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Abstract: Rare earth elements are gaining significant importance in the scientific and technological
fields for their exciting physical properties and characteristics. The aim of the present study was to
determine rare earth elements (REEs) in geological ores found in the Northern Areas of Pakistan. We
present the application of laser-induced breakdown spectroscopy (LIBS) and laser ablation time-of-
flight mass spectrometry (LA-TOF-MS) for the elemental analysis of geological ore samples containing
REEs. The laser-induced plasma plume exhibits a wide array of emission lines, including those of
rare earth elements such as Ce, La, and Nd. Furthermore, the spectral range, from 220 nm to 970 nm,
encompasses emission lines from C, Fe, Ti, Na, Mg, Si, and Ca. The qualitative analysis of the
constituent elements in the samples was performed by comparing the LIBS spectrum of the unknown
sample with that of the spectroscopically pure rare earth elements (La2O3, CeO2, and Nd2O3, with
99.9% metals basis) recorded under the same experimental conditions. The quantitative analysis was
performed using the calibration-free laser-induced breakdown spectroscopy (CF-LIBS), LA-TOF-MS,
and energy-dispersive X-ray (EDX) techniques. The results obtained by CF-LIBS were found to be in
good agreement with those obtained using the LA-TOF-MS and EDX analytical techniques. LIBS is
demonstrated to yield a quick and reliable qualitative and quantitative analysis, of any unknown
geological sample, comparable to that of the other analytical techniques.

Keywords: geological samples; rare earth elements; LIBS; LA-TOF-MS; EDX

1. Introduction

Rare earth elements (REEs) comprise elements with atomic numbers 57–71, encom-
passing La to Lu, as well as two additional elements, scandium (Sc) and yttrium (Y). These
elements are classified as REEs due to their notable physical properties and chemical char-
acteristics, which have contributed to their increasing significance in the scientific and
technological domains. They are widely used in the study of volcanic rocks, sedimen-
tology, and in the processes of oceanography [1–4]. The application of these elements in
geochemistry has been extensive, primarily due to their ability to provide insights into
crucial geochemical and petrographic processes. In the field of geochemistry, these elements
play a role in understanding the intricate structure of chemical elements within rocks and
minerals. Additionally, in petrography, they contribute to the systematic classification and
accurate description of various rock types. By understanding their distribution in rocks
and minerals, and utilizing them under varying environmental conditions, researchers
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can effectively investigate and unravel significant aspects, such as the examination of
bauxite-heavy mineral concentrates [5]. The economic interest of REEs is obvious, since
they play an important role in several scientific fields and industrial applications. REEs
are being used in defense and in renewable energy production, as well as in advanced
digital products such as cell phones, magnets, fiber optic cables, television, hybrid cars,
and medical imaging. Rare earth elements find applications in advanced technologies,
including fluorescent lamps, radar screens, and plasma displays. They are also utilized in
auto exhaust absorption catalysts and high-tech glasses [6]. Rare earth metals and their
alloys are also used in the manufacturing of wind turbines, electric vehicles, rechargeable
batteries, radar systems, and laser crystals [7,8]. Hence, there is a strong demand for
conducting qualitative and quantitative analyses of these REEs found in ores, as it is crucial
for their incorporation into industrial products.

Several analytical techniques, including inductively coupled plasma mass spectrome-
try (ICP-MS), inductively coupled plasma optical emission spectrometry (ICP-OES), neu-
tron activation analysis (NAA), X-ray fluorescence (XRF), wavelength-dispersive XRF
(WD-XRF) spectrometers, or energy-dispersive XRF (ED-XRF) instruments, are being used
to quantify REEs [9–11]. Laser-induced breakdown spectroscopy (LIBS) is a versatile emerg-
ing analytical technique used to analyze the chemical composition of a wide range of
materials, including metallic alloys, dielectric materials, powders, biological substances,
minerals, aerosols, as well as micro and nanoparticles. Being a quasi-non-destructive
technique, LIBS offers the advantage of high sensitivity, enabling it to achieve a low limit
of detection (LOD) [12,13]. Furthermore, one of the unique features of LIBS is the remote
and stand-off option for inaccessible objects. Although LIBS is a potential technique for
multi-elemental analysis, along with high resolution, it has some limitations, including
accuracy and precision. Obtaining reliable results using the LIBS technique depends on
various factors, including self-absorption, laser pulse energy, delay time, intensity calibra-
tion, and the efficiency of the CCD/ICCD detectors. These elements significantly impact
the accuracy and precision of the technique. The analysis of liquid samples by LIBS is
less preferred due to some additional complications such as splashing, surface ripples,
quenching of emitted intensity, and a shorter plasma lifetime [14,15]. The working principle
of LIBS is explained in several books and review articles [16–19]. In brief, the laser beam is
focused on the surface of the material intended for analysis, causing radiation energy to
interact specifically with the target material. This interaction initiates the process of material
evaporation, followed by dissociation and ionization of the resulting vapor, ultimately
forming plasma. As the plasma gradually cools down, it emits light naturally, which is
collected and subjected to analysis using a spectrometer.

A variety of sample types, including monazite sand, coal ash, composites with oxide
matrices, astronomical specimens, and phosphorite, were the focus of certain previous
studies on rare earth elements. For instance, Abedin et al. [20] used the LIBS technique to
analyze the raw monazite sands, collected from the beaches of Bangladesh, and detected
several rare earth elements, such as cerium, lanthanum, praseodymium, neodymium,
yttrium, ytterbium, gadolinium, dysprosium, and erbium, in addition to other metallic
elements, such as zirconium, chromium, titanium, magnesium, manganese, niobium, and
aluminum. Phuoc et al. [21] analyzed rare earth elements contained in ash samples from
powder river basin sub-bituminous coal (PRB-coal), using LIBS, and identified elements in
the lanthanide series (Ce, Eu, Ho, La, Lu, Pr, Pm, Sm, Tb, and Yb) and the actinide series
(Ac, Th, U, Pu, Bk, and Cf). Bhatt et al. [22] reported on their univariate and multivariate
analyses of six rare earth elements (Ce, Eu, Gd, Nd, Sm, and Y) using the LIBS technique,
whereas the samples of binary mixtures were prepared using an Al2O3 matrix with varying
concentrations of the oxides of rare earth elements. Castro et al. [23] studied the direct
determination of base (B and Fe) and some rare earth elements (Dy, Gd, Nd, Pr, Sm, and
Tb) in the hard disk magnets using five calibration strategies. Gaft et al. [24] detected rare
earth elements using diatomic molecular laser-induced plasma spectroscopy. Harikrishnan
et al. [25] conducted a comprehensive investigation into various types of astronomical
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samples, employing both qualitative and quantitative analysis. Furthermore, they applied
multivariate analysis techniques to the LIBS data to categorize the samples into distinct
groups. More recently, we focused on utilizing laser-induced breakdown spectroscopy
(LIBS) to promptly identify rare earth elements (REEs) found in phosphorite deposits.
Additionally, the study incorporates multivariate analysis techniques, such as PCA, to
classify phosphorite rocks containing rare earth elements [26].

