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Abstract

This work extends a previous percentage level concentration study of the optical emission spectra
for six rare earth elements, europium (Eu), gadolinium (Gd), lanthanum (La), praseodymium (Pr),
neodymium (Nd), and samarium (Sm), along with the transition metal, yttrium (Y) using laser
induced breakdown spectroscopy (LIBS). The concentration of these six rare earth elements and
yttrium have been attempted for the first time systematically down to parts-per-million
concentration levels ranging from 30 — 300 ppm. The authors have developed multivariate models
for each element capable of predicting concentration with acceptable to excellent levels of
accuracy. Additionally, partial least squares regression coefficients were used to identify key
spectral features able to be used in this lower concentration regime. This study has demonstrated
that it is conceivable to quantify the six rare earth elements along with yttrium at low
concentrations in the parts-per-million levels.

This manuscript has been authored by UT-Battelle, LLC under Contract No. DE-ACO05-
000R22725 with the U.S. Department of Energy. The United States Government retains and the
publisher, by accepting the article for publication, acknowledges that the United States
Government retains a non-exclusive, paid-up, irrevocable, worldwide license to publish or
reproduce the published form of this manuscript, or allow others to do so, for United States
Government purposes. The Department of Energy will provide public access to these results of
federally sponsored research in accordance with the DOE Public Access Plan
(http://energy.gov/downloads/doe-public-access-plan).


mailto:martinm1@ornl.gov

Introduction

This important work is related to the national need for rare earth elements (REEs) as
strategic minerals, as well as related to the recycling of the growing amount of electronics
containing them. Furthermore, REEs are typical byproducts of nuclear fission, the reaction used
for nuclear power production involving the splitting of uranium or plutonium atoms into two
lighter elements and generating heat. After nuclear fuel, typically UO,, has undergone several
cycles in a nuclear powerplant the fuel pellets have accumulated a sizable amount of radioactive
fission products (FPs) and minor actinides e.g., Eu-152, Gd-157, La-139, Nd-144, Pr-147 and Sm-
150, etc. The capability to assess the composition of these used fuel elements is crucial for nuclear
safeguards. The compositional measurements are especially relevant to nuclear fuel reprocessing,
where irradiated fuel is treated through aqueous or molten salt methods to remove FPs from still
fissile material.! This necessitates the tracking of mixed actinides, REEs, and other FPs throughout
the various separation process steps.

Standard analytical techniques such as ICP-MS or ICP-OES/AES are largely used for
measuring the quantities of rare earth and the actinide that are produced in irradiated fuel.>!3 It is
impossible to analyze as-produced solutions which have very high radiological doses. Instead,
these solutions must be diluted as high as a million-fold to be handled safely and this dissolution
contributes to analytical uncertainties. These procedures are very time-consuming and hence,
expensive to accomplish. Laser induced breakdown spectroscopy (LIBS) is a strong candidate for
in-situ compositional analysis. LIBS involves pulsing a focused high-energy laser onto a sample
surface, where through thermal breakdown a plasma plume is formed from a minor amount of
ablated material. This plasma emits characteristic elemental signatures as it cools which can be
measured with a spectrometer. LIBS can be fiber-based or implemented at stand-off distances and
is sensitive to nearly all elements making it well suited for extreme environment/sample
measurement.

It has been well established that the spectral features for the REEs have very complex and
extremely dense spectral signatures with roughly a thousand peaks each. This can make a positive
identification of the actinides along with the other FPs and REEs from a concentrated mixture that
is produced in a nuclear facility very difficult. To identify strong characteristic peaks a detailed
and comprehensive study of several major REEs (Eu, Gd, La, Pr, Nd, Sm, and Y) using LIBS was
performed previously'4. Martin, et.al. demonstrated the capability to quantify these REEs in the 1
— 50% concentration range using multivariate analysis. Detailed accounts of LIBS measurements
of actinides and their surrogates have been demonstrated.!>2! A number of articles have also shown
LIBS for the measurement of REEs 2246, Most of these studies were performed with majority of
the concentrations in the percent levels, whereas the goal of this study is to demonstrate the use of
LIBS analysis for lower ppm concentration levels for individual REES. Furthermore, this will
provide a down selected list of REE peaks that are still relevant to quantification in this lower
concentration range. In certain applications, such as nuclear forensics, the detection of the REEs
in low levels is an essential need as it can act as an indicator of a previous nuclear events.

