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A B S T R A C T

In this work, we report the simultaneous estimation of Sr, Ba and La in LiCl-KCl salt using laser
induced breakdown spectroscopy (LIBS). The samples are prepared in aqueous medium and the
solution is spread over a filter paper. The laser (532 nm) is focussed on the paper to produce
plasma in air at atmospheric pressure. Using Yb (369.42 nm) as an internal standard, linear ca-
libration curves are obtained from 50−800 ppm for Sr (421.55 nm), 50−1000 ppm for Ba
(455.40 nm) and 300−4000 ppm for La (394.91 nm) with a detection limit of 21, 19 and 68 ppm,
respectively in 12.5 % salt matrix. Salt effect on LIBS intensity is studied and found to be neg-
ligible over 5–20 % of salt. Low value of correlation uncertainty (5–11 %) illustrates that LIBS
technique has a great potential for monitoring the quality of pyro-processing salt.

1. Introduction

Laser induced breakdown spectroscopy (LIBS) has been widely demonstrated as a versatile technique for the elemental analysis
and has grown considerably over past 10 years [1–8]. This technique is based on atomic emission where the target sample is
irradiated by focusing a high-power pulsed laser, usually ns pulse width, to produce plasma. The emission from the formed plasma is
subsequently analysed by a spectrometer with proper time gating. The characteristic atomic and ionic lines are the spectral fin-
gerprints of the elements present in the sample and can be easily used for qualitative multi-elemental analysis. Certain characteristics
such as quickness, very low sample consumption, little sample preparation, remote sensing etc. have enabled the wide applications of
LIBS in carrying out elemental analysis from conducting to non-conducting samples [9].

In nuclear energy technology, to improve the economics of the nuclear fuel cycle, reprocessing of spent fuel is desired after a
specified irradiation in the reactor. In this respect, pyro-chemical reprocessing is being developed worldwide and of considerable
interest for the recovery of heavy metals from the high burn up spent metal fuels with minimum waste generation [10–12]. The first
step of the pyro-processing involves dissolution of fuel in molten eutectic salt (44 wt% LiCl +56wt% KCl) at 773 K which leads to the
formation of chloride species of U, Pu and the fission products [13,14]. These species are selectively electro-transported and de-
posited on appropriate electrodes [15]. The chloride species of some of the fission products such as alkali, alkaline earth and rare
earth metals are more stable than those of actinides and therefore does not deposit on to the electrodes and remain in the salt phase
during electro-refining [16]. The accumulation of fission products chlorides in salt after few runs significantly modifies its properties
and as a result electrochemical reduction reaction slows down [17]. To avoid it the salt is sent for distillation periodically, before it
can be reused after few runs. Usually when the content of fission product chloride exceeds 10 % in the salt, techniques of zeolite ion
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exchange, phosphorylation precipitation, melt crystallization are used for purifications of salt [18–20]. Therefore, knowledge of
concentration of fission product chloride becomes a very important criterion to check the quality of the salt before its reuse. It is also
important from the material accountability and waste generation point of view [21,22].

Usually, the analysis of fission products in salt is carried out via ICP (inductively coupled plasma) based methods [23–25]. As an
alternative, laser induced breakdown spectroscopy (LIBS) can be used for the simultaneous estimation of these fission products. In
this paper, using LIBS technique, simultaneous estimation of lanthanum (La) and alkaline earth metals (Sr, Ba) in LiCl-KCl salt matrix
is explored. There are some previous reports on the in situ analysis of molten salt using LIBS technique. Effenberger has demonstrated
the LIBS method to detect CoCl3, MnCl3 and CrCl3 in molten salt [26]. Williams et al. have reported LIBS technique as a promising
method to estimate the composition of molten salt [21]. There are very few reports on the quantitative estimation of U and lan-
thanides (Eu, Pr, Ce, Gd) in eutectic salt [27–29]. It should be mentioned that the estimation of Sr, Ba using LIBS are scarce in the
literature and those are in the field of firearm residue [30], food technology [31] and nuclear materials [32,33]. In case of La, limited
reports are available for its estimation in matrix using LIBS. Martin et al. have performed LIBS estimation of La in graphite matrix
[34]. Bhatt et al. have reported La estimation in ore/mineral [35]. Recently, feasibility study of La estimation in LiF-KCl matrix by
LIBS has been reported from our laboratory [36]. To the best of our knowledge, no LIBS study is available and the present work will
demonstrate for the first time the feasibility of LIBS estimation of Sr, Ba and La in LiCl-KCl salt. These elements are chosen here to
verify the potential application of LIBS technique for the simultaneous estimation of lanthanides and alkaline earth metals in LiCl-KCl
salt.