There are two main categories of quantitative analysis methods in LIBS: methods
using calibration curves and calibration-free methods. Calibration-free laser-induced
breakdown spectroscopy (CF-LIBS) was developed several years ago as an alternative to
calibration-curve-based quantitative analysis [17]. CF-LIBS has gained widespread usage in
the industry for alloy classification, production monitoring, and composition analysis. The
CF-LIBS approach takes a different perspective by considering the matrix as an integral part
of the analytical problem rather than an external interference. It analyzes both the matrix
and the analyte together. Unlike calibration curve methods, CF-LIBS does not require the
use of matrix-matched standards, but it does involve extensive data processing. However,
the CF-LIBS approach assumes that the analytical plasma is homogeneous and steady in
space and that local thermal equilibrium is achieved within the measurement time interval.
Spatially resolved spectroscopic measurements have shown that plasma temperature, elec-
tron number density, and elemental ingredient number density are not evenly distributed
within the laser-induced plasma. Another challenge is the self-absorption of emission lines
during spectral data processing. Despite the advantages of CF-LIBS over the calibration
curve method, there are still challenges in the quantitative results due to the complex
nature of laser-produced plasmas. These issues are typically addressed by making basic
assumptions such as local thermodynamic equilibrium (LTE) and stoichiometric ablation
in optically thin plasma. However, additional factors, such as uncertainties in transition
probability and detector efficiency, also contribute to analytical errors. To summarize,
CF-LIBS offers several benefits, such as non-destructive analysis, rapid results, minimal
sample preparation, and the ability to analyze multiple elements simultaneously. However,
there are also drawbacks, including limited sensitivity, potential matrix effects, constraints
on depth profiling, and limited compatibility with certain sample types.

In this paper, we present a rapid method to identify the presence of lanthanides in any
sample by adopting the following steps. In the first step, record the LIBS spectra of all the
spectroscopically pure available REE samples, under identical experimental arrangements,
and prepare an atlas of their spectra. In the next step, record the LIBS spectrum of the
unknown sample, keeping the experimental arrangement the same. In the third step,
compare the spectrum of the unknown sample one by one with that of the spectra of the
REEs. In the fourth step, locate the common lines among the spectrum of the sample and
that of the REEs. In this way, one can achieve the qualitative analysis of the unknown
sample with good confidence. For the quantitative analysis, use well-established techniques
such as CF-LIBS or one-line LIBS. To confirm the quantitative analysis, use other techniques
such as laser ablation time-of-flight mass spectrometry (LA-TOF-MS), energy-dispersive
X-ray (EDX), and XRF. Thus, with a combination of LIBS with LA-TOF-MS and EDX, one
can determine the elemental compositions of any sample with good confidence. To achieve
this goal, the qualitative and quantitative assessment of REEs in minerals and rocks, in
the surrounding area of the potential REE deposits in the Northern Areas of Pakistan,
have been studied using LIBS, along with LA-TOF-MS and EDX. To characterize the rare
earth sample, spectra of the spectroscopically pure (99.99% metals basis, Sigma–Aldrich,
St. Louis, MI, USA) rare earth oxides, such as La2O3, CeO2, and Nd2O3, are compared with
that of the naturally existing rare earth sample. The qualitative and quantitative analysis
of the sample achieved through CF-LIBS, supplemented by the LA-TOF-MS, is compared
with that of the EDX analysis, showing a good agreement. This work demonstrates the
potential of LIBS coupled with LA-TOF-MS to characterize and quantify the rare earth
samples and also provide assistance to geologists in their daily work.
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2. Materials and Methodology
2.1. Geological Ore Samples

In this study, the REE ore samples were obtained from a geological location situated
in the Northern Areas of Gilgit-Baltistan, Pakistan. This region is significant for its diverse
range of sedimentary, volcanic, and alkaline igneous rocks, encompassing metallic, non-
metallic, energy minerals, and various industrial rocks. The ore found in Northern Pakistan
possesses a substantial concentration of REEs, making it highly valuable for mining compa-
nies. Pegmatite rocks, renowned for their elevated levels of REEs, are a prominent feature
in this region. The formation of pegmatites involves intricate geological processes, resulting
in their distinct mineral composition characterized by large crystals and an abundance of
minerals such as feldspar, quartz, mica, and other accessory minerals. These minerals host
valuable REEs such as Ce, La, Nd, and Y. As illustrated in Figure 1a, the rare earth ore
sample extracted from pegmatite rocks exhibits various colors and areas with an evident
shine. Figure 1b shows a pellet of the same sample along with the laser-ablated spots. To
study the samples by LIBS, the samples were cleaned in an ultrasonic bath by wetting them
in acetone for 40 min. Furthermore, the samples were dried in an oven for 90 min at 100 ◦C
to remove moisture. The samples were then finely ground to achieve homogeneity. The
pellets, of about 11 mm in diameter and 5 mm in thickness, were prepared using a pellet
presser operated at about a 7 ton force (49 kN). We have studied several REE samples
collected in that area but, in this contribution, we present a detailed analysis of one of
the samples.
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Figure 1. (a) The rare earth geological raw sample from Gilgit-Baltistan, Pakistan and (b) pellet of the
rare earth sample showing laser-ablated spots.