Quantification using LIBS does have some has inherent limitations that are similar to other
analytical techniques. One of the major limitations is that the laser that is exciting the sample will
interact with different matrices differently and making the measured spectrum matrix dependent.
In other words, for a robust calibration it is important to have calibration standards that are
representative of the samples that are planned to be analyzed. Many authors have discussed the



difficulties that are associated with getting direct quantitation for the LIBS technique.*’*° The
effect of sampling geometries and a few other sampling parameters, e.g., laser energy and laser
wavelength on the on elemental emissions have been addressed in detail.*>*° Windom and Hahn
discuss several strategies to overcome these matrix-specific calibration in their review article.>!

The main goal of this study is to determine the limits of detection for the six rare earth
elements Eu, Gd, La, Pr, Nd and Sm, and one transition metal Y, by using LIBS. Samples with
concentrations ranging from 10— 300 ppm, for every element in oxide form homogeneously mixed
in a graphite matrix was tested to develop separate calibration models for each element and enable
the authors to identify the main spectral features still viable at these low concentration ranges.
Furthermore, the multivariate calibration models were tested against validation samples for each
individual element to demonstrate the ability of the loading parameters to classify each element
without ambiguity. Lower ppm level detection for these important rare earth elements has not
previously been demonstrated.

Experimental

In these experiments, a 532 nm Q-switched Big Sky laser (model CFR-Ultra) was used. In
order get consistent spectra across the samples, the laser energy was held constant at 45 mJ and 5
replicates were collected for each sample composition. These replicates help account for any slight
deviations in the pellet composition and/or laser energy. The laser was focused onto the sample
using a 10 cm focal lens. The sample was located on an XYZ stage to provide high resolution
three-dimensional adjustments and a 650 nm alignment laser was employed to ensure that the
excitation laser was constantly focused on the sample surface. A set of fused silica lenses were
used to collect the light emitted from the plasma that is generated onto to a low OH silica fiber.
The light from the plasma was received by a Catalina Scientific SE 200 Echelle spectrometer
allowing a measurement across the wavelength range from 190 — 800 nm with a nominal resolution
of 0.06 nm. This spectrometer was coupled to an Andor iStar intensified charge coupled detector
(ICCD). The spectra were acquired with a 1 microsecond delay and 10 microseconds for exposure
time. The laser was operated at a 10 Hz repitition rate. A schematic of the experimental setup
employed is shown in Fig 1.

<Figure 1>

The samples used in this study were pressed graphite pellets containing concentrations of
10, 30, 70, 100, and 300 ppm of REEs. These concentrations were selected to focus on the lower
ppm levels such that any identified peaks would be ensured to be useful for this detection range.
EU.203, Gd203, La203, PI'601 1s Nd203, Sl’l’lej, and Y203 were obtained from Alfa Aesar, Ward HIH,
Massachusetts (USA). The oxide powders used in this research all had a purity of 99.99%.
Graphite powder of microcrystalline grade and of 99.9995% purity was also obtained from Alfa
Aesar. The particle sizes of the graphite and oxides ranged from 2 — 20 microns. The oxide powders
were mixed and weighed with a balancing amount of graphite powder to prepare the desired
concentrations. The total weight of the rare earth oxide and graphite powder was measured to be
75 mg. These concentrations were then mixed with 99-100% hydrolyzed polyvinyl acetate (PVA)
to serve as a binder. The consistuents were added to a bottle and vortexed. Afterwards a heating



plate was used to dry the mixture. Then the contents of the bottle were placed in a 0.635 cm die
and then the contents were pelletized using 6672.33 N sustained for 1 minute.

Results and Discussion

Figure 2 shows a subregion (390 — 430 nm) of the collected spectra of Eu, Gd, La, Pr, Nd,
Sm, and Y in a graphite matrix in each 30-ppm sample. Several spectral peaks have been labelled
accordingly. These REE samples show that most of the prominent peaks that identify the
individual elements are generally in a narrow region of the full spectrum e.g., the wavelength
region of 350 — 450 nm. The number of peaks identified for the 30-ppm concentration are far fewer
than those that were identified in our previous study of the same species at percent level
concentrations.

<Figure 2>

The measured LIBS spectra were split into two sets: calibration and validation. Using the
calibration sets, partial least squares (PLS) models were built for the spectral region from 200 —
700 nm. The full broadband region of the spectra was used to identify a specific subregion in
which the most peaks are identified for all the REEs. A very good PLS model was demonstrated
for switch grass using infrared spectroscopy by Edmunds et al.>? In the current study the main
spectral features were identified by building PLS models to relate the measured spectra to the
sample concentrations. The PLS models were evaluated by how well they predicted the validation
set concentrations and the PLS regression coefficients reveal spectral features highly correlated to
concentration.