The direct analysis of salt requires inert atmosphere as LiCl-KCl salt is hygroscopic in nature. With the objective to investigate the
feasibility of LIBS in the analysis of Sr, Ba and La in LiCl-KCl salt, experiments are carried out in open atmosphere after dissolving the
salt in aqueous medium. It is well known that direct LIBS analysis of liquid samples results lower figure of merits as compared to solid
[37]. As conversion of liquid into solid shows advantages [38–40], here aqueous samples are spread over filter paper and then LIBS
analysis are carried out. Internal standard method [41] is used for quantification of the elements.

2. Experimental

2.1. Instrumentation

The plasma was generated in air at atmospheric pressure using a Q-switched Nd:YAG laser (Quantel, Brilliant) operated at 532 nm
with repetition rate of 2 Hz. This laser generates pulse width of 8−10 ns. A plano-convex quartz lens of focal length 10 cm was used
to focus the laser beam onto the target sample. The focal point was set about 4mm below the target surface to minimize a breakdown
above the surface. The spot size of the beam at the sample surface was about 300 μm. Light emitted from plasma was collected at an
angle by an optical fiber of core diameter 600 μm (LTB, Germany), coupled to a collimator with a confocal length of 50mm. The
collected light is then transmitted to the other end of the fibre which is placed to the entrance slit of Aryelle 200 spectrometer (LTB,
Germany). The dispersed light was detected by a CCD detector coupled to the spectrometer. Early plasma continuum was cut off by a
mechanical chopper placed in front of the entrance slit of the spectrometer. The spectral range covered was 200−770 nm with a
resolution of 0.02 nm at 250 nm. ‘Sophi’ software was used to obtain the spectrum. All the measured spectra were corrected for dark
spectrum.

2.2. Sample preparation

A stock solution of salt mixture (60 wt% LiCl & 40wt% KCl) was prepared by dissolving the chloride salts (Loba Chemie, India,
99.9 %) in water. The concentration of salt mixture in this stock was 25 wt% as above this concentration mixture was not fully soluble
in water. For better solubility, ratio of wt% of LiCl:KCl was maintained at 60:40 instead of usual ratio of 44:56. High purity (> 99.95
%) rare earth oxides (La, Pr, Nd, Sm, Eu, Gd, Yb) and Y2O3 were procured from M/s Indian Rare Earths Ltd. and used for preparing
their standard solutions by digesting with supra-pure HNO3 (Merck make). RbCl, CsCl, SrCl2·6H2O, and BaCl2·2H2O (M/s Sigma
Aldrich) were used to prepare stock solutions. De-ionized water (18MΩ) obtained from a Milli-Q (Millipore) system was used in the
preparation of the stock solutions. Suitable dilutions were then made from these stock solutions to prepare experimental solutions.
Five calibration standards were prepared by mixing suitable amounts of Sr, Ba and La from the stock solutions with salt mixture. The
concentration of Sr, Ba and La in stock solutions was determined by ICP-AES. The concentration of the analytes in the calibration
standards was ranged from 10 to 4000 ppm. Four samples containing different amounts of the analytes, salt mixture with different
ions were prepared and treated as unknown. Acidity of 1.5M was maintained in all of the experimental solutions to avoid any
precipitation.