2.2. LIBS System

For the LIBS-based qualitative analysis, we used a Q-switched Nd:YAG laser (Brilliant
B, Quantel), 100 mJ pulse energy at 532 nm, 5 ns pulse duration, and 10 Hz repetition
rate [27–29]. The time-integrated LIBS experiments were performed at a 2 µs time delay
between the laser pulse and the opening of the detection system, and a 1 ms integration
time. A quartz lens of 20 cm focal length was used to focus the laser beam on the sample’s
surface for ablation and plasma formation in the air at atmospheric pressure. The diam-
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eter of the focused laser beam on the sample surface was determined by employing the
following formula [30]:

d = 2.44
(

λ f
D

)
(1)

where d represents the diameter of the focused laser beam, λ denotes the laser wavelength
(532 nm), f corresponds to the focal length of the lens (20 cm), and D signifies the diameter
of the laser beam incident on the focusing lens surface (6 mm). The resulting diameter of
the focused spot was approximately 43 µm. The time-integrated LIBS experiments were
conducted using a laser pulse energy of approximately 100 mJ. This specific laser energy
was chosen after optimizing the signal-to-noise ratio of the observed spectrum. The sample
was placed on a rotary stage to expose a fresh surface for every laser shot. The surface
inhomogeneity and statistical errors were minimized by recording the average spectrum of
at least ten laser shots. A collecting lens, along with an optical fiber, was placed near the
pellet’s surface to record the laser-produced plasma plume emission. A set of six miniature
spectrometers (Avantes, Apeldoorn, Netherlands), each equipped with 10 µm wide slits,
and 3648 pixel CCDs, was used to register the time-integrated emission spectra covering
the wavelength range from 220 nm to 970 nm. The input to all the six spectrometers was
provided through a bunch of six optic fibers, combined in a common unit coupled with
a collecting lens at the end. Each of the six spectrometers captures spectra within distinct
wavelength ranges: the first spectrometer covers the region from 220 nm to 339 nm, the
second from 338 nm to 440 nm, the third from 439 nm to 576 nm, the fourth from 575 nm to
688 nm, the fifth from 687 nm to 777 nm, and the sixth from 776 nm to 961 nm. A complete
spectrum was made by combining these spectra using an Excel sheet and the Origin
software for further analysis. The response curves of these spectrometers differ, as they
depend on the quantum efficiency of the grating and the detector in each spectrometer. The
intensities of the spectrometers were factory-calibrated using the standard technique, such
as using a Deuterium lamp. The instrumental resolution of our system is (0.06 ± 0.01) nm
at 600 nm [31].

2.3. LA-TOF-MS Experimental Setup

A locally fabricated two-meter linear laser ablation time-of-flight mass spectrometer
(LA-TOF-MS), comprising a stainless-steel chamber of 30 cm diameter and 8 cm× 200 cm
flight tube, was used to determine the elemental concentration. The stainless-steel chamber
contains an ionization region and three extraction electrodes (3 cm× 3 cm). Two of the three
extraction electrodes had 1 cm openings at the center, covered with a fine tungsten mesh.
A turbo-molecular pump was used to maintain the vacuum at ∼ 10−6 mbar during the
experiment. A 500 MHz digital storage oscilloscope (Tektronix), coupled with a personal
computer, was used to record and analyze the ion signals. The specifics of this system
have been outlined in our previous papers [29–32]. In LA-TOF-MS, a 532 nm laser beam
of about 5 mJ was focused on the sample target surface, with a lens of 70 cm focal length,
producing fluence of about 20 J/cm2 that ablated the sample and produced ions of the
constituent elements.

2.4. EDX Analysis

Furthermore, EDX is a rapid technique that is highly suitable for analyzing minerals
containing REEs and determining their distribution within a complex matrix. It is particu-
larly beneficial for geological samples with low concentrations of REEs. In this study, the
REE sample was subjected to EDX analysis using a scanning electron microscope (SEM)
equipped with an EDX system. X-ray emissions emitted from the sample’s surface were
detected using a 30 mm2 Si (Li) detector. The chemical composition of all constituent
elements in the REE sample was determined using Oxford-Instruments X-MaxN-20 EDX
instruments, which were connected to the SEM and operated at 20 keV.
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3. Results and Discussion
3.1. LIBS Emission Studies

We adopted a fast procedure for the qualitative elements analysis of the REE samples
acquired from a specific area of Pakistan. In the first step, we recorded the LIBS spectra of
all the pure rare earth oxides, and an atlas of the spectra was prepared as a reference. In the
next step, the spectra of the unknown samples were recorded under identical experimental
conditions. In the third step, the qualitative analysis was performed by comparing the
spectrum of the sample under investigation with that of the REE spectra and locating the
common lines. This procedure helped us to pinpoint the presence of REEs in the sample
within a very short time. Figure 2 shows the emission spectra of the sample along with
that of REOs (La, Ce, Nd), and Ti recorded using ∼ 100 mJ laser pulse energy covering the
wavelength region from 250 nm to 750 nm.
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Figure 2. The optical emission spectra of the laser-produced plasma on the surface of the rare earth
sample and pure rare earth oxides (REO); La2O3, CeO2, Nd2O3, and Ti covering the wavelength
range from 250 nm to 750 nm.

The stacking layers of five different spectra for the rare earth sample, along with
the spectra of pure (rare earth oxides), lanthanum (La2O3) cerium (CeO2), neodymium
(Nd2O3), and titanium, show several common lines at specific wavelengths belonging to
different elements. The strongest line at 532 nm is the second harmonic of the Nd:YAG laser
which also serves as an internal reference for comparison of the spectra. Interestingly, very
rich line structures are evident between 475 nm and 530 nm in La, Ce, Nd, and the sample,
whereas a rich line structure is observed between 300 nm and 350 nm in the spectrum of the
sample as well as in the spectrum of titanium. In the spectrum of the sample, the neutral
(I) and singly ionized (II) spectral lines of Si, Mg, Ca, and Ti have been identified, along
with that of La, Ce, and Nd, confirming the presence of these elements in the sample. The
molecular spectra of their oxides have not been identified in the LIBS spectra that might
appear if the spectra are recorded at a longer delay time. The spectra were recorded with
different laser energies. The signal intensities increase as the laser energy is increased. We
optimized the laser energy so that signal-to-noise ratio is improved.