The metrics that were used to evaluate the performance of LIBS-PLS models revolved
around prediction. These parameters are the coefficient of determination (R?), root mean squared
error of calibration (RMSEC), and root mean squared error of prediction (RMSEP). The RMSEC
and RMSEP are representative of the average prediction error for the calibration data set and the
validation sample set, respectively. Both RMSEC and RMSEP have the same units as
concentration because they are representative of the difference between the known and predicted
values. The value of RMSERP is typically higher than that of RMSEC value because the validation
sample set is not used to build the PLS model, whereas the calibration sample set used to build the
model is used to calculate the RMSEC. The result of the PLS model is an array of regression
coefficients that when multiplied by a measured spectrum would provide a concentration
prediction. The regression coefficient is of the same dimension as the measured spectra. Here, a
positive value indicates a positive correlation to concentration and conversely a negative value
indicates a feature negatively correlated to an increase in concentration. These regression
coefficients are very useful for identifying key spectral features, as they will reveal themselves as
peaks in the regression coefficient versus wavelength plots.

For the calibration model it is important to use a low number of PLS factors. In the case of
all the species that were studied in this article the number of PLS factors remained between 2 — 5.
If an extraneous number of factors are used to build the PLS model, then the model will become
overfit as it begins to model noise rather than real variance. The PLS models in this study were
developed with the Unscrambler software. This software aids the user choose an optimal number
of factors for each element to avoid overfitting. Another important note is that sample preparation
methods, such as grinding, humidifying, and pelletization of different rare earth compounds could
have adverse effects on model implementation. These preparation methods should be kept constant



and consistent across the sample set to avoid matrix changes causing degradation the model
performance.

PLS models were built for each REE and then tested using a validation dataset. Table 1
summarizes the model metrics for all the individual REE LIBS-PLS models’ calibration and
validation datasets. Along with these metrics, the linear fit information for the measured versus
predicted concentration plots is provided. Figure 3 shows the parity plots for each REE model’s
calibration and validation dataset.

Table 1. Evaluation Metrics of LIBS—PLS Models Developed.

Element Slope Offset RMSE(C/P) | R? Factors
Eu (Calibration) | 0.967 3.287 17.936 0.967 4
Eu (Validation) | 0.940 7.661 23.898 0.941 4
Gd (Calibration) | 0.997 0.252 4.947 0.997 3
Gd (Validation) | 0.953 5.517 12.194 0.984 3
La (Calibration) | 0.918 6.280 23.404 0.918 4
La (Validation) | 0.803 13.011 34.475 0.823 4
Pr (Calibration) | 0.966 2.789 18.019 0.966 4
Pr (Validation) | 0.987 10.734 25.498 0.943 4
Nd (Calibration) | 0.996 0.284 5.519 0.996 5
Nd (Validation) | 0.858 15.500 22.051 0.955 5
Sm (Calibration) | 0.985 1.222 11.225 0.968 4
Sm (Validation) | 0.841 12.734 31.394 0.846 4
Y (Calibration) | 0.952 4.949 23.448 0.952 3
Y (Validation) 0.852 13.358 33.471 0.904 3

Looking at the first model, Eu, the RMSEC and RMSEP were calculated to be 17.94 and
30.64, respectively. As mentioned previously the RMSEP is anticipated to be greater than the
RMSEC, but on the similar scale. This is the trend across the species investigated in this paper,
although some species (e.g., Gd, Nd) see a greater difference between the values. This may indicate
species which are more difficult to measure in this range. The Eu R? values were calculated to be
0.967 for calibration and 0.914 for validation, indicating strong fits. The slopes of the linear fits
for both calibration and validation datasets being nearly unity on the parity plots signify a strong
model. A similar trend is seen amongst the elements investigated.

<Figure 3>

Figure 4 shows subregions of the PLS regression coefficients where several elemental
features were identified for each species. The regression coefficient versus wavelength plots were
meticulously checked against the NIST Atomic Spectra Database for each element that was
investigated to ensure that the model accurately identified and modeled relevant spectral features
for each species and to determine the ion state of the transitions.’* Looking at Eu again, the
negative region between 380 — 390 nm signifies that this spectral region decreases as the Eu
concentration increases, so it may be correlated to a matrix signal that it not a Eu feature. By
identifying peaks in these regression coefficient plots, key spectral features relevant to these low
concentrations were identified. The main peaks identified for each species are listed in Table 2.