2.3. Measurement

12 μL of solution was transferred to a piece of filter paper (Whatman-540) and immediately placed over a tape (double sided)
which was mounted on a SS plate holder. The solution spread over the paper and makes an oval shape (∼14×16 mm2) sample layer
on it. The SS plate was then placed over a motorized three-axis translation stage which allowed the acquisition of LIBS at different
positions. For each measurement, single laser shots were recorded at 60 different positions and then averaged to improve re-
producibility. For each concentration eight such sample loadings and measurements were performed. It is to be noted that the filter
paper is not dried before the LIBS analysis like other reports [42,43], hence it is less time consuming and more convenient.
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3. Results and discussions

3.1. Selection of internal standard

It is well known that LIBS signal intensity strongly depends on many factors like laser pulse energy, physical parameter of the
sample, efficiency of laser coupling with sample, ablated mass, environmental condition etc. Usually internal standard method is used

Fig. 1. a LIBS spectrum of Sr, Ba, La and Yb in 12.5 % LiCl–KCl salt. b–e Same spectrum is shown in the expanded window; the emission lines
marked are used for calibration. The spectrum shown in red colour is without Sr, Ba and La; for clarity it is offset in Y-scale (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

Table 1
Characteristics of spectral lines employed for quantitative analysis.

Line Wavelength (nm) Transition probability (x107 s−1) Lower level (cm−1) Higher level (cm−1)

Sr(II) 407.77 14.72 0.0 24516.65
Sr(II) 421.55 13.43 0.0 23715.19
Ba(II) 455.40 11.89 0.0 21952.42
Ba(II) 493.41 9.69 0.0 20261.56
La(II) 394.91 12.21 3250.35 28565.40
La(II) 398.85 7.20 3250.35 28315.25
Yb(II) 369.42 3.69 0.0 27061.82
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to overcome any unwanted experimental fluctuation to obtain calibration curve [41]. In this method, the ratio of line intensity/area
of the analyte of interest to the line intensity/area of the internal standard is plotted as a function of the concentration of the analyte.
In our case, Li or K line can be used as internal standard provided their concentration remains nearly same. But in real sample, the
presence of other fission products along with the analyte of interest makes the salt concentration to vary and hence the lines of Li/K
could not be used as internal standard. Since, filter paper is used as substrate, the intense C line at 247.86 nm can be chosen as an
internal standard. Preliminary experiments revealed 16 % RSD, when C line is used as an internal standard, whereas the RSD is less
than 10 % when ytterbium (Yb) lines are chosen. Another advantage of choosing Yb as an internal standard is that it is not a fission
product and hence for real sample analysis, known amount of it can be added for the purpose of quantitative analysis. Three intense
lines of Yb at 328.94, 369.42 and 398.80 nm are observed in LIBS spectra. The first two lines are found to be interference free and can
be used for analytical purpose. In the present study, 369.42 nm (YbII) line is chosen as an internal standard and the peak intensity is
used for the calculation. The concentration of Yb was 1500 ppm in all our experimental solutions.

3.2. Selected analytical line

Fig. 1a shows a typical LIBS spectrum of a sample containing Sr, Ba and La in 12.5 % salt matrix along with Yb. The figure shows a
couple of emission lines from Yb, Sr, Ba and La over 240−770 nm along with lines due to K and Li coming from the matrix. For
quantitative estimation, two interference free lines for each element have been identified. These lines are marked in Fig. 1b–e and the
corresponding spectroscopic data are given in the Table 1 [44]. It can be noticed that except La lines, Sr and Ba lines are resonant
lines. To reduce the self-absorption effect, resonant lines are not a better choice but in our experimental conditions those lines have
been chosen because their intensities can be measured with better accuracy even at low concentration.