The spectral lines of each element in the sample have been identified with the help of
the NIST database [33]. Moreover, in the present study, the experiments were conducted
in air at atmospheric pressure. The Hα line was not detected in these spectra as we dried
the sample in an oven for more than 10 h to remove moisture. The identified spectral lines,
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along with their wavelengths, are presented in Table 1. To elaborate on the persistent lines
of Ti, La, Ce, and Nd in the spectra of the rare earth sample, we present different sections
of the spectra in Figures 3–7.

Table 1. The main spectral lines of neutral (I) and singly ionized (II) elements used for the analysis of
the rare earth samples [33].

Species Observed Wavelength (nm) of Major Emission Spectral Lines of Elements

La I
La II

465.03, 470.26, 510.62, 514.54, 515.87, 517.73, 521.19, 523.96, 624.99, 628.86, 629.63
433.38, 452.24, 466.25, 466.89, 472.84, 474.03, 489.99, 492.09, 492.18, 497.04, 498.68,
499.95, 626.23

Ce I
Ce II

544.92, 556.60, 559.59, 560.13, 567.78, 569.29, 569.70, 571.90, 577.31, 578.82,
581.29, 594.09
456.24, 462.82, 526.57, 527.42, 533.05, 535.35, 551.21

Nd I
Nd II

463.42, 488.38, 489.69, 492.45, 494.48, 495.48
371.54, 373.80, 375.27, 377.55, 378.43, 380.23, 380.53, 383.89, 384.83, 386.33, 388.99,
389.15, 395.22, 397.33, 399.01, 399.17, 399.47, 401.23, 402.09, 404.08, 410.91

Ti I
Ti II

319.19, 319.99, 320.38, 321.79, 321.92, 322.14, 322.35, 322.61
301.72, 302.37, 302.97, 304.38, 304.67, 304.88, 305.67, 305.81, 306.35, 306.62, 306.63,
306.65, 307.29, 307.52, 307.86, 308.18, 308.80, 308.93, 334.90, 334.94, 336.12,
337.28, 338.38

Si I 250.69, 251.43, 251.61, 251.92, 252.41, 252.85, 263.13, 288.16
Fe I 271.90, 272.09, 296.69, 302.06
Fe II 258.58, 259.94, 260.71, 261.19, 263.11, 273.95, 275.57
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blue dotted lines, signifying that the elements contained in the two samples are the same. 
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In Figure 3, a comparison of the spectra of La with the REE sample covering the
wavelength region from 465 nm to 645 nm is presented. It shows many overlapping
characteristic spectral lines in the spectrum of lanthanum, and that of the sample marked
by the blue dotted lines, signifying that the elements contained in the two samples are
the same. In this wavelength region, the neutral, as well as the singly ionized lines of
lanthanum, are identified. The central emission lines of La at 489.99, 492.18, 465.03, 470.26,
510.62, 514.54, 515.87, 517.73, 521.19, 523.96, 624.99, 628.86, and 629.63 nm have been
detected in the sample by comparing the wavelengths listed in the NIST database [33]. The
region between 622 nm and 647 nm displays only the spectral lines of La in both spectra,
confirming the presence of lanthanum in the sample.
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In Figure 4, we show a comparison between the spectra of Ce and the sample covering
the wavelength region 547 nm to 572 nm. In this region, the main emission lines of Ce I
at 544.92, 556.60, 559.59, 560.13, 567.78, 569.29, 569.70, 571.90, 577.31, 578.82, 581.29, and
594.09 nm have been identified. The common lines in the spectra of cerium and the sample
are marked with blue dotted lines, showing that most of the lines belong to Ce. The spectral
lines of Ce observed in this experiment are enlisted in Table 1. Interestingly, a strong
emission line of La I at 550.13 nm is also observed in this selected region, which reveals
the presence of La in the sample. Certainly, in Figure 2, the most interesting region for the
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cerium (Ce) is from 470 to 570 nm. We observed a rich spectrum of cerium (Ce) with that
of lanthanum (La) and neodymium (Nd) from 470 nm to 570 nm. The emission lines at
471 nm, 479 nm, 482 nm, 500 nm, 504 nm, 518 nm, 524 nm, 527 nm, 535 nm, 546 nm, 551 nm,
556 nm, 566 nm, and 569 nm coincide in the wavelength region from 470 nm to 570 nm.
We have reproduced the spectral region from 547 nm to 572 nm because of the minimum
interference of the cerium (Ce) lines with that of lanthanum (La), as shown in Figure 4.
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In Figure 5, the spectrum of the REE sample is compared with that of neodymium
oxide, covering the spectral range from 370 nm to 415 nm. Several lines are common
between the two spectra, particularly around 385 nm, 389 nm, 401 nm, and 411 nm, and are
marked in blue color, which qualitatively establishes the presence of Nd in the sample. It is,
however, worthwhile to mention that the strong emission lines of Ti I at 376.34 nm and Ca
II at 393.37 nm are also present in this spectral region. Although the most interesting region
for neodymium (Nd) is from 470 nm to 570 nm, as shown in Figure 2, this region contains
several lines of the neodymium (Nd) that overlap with that of the La and Ce. For instance,
the lines at 470 nm, 479 nm, 482 nm, 485 nm, 488 nm, 489 nm, 492 nm, 521 nm, 524 nm,
527 nm, 529 nm, 530 nm, 535 nm, 548 nm, and 566 nm are observed overlapping with that
of La and Ce lines. Therefore, we have presented the spectral region from 370 nm to 415 nm
where Nd lines appear dominantly. The major emission lines of Nd I have been identified
at 463.42, 488.38, 489.69, 492.45, 494.48, and 495.48 nm, and are presented in Table 1.