<Figure 4>

The parity plots in Fig. 3 show a larger variance for La and Sm, compared to Eu and Gd
implying that La and Sm have a weaker signal at these low concentrations. The La and Sm PLS
models also identified fewer distinct lines indicating the limit of detection for La may be near 10
— 30 ppm, the lower limits in this study.

These results show that LIBS spectra and along with PLS regression models for the
detection and prediction of the concentration of the REEs can be used for high-throughput
detection measurements with little sample preparation. The rapid collection of the LIBS spectrum
of a REE sample is much preferred to time required for standard ICP-MS data acquisition, which
requires very tedious sample preparation and dilutions that could smear out the real concentration.
On the other hand, rapid methods such as LIBS have an inherent issue of low accuracy when
compared to the standard laboratory-based techniques. Truly, these techniques complement one
another; LIBS can be used for rapid results, while ICP-MS can then validate these measurements.
This allows LIBS to be used for detecting off-normal events and detecting issues during
processing. When online and at-line detection is needed in case of large sample sets LIBS is the
desired technique.

Table 2. LIBS-PLS Identified Spectral Peaks for Parts-per-Million Detection.

Wavelength in nm and ion state

Eu Gd La Pr Nd Sm Y
368.842 (II) | 354.580 (II) | 398.852 (II) | 391.885 (II) | 395.745 (II) | 411.019 (II) | 393.066 (II)
372.494 (II) | 358.496 (II) | 399.575 (II) | 396.426 (I1I) | 397.327 (II) | 411.855 (II) | 395.035 (II)
381.967 (II) | 364.619 (II) | 403.169 (I1I) | 399.583 (II) | 397.948 (II) | 415.221 (II) | 398.260 (II)
390.710 (II) | 374.347 (1) | 407.735 (1) | 405.880 (II) | 399.010 (II) | 419.945 (II) | 407.736 (II)
393.048 (II) | 404.684 (II) | 412.323 (II) | 410.072 (II) | 401.225 (II) | 428.079 (II) | 410.236 (I)
397.196 (I1) | 405.364 (I) | 415.197 (1) | 411.389 (II) | 402.478 (II) 412.830 (I)
412.970 (I1) | 407.870 (I) | 419.655 (II) | 416.804 (II) | 404.080 (II) 414.284 (I)
413.707 (D* | 409.372 (I) | 423.838 (II) | 417.939 (II) | 410.946 (1I) 417.754 (1)
420.505 (I1) | 418.425 (1I) 422.293 (I1) | 415.626 (II) 419.927 (1)

419.078 (I) 417.732 (1)
422.585 (I)

*The measured signal is the convolution of the two transitions occurring at the same wavelength.
Conclusions

Multivariate models for 42 samples were built using PLS to determine the concentration
of each REE (Eu, Gd, La, Pr, Nd, Sm, and Y). This concentration range was in the lower parts-
per-million scale in a graphite matrix. Since conventional laboratory-based techniques can be
expensive and time-consuming to measure REE concentrations, LIBS-PLS models offer a rapid,
inexpensive, and reliable alternative for this application.



The coefficients of determination (R?) for the validation of the models of Eu, Gd, Pr, Nd,
and Y were determined accurately in an excellent range (0.890 — 0.933). In case of the elements
such as, La and Sm the R? for validation of the models were in an acceptable range (0.730-0.839).
Hence, it can be extrapolated from this study that if it is important to precisely quantify La and Sm
within a mixture of all the REEs then there may be difficulties in identifying those elements
especially at low parts-per-million concentrations.

The methodology used in this research can be applied to online screening of REE in mining
environments or nuclear fuel reprocessing facilities, providing real-time feedback on processing
needs, although the differences in sample matrices would need to be considered. This would be a
very useful tool for process optimization and monitoring.

Acknowledgements

This research was supported by the U.S. Department of Energy. This manuscript has been authored
by UT-Battelle LLC under Contract No. DE-AC05-000R22725 with the U.S. Department of
Energy. The United States Government retains and the publisher, by accepting the article for
publication, acknowledges that the United States Government retains a non-exclusive, paid-up,
irrevocable, worldwide license to publish or reproduce the published form of this manuscript, or
allow others to do so, for United States Government purposes.