3.3. Selected experimental condition

At the outset, in order to obtain optimum signal to noise ratio (SNR) and minimum relative standard deviation (RSD), experi-
mental conditions like laser energy, laser repetition rate, number of laser pulses, time delay and gate width were varied. In our LIBS
spectrometer, gate width was decided by the laser repetition rate. To ablate fresh sample point by each laser shot, 2 Hz was found to
be optimum. Time delay was varied from 1.5 to 2.2 μs and the best signal was obtained for 1.8 μs delay. Laser energy controlled by
the LIBS spectrometer was varied from 60 to 82mJ and the spectra were recorded for a sample containing Sr, Ba and La with Yb as
internal standard. Though the SNR was better for higher energy, but the RSD values for all the elements were found to be more. The
variation of RSD values for the intensity ratios of emission lines of La(II) 394.91 nm, Sr(II) 421.55 nm and Ba(II) 455.40 nm with
respect to Yb(II) 369.42 nm line are shown in Fig. 2a whereas variation of SNR are shown in Fig. 2b. For all the elements, RSD value
was found to be least at 70mJ and hence this laser energy was used in our following experiments.

Fig. 2. a Variation of RSD and b SNR with laser energy.
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3.4. Calibration curves and detection limits

The feasibility of LIBS for quantitative analysis of Sr, Ba and La in LiCl-KCl matrix is evaluated by getting calibration curves. The
normalized intensity of the selected emission lines as a function of the elemental concentration is plotted to obtain the calibration
curve for each element. The normalised intensity as mentioned earlier is obtained by taking ratio of the intensity of the analyte line of
interest with that of 396.42 nm line of Yb II. The calibration plots over which linearity has been observed are shown in Fig. 3a-c for
Sr, Ba and La respectively. The concentration range shown here is 50−800 ppm for Sr, 50−1000 ppm for Ba and 300−4000 ppm for
La respectively. The salt concentration used in all the experiments is 12.5 %. Each point in these plots corresponds to an average of
eight measurements of eight different sampling. It can be seen from the plots that regression coefficient (R2) values are nearly one
(average value of 0.99) for both the emission lines chosen for each of the elements. It clearly tells that out of two emission lines any

Fig. 3. Normalised elemental emissions of Sr (a), Ba (b) and La (c) as a function of concentration.
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one can be used for analysis. The more sensitive line of Sr i.e. 407.77 nm can be used to cover the concentration range below 50 ppm
and it is shown in the inset of Fig. 3a. Using this line, linear calibration plot is observed over 10−125 ppm of Sr with R2 value of
0.9962.

To use these calibration plots for analysis purpose, one needs to check the effect of salt concentration on the plots, as in real
sample salt concentration may vary depending on the presence of other fission products along with the elements of interest. Fig. 4
shows the variation of normalised intensity of La (3000 ppm), Sr (400 ppm) and Ba (800 ppm) over salt concentration varied from 0
% to 20 %. It can be seen from the figure that the maximum value was obtained when no salt was present. As salt concentration is

Fig. 4. Variation of normalized intensity of Ba, Sr and La with LiCl-KCl concentration.

Table 2
Composition of the major elements (‘other ions’) present in 12.5 % salt matrix.

Element Concentration found in 12.5 % salt (ppm)a Concentration used in synthetic samples (ppm)

RbCl 262 300
YCl3 550 800
CsCl 1912 2000
PrCl3 888 1400
NdCl3 3038 5800
SmCl3 575 1100
EuCl3 38 760
UCl3 7450 2380
Total 14,713 14,540

a [51].

Table 3
Comparison of the actual and measured concentration of La, Sr and Ba in salt mixture.

Sample ID Salt (%) ‘Other ions’ (ppm) Concentration as prepared (ppm) Concentration as measured (ppm)

LIBS ICP-AES

S1 10 0 Sr 300 285 (-5.0 %) –
Ba 300 332 (+10.7 %) –
La 400 443 (+10.8 %) –

S2 10 0 Sr 80 73 (-8.8 %) –
Ba 165 179 (+8.5 %) –
La 2000 1890 (-5.5 %) –

Syn1 12.5 14540a Sr 180 200 (+11.1 %) 194 (+7.8 %)
Ba 180 201 (+11.7 %) 198 (+10.0 %)
La 620 562 (-9.4 %) 690 (+11.3 %)

Syn2 12.5 14540a Sr 360 330 (-8.3 %) 380 (+5.6 %)
Ba 360 348 (-3.3 %) 390 (+8.3 %)
La 1240 1115(-10.0 %) 1270 (+2.4 %)

a according to Table 2.
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raised to 5 %, the normalised intensity is decreased by nearly 13 % and there is a slight variation in intensities over the range 5–20%
of salt. It clearly tells that the calibration plots shown in Fig. 3a-c can be used for quantitative analysis of samples in LiCl-KCl matrix
over a wide range of salt concentration (5–20 %) with adequate accuracy.