In Figure 6, the spectrum of titanium is compared with that of the REE sample in
the wavelength region from 300 nm to 340 nm. The spectra show a few bunches of
well-separated structures around 307 nm, 317 nm, 324 nm, and 335 nm. There is a good
correspondence between the spectrum of Ti and that of the REE sample. There is hardly
any line of any other element in this selected wavelength region of the spectrum except
a couple of weak lines of Nd II at 301.84 nm and La II at 330.31 nm. Thus, the presence of
titanium in the sample is qualitatively established based on the comparison of the LIBS
spectra of Ti and that of the REE sample recorded under identical experimental conditions.
The emission lines of Ti I have been observed at 319.19 nm, 319.99 nm, 320.38 nm, and
321.79 nm, and Ti II at 301.72, 302.37, and 302.97 nm. Furthermore, we have identified and
included the different emission lines of Si and Fe within the wavelength range of 246 nm
to 290 nm. These lines, along with those of Ti, La, Ce, and Nd, were observed and are
presented in Table 1.

Figure 7 shows a comparison of the emission spectrum of the sample with that of the
silicon (Si) and iron (Fe). The common lines between the spectrum of Si and that of the
sample are represented by the dotted lines in blue color. The group of silicon lines around
251 nm belongs to silicon. A comparison with the iron spectrum also reveals common lines
between the two spectra. There are two well-separated structures of Fe between 254 and
262 nm and between 271 and 277 nm, two lines of singly ionized Mg at 279.55 nm and
280.27 nm along, with its resonance line at 285.21 nm, and the carbon line at 247.85 nm.
Thus, the presence of C, Fe, Si, and Mg in the rare earth sample is validated unambiguously.
Having identified the spectral lines of all the elements present in the sample, our next task
was to determine the plasma parameters for the quantitative analysis.

3.2. Plasma Characterization

To characterize the laser-produced plasma based on optical emission studies, cer-
tain conditions are to be satisfied, i.e., the plasma is optically thin and follows the local
thermodynamic equilibrium (LTE) condition. We used the line intensity ratio method to
validate the condition of an optically thin plasma [34,35]. We used the emission lines that
had nearly the same energies as, or very close energies to, the upper levels to minimize
the temperature dependence. The intensity ratios of the experimentally observed spectral
lines and the values calculated from the spectroscopic parameters are in good agreement
with a 5% error. For illustration, the experimentally calculated intensity ratio using La I
at transitions 514.54 nm and 517.73 nm is 0.65, whereas the intensity ratio calculated from
the spectroscopic parameters is 0.67. The error relative to the theoretical ratio is less than
3% which is acceptable. Thus, the plasma can be considered as satisfying the optically
thin condition.

Having established that the plasma is optically thin, the excitation temperature was
calculated using the Boltzmann plot method. The spectroscopic parameters of the opti-
cally thin emission lines of La I, Ce I, and Nd II used to draw the Boltzmann plots were
obtained from the NIST database [31]. The spectroscopic parameters of the persistent lines
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including wavelength (nm), upper-level energy (eV), transition, statistical weight, and
transition probability (s−1) are presented in Table 2. To draw the Boltzmann plots, these
lines were carefully chosen as they lie in a narrow spectral region, where the efficiency
of the detector remains nearly constant, that reduces the errors associated with the line
intensity measurements. The excitation temperatures were calculated using the Boltzmann
plot method, considering several spectral lines and their relative line intensities [35–38]:

ln
(

Iki λki
Aki gk

)
= − Ek

kBTe
+ ln

(
hc N

4π P(T)

)
(2)

Table 2. Spectroscopic parameters of the emission lines of La I, Ce I, and Nd II used to draw the
Boltzmann plots [33].

Wavelength (nm) Transition Probability (108 s−1) gk Ek (eV)

Lanthanum (La I)

465.03 0.054 6 3.04

470.26 0.049 8 3.15

510.62 1.050 2 2.76

515.87 0.110 6 2.40

517.73 0.820 6 2.83

628.86 0.080 2 3.18

629.36 0.046 6 2.40

Cerium (Ce I)

544.92 0.34 15 2.99

556.60 0.28 11 2.69

559.59 0.21 13 2.77

560.13 0.65 17 3.06

567.78 0.21 15 2.74

569.70 0.51 17 2.83

571.90 0.51 17 2.89

577.31 0.26 15 2.73

578.82 0.44 17 3.21

581.29 0.30 15 2.68

Neodymium (Nd II)

375.25 0.24 14 3.86

378.43 0.55 12 3.66

380.23 0.03 16 3.73

384.83 0.16 14 3.54

386.34 0.72 6 3.21

389.15 0.18 18 3.93

Here, Iki is the intensity of the spectral line due to the k→i transition, λki is the
spectral wavelength, h is the Planks constant, c is the speed of light, Aki is the transition
probability, gk is the statistical weight of the upper level, Ek is the energy of the upper
level, kB is the Boltzmann constant, Te is the excitation temperature, N is the total number
density, and P(T) is the partition function. A plot of the left-hand side of this equation
versus the energies of the upper levels yields a straight line and its slope is equal to
1/kBTe. The Boltzmann plots corresponding to the La I, Ce I, and Nd II lines are shown
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in Figure 8, displaying good linearity; the linear correlation coefficients are R2
La ∼ 0.95,

R2
Ce ∼ 0.97, and R2

Nd ∼ 0.99. The excitation temperatures were determined from the
slopes of the lines corresponding to La I, Ce I, and Nd II as 10,000 ± 500 K, 9000 ± 500 K,
and 10,500 ± 500 K respectively.
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The electron number density, Ne
(
cm−3) was calculated from the full width at half

maximum (FWHM) of the Stark-broadened line profile of the singly ionized titanium (Ti II)
at 368.62 nm [34,39]:

Ne =
∆λS

FWHM
2ωs(λ, Te)

× Nr (3)

Here, ∆λS
FWHM represents the full width at half maximum, ωs(λ, Te) denotes the Stark

broadening parameter (0.0154 nm) specific to the Ti II line being considered, and Nr indi-
cates the reference number density, which is 1017 cm−3 for the singly ionized line. A Voigt
fitting profile of the Ti II line at 368.62 nm, which takes into account the instrumental reso-
lution (∼ 0.06 nm) and the Doppler width (∼ 0.0036 nm) [40], is reproduced in Figure 9.
The calculated value for the Ne is (5.7± 0.2)× 1017 cm−3.