Declaration of Conflicting Interests

The author(s) declare no potential conflicts of interest in the case of research, authorship, and/or
publication of this article.

References

1. S. Herrmann, S. Li, M. Simpson, S. Phongikaroon. “Electrolytic Reduction of Spent Nuclear
Oxide Fuel as Part of an Integral Process to Separate and Recover Actinides from Fission
Products”. Sep. Sci. Technol. 2006. 41: 1965-1983.

2. P. Boumans, J. Tielrooy, F. Maessen. “Mutual Spectral Interferences of Rare Earth Elements in
Inductively Coupled Plasma Atomic Emission Spectrometry-I. Rational Line Selection and
Correction Procedure”. Spectrochim. Acta Part B. 1988. 43:173—199.

3. P. Boumans, J. Vrakking, A. Heijms. “Mutual Spectral Interferences of Rare Earth Elements in
Inductively Coupled Plasma Atomic Emission Spectrometry-II Approach to the
Compilation and Use of Pseudo Physically Resolved Spectral Data”. Spectrochim. Acta
Part B. 1988. 43: 1365-1488.

4. P. Boumans, H. Zhuang, J. Vrakking, J. Tielrooy, F. Maessen. “Mutual Spectral Interferences
of Rare Earth Elements in Inductively Coupled Plasma Atomic Emission Spectrometry-III.
Pseudo Physically Resolved Spectral Data: Complete Results and Evaluation”.
Spectrochim. Acta Part B. 1989. 44: 31-93.

5. B. Huang, X. Wang, P. Yang, H. Ying, S. Gu, Z. Zhang, Z. Zhuang, Z. Sun, B. Li. “An atlas of
High Resolution Spectra of Rare Earth Elements for ICP-AES”. Royal Society of
Chemistry, 2000.

6. N. Daskalova, S. Velichkov, N. Krasnobaeva, P. Slavova. “Spectral Interferences in the
Determination of Traces of Scandium, Yttrium and Rare Earth Elements in “Pure” Rare
Earth Matrices by Inductively Coupled Plasma Atomic Emission Spectrometry. Part 1.



Cerium, Neodymium and Lanthanum Matrices”. Spectrochim. Acta Part B. 1992. 47:
E1595-E1620.

7. S. Velichkov, N. Daskalova, P. Slavova. “Spectral Interferences in the Determination of Traces
of Scandium, Yttrium and Rare Earth Elements in “Pure” Rare Earth Matrices by
Inductively Coupled Plasma Atomic Emission Spectrometry. Part II. Praseodymium and
Samarium”. Spectrochim. Acta Part B. 1993. 48: E1743—-E1789.

8. N. Daskalova, S. Velichkov, P. Slavova. “Spectral Interferences in the Determination of Traces
of Scandium, Yttrium and Rare Earth Elements in “Pure” Rare Earth Matrices by
Inductively Coupled Plasma Atomic Emission Spectrometry. Part III. Europium”.
Spectrochim. Acta Part B. 1996. 51: 733-768.

9. S. Velichkov, E. Kostadinova, N. Daskalova. “Spectral Interferences in the Determination of
Traces of Scandium, Yttrium and Rare Earth Elements in “Pure” Rare Earth Matrices by
Inductively Coupled Plasma Atomic Emission Spectrometry, Part IV. Lutetium and
Yttrium”. Spectrochim. Acta Part B. 1998. 53: 1863—1888.

10. E. Kostadinova, L. Aleksieva, S. Velichkov, N. Daskalova. “Spectral Interferences in the
Determination of Traces of Scandium, Yttrium and Rare Earth Elements in “Pure” Rare
Earth Matrices by Inductively Coupled Plasma Atomic Emission Spectrometry, Part V.
Gadolinium and Erbium”. Spectrochim. Acta Part B. 2000. 55: 689-729.

11. L. Aleksieva, N. Daskalova, S. Velichkov. “Spectral Interferences in the Determination of
Traces of Scandium, Yttrium and Rare Earth Elements in “Pure” Rare Earth Matrices by
Inductively Coupled Plasma Atomic Emission Spectrometry. Part VI. Ytterbium”.
Spectrochim. Acta Part B. 2002. 57: 1341-1350.

