere shows significant
improvement, which is shown to be due to the formation of stable plasma.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

India constituting one-sixth of theworld population is on the path of a
rapid economic growth. Energy consumption being an essential part of
development, per capita electricity consumption is considered as one of
the index of civilization of a nation. With the rate of population growth
and a bare minimum requirement of ~6000 kWh/year electrical con-
sumption for acceptable quality of life in a society, India needs to improve
its electricity generation nearly ten-folds in next four decades. Keeping
this inmind, Department of Atomic Energy, India is pushing for utilisation
of the vast Th resources of the country to produce electricity. Following
this line of action, Advanced Heavy Water Reactor (AHWR) is being de-
veloped which will use (Th-233U)O2 fuel containing 3–3.75% U [1].

Elemental characterization of irradiated fuels is required for
accessing the thermo-mechanical properties of the fuel in the post irra-
diation examination (PIE) stage. An unexpected value in any stage of ir-
radiation can help to point out the possibility of a failure and the specific
fuel bundle can be promptly removed. Another important reason be-
hind elemental characterization during PIE is to know the fission yield
of various fission products (FPs), which varies with the fission type
(thermal or fast neutron fission) involved in the reactor and the fissile
nuclei. These data also help the scientist to validate and modify reactor

codes used by nuclear industry. Quantification of impurity constitutes is
typically carried out by first dissolving irradiated fuels in acid solution,
following bulk separation and subsequent analysis by radiometric or
mass-spectrometric methods. Irrespective of the composition, the irra-
diated fuels due to their sintered nature are difficult to dissolve and is
time consuming. It also poses high level radiation hazards, which is a
driving force for developing desirable methods involving minimum
sample handling procedures with an objective to minimize the radia-
tion exposure to the workers.

Laser Induced Breakdown Spectroscopy (LIBS) being an emission
spectroscopic method, has many advantages over conventional tech-
niques, especially in the radioactive environment of nuclear industry.
The notable advantages are, (i) LIBS can be a useful tool for in-situ re-
mote analysis in hostile industrial environments at atmospheric pres-
sure, since both the laser and emitted signal can be transmitted
through optical fibres, (ii) possibility of analyzing both electrically
conducting and non-conducting samples without the need of any
conducting layer coating, (iii) possible to implement for fast and routine
quality assurance checks during the fabrication stages, (iv) small sample
requirement for the analysis, (v)micro analysis of inhomogeneous sam-
ple, and (vi) no sample preparation [2,3].

Detailed description of this technique is available in many reviews
[4–6]. The possibilities of LIBS applications in the nuclear industries is
reported by Wachter and Cremers in 1987 [7]. Uranium (U) has been
studied by LIBS as a part of glass, reactor fuel, in solutions, in reduced
pressure, as oxide, etc. [7–12]. Our group had carried out significant
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High-resolution continuum source and line source flame atomic absorption spectrometry (HR-CS FAAS and LS
FAAS, respectively) were applied for Pb determination in unleaded aviation or automotive gasoline that was dis-
solved in methyl-isobutyl ketone. When using HR-CS FAAS, a structured background (BG) was registered in the
vicinity of both the 217.001 nm and 283.306 nm Pb lines. In the first case, the BG, which could be attributed to
absorption by the OH molecule, directly overlaps with the 217 nm line, but it is of relatively low intensity. For
the 283 nm line, the structured BG occurs due to uncompensated absorption by OH molecules present in the
flame. BG lines of relatively high intensity are situated at a large distance from the 283 nm line, which enables
accurate analysis, not only when using simple variants of HR-CS FAAS but also for LS FAAS with a bandpass of
0.1 nm. The lines of the structured spectrum at 283 nm can have “absorption” (maxima) or “emission” (minima)
character. The intensity of the OH spectra can significantly depend on the flame character and composition of the
investigated organic solution. The best detection limit for the analytical procedure, whichwas 0.01mg L−1 for Pb
in the investigated solution, could be achieved using HR-CS FAASwith the 283 nmPb line, 5 pixels for the analyte
line measurement and iterative background correction (IBC). In this case, least squares background correction
(LSBC) is not recommended. However, LSBC (available as the “permanent structures” option) would be recom-
mended when using the 217 nm Pb line. In LS FAAS, an additional phenomenon related to the nature of the or-
ganic matrix (for example, isooctane or toluene) can play an important role. The effect is of continuous character
and probably due to the simultaneous efficient correction of the continuous background (IBC) it is not observed
in HR-CS FAAS. The fact that the effect does not depend on the flame character indicates that it is not radiation
scattering. For LS FAAS, the determination of Pb using the 283 nm line, a 0.1 nm bandpass and a fuel lean
flame is strongly recommended. The analysis of certified reference materials, recovery studies and the analysis
of real sampleswith lowPb content supported the satisfactory accuracy of Pb determination in automotive or avi-
ation gasoline when the recommended analytical variants are applied.
The studies in this work shed new light on spectral phenomena in air-acetylene flames. The structured back-
ground due to absorption by the OHmoleculesmust be taken into account during Pb determination in otherma-
terials as well as in some other elemental determinations, especially at low absorbance levels. The usefulness of
HR-CS FAAS for revealing and investigating a structured backgroundwas demonstrated. HR-CS FAAS does not re-
veal fully corrected spectral effects with a continuous character, which can be found in LS FAAS.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Lead is a very important element in the petroleum industry due to
the application of tetraalkylleads (TALs) and especially the most widely

used compound TEL (tetraethyllead) as an antiknock agent [1–3]. TEL,
which was commercially introduced in 1923, turned out to be an effi-
cient and useful additive to gasoline. It was estimated that the applica-
tion of this compound significantly contributed to the development of
transport and the global economy [2]. However, TEL has also been called
“the mistake of the 20th century” [2,3]. Its poisoning effect on human
health, first of all, its neurotoxicity, has been known since the beginning
of TEL production, but the facts were not properly taken into account for
many years. The broad application of TALs contributed to significant en-
vironmental pollution all over the world, including in Greenland snow
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