According to McWhirter’s criterion, the collisional mechanisms should dominate the
radiative processes for a stationary and homogeneous plasma to be in local thermodynamic
equilibrium (LTE). McWhirter proposed a lower limit for the Ne to satisfy the LTE condition,
which is as follows [41]:

Ne ≥ 1.6× 1012(T)1/2(∆E)3 (4)

Here, ∆E is the energy difference between the upper and lower electron volt (eV) levels
and T is the excitation temperature in kelvin (K). The electron number density is calculated
using this relation for an elevated Te ≈ 10, 000 K and ∆E = 2.40 eV as Ne = 2.2× 1015 cm−3.
This value of the number density is much lower than that of (5.7 ± 0.2) × 1017 cm−3

determined from the Stark-broadened line profile Ti II line at 368.62 nm. Thus, the plasma
can be considered close to the LTE condition. Once it is established that the plasma is
optically thin and in LTE, the plasma parameters have been used to estimate the elemental
concentration using the CF-LIBS technique.
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3.3. Compositional Analysis Using LIBS, LA-TOF-MS, and EDX

In the LIBS-based quantitative analysis, the calibration-free laser-induced breakdown
spectroscopy (CF-LIBS) technique has been used to determine the elemental composition
as described in several research articles [42–46]. In brief, to determine the concentration of
the neutral atoms, the Boltzmann equation is used [43]:

FCγ = Iki
Pγ(T)
Akigk

exp
[

Ek
kBT

]
(5)

Here, factor F, which considers the efficiency of the collection system and the volume
of the plasma, is an experimental parameter. F can be determined by normalizing the
concentrations of the elements found in the sample, Cγ is the concentration of the neutral
atom, Iki is the integrated line intensity of the k→i transition, gk is the statistical weight of
the upper level, Aki (s−1) is the transition probability, Ek (eV) is the energy of the upper
level, kBT is the thermal energy of the plasma in eV, and kB is the Boltzmann constant.
The partition function Pγ(T) is dependent on temperature and can be calculated using the
following relation:

Pγ(T) = ∑k gke−
Ek

kBT (6)

Here, the symbol gk represents the statistical weight, Ek denotes the energy of the upper
level, and the term kBT represents the thermal energy of the plasma. All the spectroscopic
parameters used for the compositional analysis were taken from the NIST database [33].
The calculated value of electron density and the average value of the plasma temperature is
used for the analysis. The concentration of the neutral Cγ atoms in the sample is calculated
using Equation (5).

However, to calculate the concentration of the ionized species, the Saha–Boltzmann
equation was used [17,43–46]:

Ne
Cα,γ+1

Cα,γ = 6.04× 1021 (kBT)
3
2

Pα,γ+1

Pα,γ
exp
[
−

Eα,γ

kBT

]
(7)
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Here, kBT is the thermal energy of the plasma in eV, Eα,γ (eV) is the ionization energy
of the element α, Ne

(
cm−3) is the electron number density, Cα, γ+1 is the concentration of

the γ + 1 charge state, and Pα,γ+1 and Pα,γ are the partition functions of the upper charge
state (γ + 1) and lower charge state (γ), respectively. The contribution of any element
present in the sample is the sum of the neutral and ionic contributions [17]:

Cα = Cα,γ + Cα,γ+1 (8)

Cα =
Cα

∑ Cα
× 100 (9)

The concentration (Wt.%) of each constituent in the sample was calculated using
Equation (9). To validate the LIBS results, the elemental analysis was also performed using
a locally constructed two-meter linear laser ablation time-of-flight mass spectrometer (LA-
TOF-MS) [30,32,46]. The mass spectrum of the rare earth sample obtained by LA-TOF-MS is
shown in Figure 10. The spectrum shows the ion signals corresponding to all the constituent
elements, C, Na, Mg, Si, Ca, Fe, and Ti together with the rare earth elements, La, Ce, and
Nd. The peak height of each element reflects its concentration, which was determined from
the area under the curve analysis. Silicon is the dominant element followed by titanium
and iron. A contour around 35 µs has been observed that corresponds to all the rare earth
elements present in the sample, lanthanum, cerium, and neodymium. As lanthanum has
no isotopes, but Ce possesses four isotopes and neodymium has five isotopes, therefore,
their signals became merged and formed a broad contour. To extract the compositions
of these elements, a deconvolution procedure of the overlapping peaks was performed
using commercially available software (Origin 2023). A linear regression calibration graph
between the time-of-flight (T) and the square root of the mass (

√
M) is presented as an inset

(b) in Figure 10 and exhibits a strong correlation, with R2 ∼ 0.99.
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To further supplement our studies, the EDX spectrum of the rare earth sample was
also acquired using the EDX analytical technique. Figure 11 shows a characteristic X-ray
spectrum of the sample. The electron scanning area of the sample is displayed as an inset (b)
in this figure. The data reveal that Si is present as the major element (Kα peak at 1.739 keV)
along with C (0.277 keV), O (0.525 keV), Na (1.04 keV), Mg (1.25 keV), Ca (3.69 keV), Ti
(4.51 keV), and Fe (6.40 keV). The bunch of peaks around 4–6 keV corresponds to the
Lα lines of the REE; La (4.65 keV), Ce (4.84 keV), and Nd (5.23 keV) and Lγ lines; La
(5.788 keV), and Ce (6.052 keV). It is worth mentioning that the Kα line of titanium lies at
4.511 keV which is superposed with the Lα line of lanthanum (4.6 keV). The resolution of
the equipment is not sufficient enough to resolve these two peaks. However, the Kα and
Kβ lines of iron at 6.4 keV and 7.06 keV, respectively, are well resolved. The contribution
from the elements such as C and O is evident in the figure. A comparison between the EDX
spectrum and that of LIBS shows that all the elements detected by LIBS are also observed by
EDX. However, the EDX spectrum shows well-resolved peaks corresponding to lanthanum,
cerium, and neodymium that were merged in the LA-TOFMS spectrum. This is because, in
EDX, we obtain peaks at different energies (keV) corresponding to the Lα and Lγ lines of
these elements whereas in LA-TOFMS we observe peaks corresponding to the arrival time
(µs) of the ions at the detector. Both techniques provide supplementary results and confirm
the presence of the REE in the sample we have analyzed.
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The elements which were identified in the rare earth sample, along with their con-
centrations detected with CF-LIBS, LA-TOF-MS, and EDX, are presented in Table 3. The
standard deviation (SD) of the concentration (Wt.%) obtained through the CF-LIBS tech-
nique was calculated using the following equation [47–49]:

σ =

√
Σ((yi −Ω))2

n
(10)
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Table 3. A comparison of LIBS results with LA-TOF-MS and EDX, including relative accuracy and
standard deviation at 2 µs delay time, for different elements detected in the rare earth sample.