12. 1. Kolibarska, S. Velichkov, N. Daskalova. “Spectral Interferences in the Determination of
Traces of Scandium, Yttrium and Rare Earth Elements in “Pure” Rare Earth Matrices by
Inductively Coupled Plasma Atomic Emission Spectrometry. Part VII — Terbium,
Dysprosium, Holmium and Thulium”. Spectrochim. Acta Part B. 2008. 63: 603-606.

13. B. Windom, D. Hahn. “Laser Ablation- Laser Induced Breakdown Spectroscopy (LA-LIBS):
a Means for Overcoming Matrix Effects Leading to Improved Analyte Response”. J. Anal.
At. Spectrom. 2009. 24: 1665-1675.

14. M. Martin, R. Martin, S. Allman, D. Brice, A. Wymore, and N. Andre. “Quantification of Rare
Earth Elements Using Laser-Induced Breakdown Spectroscopy”. Spectrochim. Acta Part
B. 2015. 114: 65-73.

15. J. Yun, R. Klenze, J. Kim. “Laser-Induced Breakdown Spectroscopy for the On-Line
Multielement Analysis of Highly Radioactive Glass Melt. Part I: Characterization and
Evaluation of the Method”. Appl. Spectrosc. 2002. 56: 437-448.

16. J. Yun, R. Klenze, J. Kim. “Laser-Induced Breakdown Spectroscopy for the On-Line
Multielement Analysis of Highly Radioactive Glass Melt. Part II: Analyses of Molten
Glass Samples”. Appl. Spectrosc. 2002. 56: 852—858.

17. C. Smith, M. Martinez, D. Veirs, D. Cremers. “Pu-239/Pu-240 Isotope Ratios Determined
Using High Resolution Emission Spectroscopy in a Laser-Induced Plasma”. Spectrochim.
Acta. Part B. 2002. 57(5): 929-937.

18. D. Cremers, A. Beddingfield, R. Smithwick, R. Chinni, C. Jones, B. Beardsley, L. Karch.
“Monitoring Uranium, Hydrogen, and Lithium and Their Isotopes Using a Compact Laser-
Induced Breakdown Spectroscopy (LIBS) Probe High-Resolution Spectrometer”. Appl.
Spectrosc. 2012. 66: 250-261.



19. J. Barefield II, E. Judge, J. Berg, S. Willson, L. Le, L. Lopez. “Analysis and Spectral
Assignments of Mixed Actinide Oxide Samples Using Laser-Induced Breakdown
Spectroscopy (LIBS)”. Appl. Spectrosc. 2013. 67: 433—440.

20. E. Judge, J. Barefield 11, J. Berg, S. Clegg, G. Havrilla, V. Montoya, L. Le, L. Lopez. “Laser-
Induced Breakdown Spectroscopy Measurements of Uranium and Thorium Powders and
Uranium Ore”. Spectrochim. Acta Part B. 2013. 83: 28-36.

21. H. B. Andrews, L. R. Sadergaski, and K. G. Myhre. "Neptunium Transition Probabilities
Estimated Through Laser Induced Breakdown Spectroscopy (LIBS) Measurements." J.
Anal. At. Spectrom. 2022. 10.1039/D1JA00423A

22. K. Abedin, A. Haider, M. Rony, Z. Khan. “Identification of Multiple Rare Earths and
Associated Elements in Raw Monazite Sands by Laser-Induced Breakdown
Spectroscopy”. Opt. Laser Technol. 2011. 43: 45-49.

23. D. Alamelu, A. Sarkar, S. Aggarwal. “Laser-Induced Breakdown Spectroscopy for
Simultaneous Determination of Sm, Eu, and Gd in Aqueous Solutions”. Talanta. 2008. 77:
256-261.

24.J. Yun, T. Bundschuh, V. Neck, J. Kim. “Selective Determination of Europium(IIT) Oxide and
Hydroxide Colloids in Aqueous Solution by Laser-Induced Breakdown Spectroscopy™.
Appl. Spectrosc. 2001. 55: 273-278.

25. E. Jung, D. Lee, J. Yun, J. Kim, J. Yeon, K. Song. “Quantitative Determination of Uranium
and Europium in Glass Matrix by Laser-Induced Breakdown Spectroscopy”. Spectrochim.
Acta Part B. 2011. 66: 761-764.

26. H. Hotokezaka, S. Tanaka, A. Suzuki, S. Nagasaki. “Speciation Analysis on Europium (III)
Using Laser-Induced Breakdown Spectroscopy”. Radiochim. Acta. 2000. 88: 645—648.