The detection limits (LOD) of the elements were calculated using 3σ/s criteria where σ is the standard deviation of eight ex-
perimentally measured normalised intensity of the element at the lowest concentration and s is the slope of the calibration curve. The
LODs for Sr, Ba and La using the calibration plots constructed with 421.55 (for Sr), 455.40 (for Ba) and 394.91 nm (for La) lines are
21, 19 and 68 ppm respectively at 12.5 % salt matrix. In case of Sr, 4 ppm LOD can be achieved by using 407.77 nm line. The LODs
measured in our experiments are very much comparable to reported values. Using multivariate analysis percentage level quantifi-
cation of La were reported in graphite matrix and geological samples [34,35]. A few ppm of detection limits for Ba and Sr were
reported in ice/10 % soil mixture in a controlled atmosphere of CO2 [45,46]. The LOD for Ba in sand and soil matrix was reported to
be 76 and 42 ppm respectively [47]. About 10 ppm LOD for Sr and Ba was reported in glass window by Deftar et al. [48]. Picogram
(pg) level quantification of Sr and Ba in micro-drops which corresponds to LOD of nearly 10 ppm was reported by Cahoon et al. [49].

3.5. Quantitative analysis

Four unknown samples containing all the three elements with varied concentration were prepared. Two of these solutions contain
‘other ions’ which constitute major elements present in salt phase along with the analytes of interest [50]. The concentrations of ions
are provided in Table 2 and they are based on a salt composition in the electro-refining bath of an experimental breeder reactor (EBR
II) that is processed from nuclear fuel [51]. The concentration of ‘other ions’, given in this Table, corresponds to 12.5 % salt mixture.
All these synthetic solutions were subjected to LIBS analysis under the same experimental conditions of those of standards. The
calibration curves having more slope value were used for obtaining the concentration of La and Ba. For Sr, calibration curve with
slope having less value was used as the R2 value of the corresponding fit was better. The measured values are given in Table 3. It can
be seen from this table that the LIBS values are in good agreement with the expected values. The estimated values are also shown
graphically in Fig. 5. The concentrations of the analytes in samples (Syn1 and Syn2) containing ‘other ions’ were also measured by
ICP-AES after dilution by 100 times. The values obtained are also provided in the same table. It can be seen from the table that the
values obtained from ICP-AES analysis are higher than the expected one for all cases. This could be due to the presence of high
content of LiCl-KCl mixture and ‘other ions’ (total∼1400 ppm) which probably enhances the emission line intensities of the analytes.
It is to be noted here that the results obtained by LIBS does not show any such systematic error.

4. Conclusion

In the present work, the feasibility of LIBS as an analytical method for the measurement of Sr, Ba and La contents in LiCl-KCl
matrix using Yb as an internal standard has been demonstrated. An accuracy of 5–11 % has been achieved in the estimated values for
synthetic samples using LIBS technique. Further, a comparison of the estimates with ICP-AES analysis verifies LIBS versatility in the
simultaneous quantification of these elements for pyro-processing. The LIBS measurement is advantageous over ICP based method as
sample dilution by nearly two orders is required in later to avoid the matrix effect. Calibration curve does not change significantly
even up to 20 % of salt mixture and hence the present method can be easily applied for pyro-processing. This is certainly an
encouraging for LIBS technique in nuclear industry for its robustness in quantitative multi elemental analysis.
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Fig. 5. Comparison of the expected values (filled bars) and LIBS values (hatched bars) of samples.
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