Element
Rare Earth Sample

Relative Accuracy
(RA)LIBS

(Wt.%) ± SD
LA-TOF-MS

(Wt.%)
EDX

(Wt.%)

C 3.39 ± 0.10 3.45 3.25 0.03
O 13.08 ± 0.68 12.21 13.56 0.05

Na 0.57 ± 0.09 0.75 0.69 0.14
Mg 1.02 ± 0.10 1.17 1.22 0.09
Si 19.03 ± 0.65 18.05 17.81 0.04
Ca 5.73 ± 0.41 5.58 4.95 0.07
Ti 11.78 ± 0.98 13.91 13.31 0.08
Fe 15.54 ± 0.29 15.98 16.08 0.01
La 10.75 ± 0.90 9.04 9.39 0.09
Ce 9.38 ± 0.97 11.77 10.66 0.11
Nd 9.73 ± 0.82 8.09 9.08 0.09

∑ Wt.% 100 100 100

Here, σ is the standard deviation (SD), yi is the value from each data, Ω is the mean
value of the data, and n indicates the number of values or size of the sample. The calculated
relative standard deviation for LIBS measurements is within 10 rel.%. To enable simple
comparison, the relative accuracy (R.A) is calculated using the following formula:

R.A = 1−
∣∣∣∣Nx − Ny

Nx

∣∣∣∣ (11)

Here, Nx represents the expected value of N for the xth measurement, while Ny
represents the measured value of N for the yth measurement. The calculated (R.A) was
determined to be within the range of 0.01–0.14. To conduct a comparative study, the
elemental concentration (Wt.%) of the rare earth sample was determined using the LA-
TOF-MS and EDX techniques. The results are presented in Table 3 for comparison. In
LA-TOF-MS, the area under the curve was used to calculate the composition of each
element present in the sample as La = 9.04 Wt.%, Ce = 11.77 Wt.%, and Nd = 8.09 Wt.%. The
concentration extracted using LA-TOF-MS was in good agreement with the quantitative
results obtained using the CF-LIBS technique. In the EDX analysis, the same REEs (La, Ce,
and Nd) were detected as the major elements in the sample. For example, the concentration
of REEs was La = 9.39 Wt.%, Ce = 10.66 Wt.%, and Nd = 9.08 Wt.%, which is in good
agreement with that obtained using CF-LIBS and LA-TOF-MS.

Moreover, in LIBS measurements, the elements C and O pose challenges for the
determination of their chemical composition due to the volatilization of carbonates and
water. When a laser is used to generate plasma on the sample surface, the high temperatures
cause the release of carbon dioxide (CO2), from carbonates, and water vapor (H2O), from
hydrated ores or moisture present in the target sample. This volatilization process leads to
the loss of carbon and oxygen atoms from the sample, affecting the accuracy of the chemical
composition evaluation. The volatilization of CO2 and H2O creates uncertainties in the LIBS
measurements because it changes the original chemical composition of the sample. The loss
of C and O can lead to inaccurate elemental ratios, particularly for C and O themselves, as
well as for other elements whose concentrations are affected by the presence of carbonates
or water. To address this problem, researchers in LIBS analysis often employ various
correction techniques. These techniques aim to account for the volatilization effects and
adjust the measured elemental ratios accordingly. The corrections may involve calibrations
based on reference samples with known compositions, or the application of mathematical
models to compensate for the volatilization-induced deviations.

Consequently, in this work involving CF-LIBS calculations, the weight percentages of
C and O appear relatively low, even though they are present in ores as oxides with higher
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weight percentages. This discrepancy arises from the normalization process, where the
total weight percentage of all elements is adjusted to 100 Wt.%. As a result, the weight
percentages of C and O may be significantly lower in LIBS calculations compared to
their actual weight percentages in the form of oxides found in ores. Therefore, the low
appearance of C and O contents in CF-LIBS is a consequence of the weight percentage
normalization process used to accurately represent the overall elemental composition of
the sample.

The composition obtained from all three techniques, CF-LIBS, LA-TOF-MS, and EDX,
are in agreement. The slight differences in the CF-LIBS compositions are attributed to
factors such as line intensity measurements, transition probabilities, laser spot positions,
and plasma constraints. In LA-TOF-MS, the major error occurs due to the deconvolution
procedure, signal drift, and measured area through the peak fitting [50,51].

The main objective of the present study was to detect and quantify the REEs in the
samples obtained from the Northern Areas of Pakistan. For the comparative analysis,
we studied the rare earth samples using three analytical techniques, LIBS, LA-TOF-MS,
and EDX. The EDX, coupled with a scanning electron microscope (SEM), is commonly
employed for the qualitative analysis of raw materials and it has a detection limit of around
∼ 1000 ppm along with a depth profile of approximately 5 microns (5 µ) [52,53]. The
elements having concentrations of tenths of Wt.% to several Wt.%, such as C, Na, Mg, Si,
Ca, Ti, and Fe, along with light REEs such as La, Ce, and Nd, were detected successfully by
EDX. However, it is worth revealing that EDX is unable to detect very light elements, such
as H, Li, Be, and B, due to its detection constraints. On the other hand, in LA-TOF-MS, there
is no particular restriction on the size or dimension of the target sample. A few mJ of laser
energy is used to ablate the sample surface and it has the potential to detect all the elements
in the Periodic Table. The mass spectrum of LA-TOF-MS (see Figure 10) shows that all
the elements detected by LIBS are detectable in the mass spectra except for Mg. Since
the atomic mass of Na (22.989769 Daµ) and Mg (24.305 Da) are very close in comparison
to the other elements, this explains why their ionic peaks are nearly overlapping, and
the signal height also becomes modified due to the low concentration of Na and Mg in
the sample. The Na and Mg signal lies precisely on the calibration line according to the
Time ∝

√
Mass relation. The present study establishes that an efficient way to detect

different elements present in various samples is through comparing their LIBS spectra
recorded under identical experimental conditions. The LIBS results show a good detection
limit from C to Nd in the rare earth geological sample that is in good agreement with that
of LA-TOF-MS for the elements such as C, O, Na, Mg, Si, Ca, Ti, Fe, La, Ce, and Nd.