27. H. B. Andrews, K. G. Myhre. “Quantification of Lanthanides in a Molten Salt Reactor
Surrogate Off-Gas Stream Using Laser-Induced Breakdown Spectroscopy.” App.
Spectrosc. 2022. 10.1177/00037028211070323

28. H. B. Andrews and S. Phongikaroon. “Development of an Experimental Routine for
Electrochemical and Laser-Induced Breakdown Spectroscopy Composition Measurements
of SmCI3 in LiCI-KCl1 Eutectic Salt Systems”. Nucl. Tech. 2019. 205(7): 891-904.

29. H. B. Andrews and S. Phongikaroon. “Electrochemical and Laser-Induced Breakdown
Spectroscopy Signal Fusion for Detection of UCI3-GdC13-MgCl3 in LiCl-KCl Molten
Salt”. Nucl. Tech. 2021. 207(4): 617-626.

30. A. Williams, K. Bryce, and S. Phongikaroon. “Measurement of Cerium and Gadolinium in
Solid Lithium Chloride—Potassium Chloride Salt Using Laser-Induced Breakdown
Spectroscopy (LIBS).” App. Spectrosc. 2017. 71(10): 2302-2312.

31. A. Williams and S. Phongikaroon. “Elemental Detection of Cerium and Gadolinium in
Aqueous Aerosol Using Laser-Induced Breakdown Spectroscopy.” App. Spec. 2016.
70(10):1700-1708.

32. K. G. Myhre, M. J. Mehta, M. Z. Martin, and M. Du. “Laser Induced Breakdown Spectroscopy
Analysis of Europium and Samarium in Aluminum Oxide.” Spectrochimica Acta Part B:
Atomic Spectroscopy. 2018. 149:30-34.

33. D. Menut, P. Mauchien, Y. Gif, M. Descostes, P. Meier, J. Radwan, C. Poinssot. “Eu Migration
in Callovo—Oxfodian Argillite: on the Use of Micro Laser-Induced Breakdown
Spectroscopy (MicroLIBS) as a Microanalysis Tool, Int. Conf. on Chemistry and
Migration Behavior of Actinides and Fission Products in the Geosphere”. Avignon
(France). 2005. 38:1.



34

35

36.

37

38

39

40

41

42

43

44

45

46

47

48

49.

. G. Zikratov, R. Vasudev, F. Yueh, J. Singh, J. Marra. “Laser Induced Breakdown Spectroscopy
of Hafnium Doped Vitrified Glass”. Glass Technol. 1999. 40: 84-88.

. K. Song, D. Kim, H. Cha, Y. Kim, E. Jung, I. Choi, H. Yoo, S. Oh. “Characterization of Laser-
Induced Plasma in a Vacuum Using Laser Ablation Mass Spectrometry, and Laser-Induced
Breakdown Spectrometry”. Microchem. J. 2004. 76: 95-103.

M. Oba, Y.Maruyama, K. Akaoka, M. Miyabe, I. Wakaida. “Double-Pulse LIBS of
Gadolinium Oxide Ablated by Femto- and Nano-Second Laser Pulses”. Appl. Phys. A.
2010. 10: 545-549.

. V. Unnikrishnan, R. Nayak, P. Devangad, M. Tamboli, C. Santhosh, G. Kumar, D. Sardar.
“Calibration Based Laser-Induced Breakdown Spectroscopy (LIBS) for Quantitative
Analysis of Doped Rare Earth Elements in Phosphors”. Mater. Lett. 2013. 107: 322-324.

.S.Kim, J. Ju, Y. Lee, J. Jeong, H. Sin. “Semi-Quantitative Analysis of the Neodymium Binary
Alloys Using Laser Induced Breakdown Spectroscopy”. Pueong Chang, Korea. Trans.
Korean Nucl. Soc. Autumn meeting. 2008. 40(29).

. S. Rehse and C. Ryder. “Laser-Induced Breakdown Spectroscopy for Branching Ratio and
Atomic Lifetime Measurements in Singly-lonized Neodymium and Gallium”.
Spectrochim. Acta Part B. 2009. 64: 974-980.

. A. Haider, M. Rony, R. Lubna, K. Abedin. “Detection of Multiple Elements in Coal Samples
from Bangladesh by Laser-Induced Breakdown Spectroscopy”. Opt. Laser Technol. 2011.
43: 1405-1410.

. S. Kim, J. Hong, J. Ju, H. Sin. “A Quantitative Analysis for Lanthanum Series Element Using
Laser Induced Breakdown Spectroscopy”. Gyeongju, Korea. Trans. Korean Nucl. Soc.
Spring meeting, 2008. 731-732.

. A. Ciucci, V. Palleschi, S. Rastelli, R. Barbini, F. Colao, R. Fontini, A. Palucci, S. Ribezzo, H.
van der Steen. “Trace Pollutants Analysis in Soil by a Time-Resolved Laser Induced
Breakdown Spectroscopy Technique”. Appl. Phys. B. 1996. 63: 185-190.

. S. Kim, J. Ju, J. Jeong, H. Sin, H. Kim. “Semi- Quantitative Analysis for Samarium Alloys
Sample Using Laser Induced Breakdown Spectroscopy”. Jeju, Korea Trans. Korean Nucl.
Soc. Spring meeting, May 22, 2009.

. J. Pigosova, A. Kilianova, P. Vojtek, M. Kopcok, A. Cigan. “Preparation of Bismuth-Doped
Yttrium Iron Garnets and Their Characterization”. Proc. SPIE 6609 (2007) M1-M7.

. S. Buckley, H. Johnson, K. Hencken, D. Hahn. “Implementation of Laser-Induced Breakdown
Spectroscopy as a Continuous Emissions Monitor for Toxic Metals”. Waste Manag. 2002.
20: 455-462.

. H. Zhang, F. Yueh, J. Singh. “Laser-Induced Breakdown Spectrometry as a Multimetal
Continuous-Emission Monitor”. Appl. Opt. 1999. 38: 1459-1466.

. D.W. Hahn, N. Omenetto. “Laser-Induced Breakdown Spectroscopy (LIBS), Part II: Review
of Instrumental and Methodological Approaches to Material Analysis and Applications to
Different Fields”. Appl. Spectrosc. 2012. 66: 347-419.

. A. Diamantopoulou Bassiotis, A. Giannoudakos, F. Roubani-Kalantzopoulou, M. Kompitsas.
“Effects of Experimental Parameters in Quantitative Analysis of Steel Alloy by Laser-
Induced Breakdown Spectroscopy”. Spectrochim. Acta Part B. 2001. 56: 671-683.

F. Anabitarte, A. Cobo, J. Lopez-Higuera. “Laser-Induced Breakdown Spectroscopy:
Fundamentals, Applications, and Challenges, International Scholarly Research Network
ISRN Spectroscopy 2012. 12”. http://dx.doi.org/10.5402/2012/285240 Article ID 285240



http://dx.doi.org/10.5402/2012/285240%20Article%20ID%20285240

50. R. Multari, L. Foster, D. Cremers, M. Ferris. “Effect of Sampling Geometry on Elemental
Emissions in Laser-Induced Breakdown Spectroscopy”. Appl. Spectrosc. 1996. 50: 1483—
1499.

51. D. Hahn, N. Omenetto. “Laser-Induced Breakdown Spectroscopy (LIBS), Part I: Review of
Basic Diagnostics and Plasmaparticle Interactions: Still-Challenging Issues Within the
Analytical Plasma Community”. Appl. Spectrosc. 2010. 64: 335A (review article).

52. C. Edmunds, C. Hamilton, K. Kim, N. André, and N. Labbé. “Rapid Detection of Ash and
Inorganics in Bioenergy Feedstocks Using Fourier Transform Infrared Spectroscopy
Coupled with Partial Least-Squares Regression”. Energy Fuels. 2017. 31: 6080-6088.

53. A. Kramida, Y. Ralchenko, J. Reader, and NIST ASD Team. “NIST Atomic Spectra Database
(Ver. 5.7),” National Institute of Standards and Technology. https://physics.nist.gov/asd
[accessed 2021].



Figure Captions
Figure 1. A schematic of the experimental setup and equipment used in this study.

Figure 2. The LIBS Spectra for the 30 ppm concentrations of the REEs Eu, Gd, La, Pr, Nd, Sm
and the transition metal Y mixed with graphite powder and pelletized shown in a narrow spectral
region (390-430 nm). There is a vertical offset intensity of 8000 between spectra.

Figure 3. PLS predicted concentrations of the various REEs calibration and validation datasets
concentrations from collected LIBS spectra. Further fit details are listed in Table 1.

Figure 4. PLS model regression coefficients plotted against wavelength for all species examined
in this study. Markers indicate the species peaks which were matched in the NIST database and
their ion state.3® Further peak information is listed in Table 2.