3.4. Limit of Detection of the Analyzed Rare Earths

To determine the limit of detection (LOD) for the REEs, several target samples of
powdered metal oxides were prepared using La, Ce, and Nd from Sigma–Aldrich. A base
or substrate metal of powdered zinc (99.99% pure) was utilized, onto which different
concentrations (ppm) of rare earth metal oxides, including La2O3, CeO2, and Nd2O3, were
doped. We used zinc powder of high purity as a matrix as it was available in our laboratory
and, secondly, the emission spectrum of zinc contains a very limited number of spectral
lines, at 636.22, 481.05, 472.22, 468.21, and at 330.26 nm; the overlapping of the lines with
those of the sample spectrum is also not obvious. The concentration of each rare earth
metal in the five different samples is presented in Table 4.

Table 4. The concentration (ppm) of each REE in various samples of zinc matrix.

Elements Sample-1 Sample-2 Sample-3 Sample-4 Sample-5

La 159 129 114 106.5 102.8

Ce 103 93 88 85.5 84.3

Nd 85 75 70 67.5 66.3
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The five as-prepared samples, with zinc as a base metal, were utilized to calculate the
limit of detection of rare earth metals. All five zinc-matrix-based samples were studied by
LIBS through optimized experimental conditions, 532 nm laser wavelength, 100 mJ pulse
energy, 1 ms integration time, and 2 µs delay time. Various emission lines of rare earth
metals having ~107 s−1 transition probability, minimal interference effects, and being free
from self-absorption and non-resonance, along with the zinc emission line, were selected to
draw the calibration curves as shown in Table 5.

Table 5. Emission lines of rare earth metals used for the estimation of LOD.

Element Wavelength
(nm)

Transition
Probability
(×107 s−1)

Statistical Weight, (gk)
(Upper Level)

Upper Level
Energy,

Ek (cm−1)

Lower Level
Energy,

Ei (cm−1)

La (I) 521.2 nm 4.97 8 23,303.26 4121.57

Ce (II) 551.2 nm 1.13 8 26,268.20 8131.22

Nd (II) 410.9 nm 2.26 12 24,842.86 513.33

The characteristic spectral lines such as La (I) at 521.2 nm, Ce (II) at 551.2 nm, Nd (II)
at 410.9 nm, and Zn (I) at 481.1 nm were selected in the present analysis. The zinc emission
line is used to normalize the signal amplitude of the La, Ce, and Nd lines by taking the
fraction of the signal amplitude of the corresponding line to the signal amplitude of the Zn
(I) emission line at 481.1 nm. In the LIBS spectrum of the five prepared zinc-matrix-based
samples, the Zn emission lines were found to be free from interference and self-absorption.
The calibration curves of the elements La, Ce, and Nd present in the zinc matrix showed
good linear fitting, as shown in Figure 12a–c, within the experimental error.
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(Nd/Zn) with Nd.

The LOD of the zinc matrix was calculated using the following relation [54]:

LOD =
3σ

b
(12)

Here, σ indicates the standard deviation of the background signal and b reveals the
calibration sensitivity (slope of the calibration curve). Table 6 presents the calculated limit
of LOD, reported LOD, and relative standard deviation (RSD %) for the rare earth metals
La, Ce, and Nd. The RSD is determined by multiplying the standard deviation (SD) by 100
and dividing the result by the average value.

The LOD values for the elements La, Ce, and Nd, obtained using the calibration curve
laser-induced breakdown spectroscopy (CC-LIBS) technique, align well with the reported
values by Yang et al. [55]. Yang et al. utilized surface-enhanced laser-induced breakdown
spectroscopy to detect rare earth elements (La, Ce, Pr, and Nd) in an aqueous solution.
Therefore, LIBS has established itself as an advanced analytical technique, in combination
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with LA-TOF-MS and EDX, for assessing rare earth elements (REEs) in both standard and
raw materials. Nevertheless, several experimental factors, including the intensity of the
analytical signal, the signal-to-noise ratio, the sample surface homogeneity, the elemental
concentration, and the reproducibility of LIBS analytical results, can influence the LOD in
LIBS-based measurements.

Table 6. The limit of detection (LOD) values of La, Ce, and Nd along with the R2 and RSD (%).

Element LOD (ppm)
Present Work

LOD (ppm)
[53]

RSD
(%)

La 0.57 0.61 0.65

Ce 3.48 3.11 0.85

Nd 4.91 4.48 0.98

4. Conclusions

Three analytical techniques, LIBS, LA-TOF-MS, and EDX, were used to analyze and
quantify the REEs in geological ore samples obtained from the Northern Areas of Pakistan.
The qualitative identification of the spectral lines of La, Ce, and Nd in the LIBS spectra
confirmed the presence of these elements in the samples. Moreover, the spectral lines of
Si, Ti, Na, Mg, Ca, and Fe in the LIBS spectra confirmed their presence in the sample. The
excitation plasma temperature (Te) and electron number density (Ne) were calculated to
perform a quantitative analysis of the constituent elements. The procedure of first recording
the LIBS spectra of all the REEs under the same experimental conditions and making
an atlas of the spectra, then comparing them with the spectrum of any unknown sample,
provided an efficient detection methodology for the presence of REEs. To demonstrate the
capabilities of LIBS, a comprehensive compositional analysis of the rare earth elements
was performed using different analytical techniques, including LA-TOF-MS and EDX.
Interestingly, these alternative methods produced results that exhibited a favorable level of
agreement with the results acquired through LIBS. In addition, the LOD values of the La,
Ce, and Nd elements, acquired via calibration curve laser-induced breakdown spectroscopy
(CC-LIBS), were found to be in good agreement with the values reported for LIBS in the
literature. The comparative study suggests that LIBS can be used as a potential technique
for the detection of rare earth elements in geological ores. The information acquired from
this study will generate further interest for scientists to extract and separate these REEs
from this ore found in the Northern Areas of Pakistan.
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