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ABSTRACT

Presented in this paper are the results of practical application of laser-induced breakdown spectroscopy to sensitive detection of rare earth elements
(REEs) in trace amounts using a Cu subtarget supported stainless steel micro mesh (SSMM) powder sample holder. Powder samples containing
separately a number of REEs (Yb, Y, Eu, and La) are measured using the SSMM sample holder and a 68mJ ns Nd:YAG laser with −5mm defo-
cused irradiation in 1.3 kPa ambient air. All the resulted emission spectra are shown to exhibit excellent spectral quality featuring well resolved
sharp spectral lines with low background and without spectral interference from the sample holder. Further measurements of additional powder
samples with varied content of REEs are performed to reveal the existence of linear calibration lines with extrapolated zero intercept and well
below 100 ppm detection limits promising for practical quantitative REEs analysis, particularly for sensitive field exploration of REEs.

Key words: rare earth elements, low-pressure laser-induced breakdown spectroscopy, quantitative powder analysis, special powder sample
holder, field exploration
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I. INTRODUCTION

The group of 17 rare earth elements (REEs) have become the
objects of active scientific studies on their functional properties
and the related applications ever since the first detection of these
elements from a number of plants and sedimentary apatites of
biological origin.1 Owing to their unique chemical and physical
properties, REEs have since found their ways into important tech-
nological applications in a large variety of high technology based
industrial sectors, ranging, for instance, from the manufacture of
Nd:YAG lasers used in spectroscopic analysis and erbium doped
fiber amplifiers employed in optical communication, as well as
flat screen televisions, medical imaging, clean renewable energies,
hybrid electric cars to some novel electronic and photonic
devices,2–6 just to mention a few of them. These elements have also
been extensively used as tracers or markers for the studies of
geochemical, pedological, and petrogenetic processes7–10 including
their environmental impacts.11–14 More recently, REEs have been
intensively and successfully applied as fertilizers to boost agricul-
tural products in China.15–17 The demands of REEs for those fields
of studies and applications are expected to grow rapidly. In particu-
lar, the needs of explorations and extractions of REEs are bound to
increase in the face of drastic curtail of the materials exported by
China as the world major producer and exporter in the past.3

It is understood that for all the activities described above, the
crucial supports of sensitive and accurate spectrochemical analysis
are indispensable. In fact, a variety of analytical tools have been
made available and commonly employed in various fields of REE
related studies. These include the atomic absorption spectrometry,
the x-ray fluorescence (XRF), and the instrumental neutron activa-
tion analysis. In particular, the inductively coupled plasma mass
spectrometry (ICP-MS) and the inductively coupled plasma atomic
emission spectrometry (ICP-AES) have so far become the most
preferable and widely adopted tools as they offer the most sensitive

FIG. 1. Diagram of the experimental setup.

TABLE I. KKS 1000 and Lapindo mud composition.

Element
KKS 1000
(mass %)

Lapindo mud
(mass %)

C 2.98 1.68
Na2O 1.4 2.68
MgO 1.5 2.35
Al2O3 17.18 22.0
SiO2 53.4 54.2
P2O5 0.087 0.127
SO3 0.98 1.07
Cl 1.54 2.03
K2O 1.65 2.09
CaO 1.89 2.82
TiO2 0.999 0.881
V2O5 0.0216 0.0285
Cr2O3 0.0156 0.0158
MnO 0.140 0.141
Fe2O3 16.0285 7.75
NiO 0.0068 0.0070
CuO 0.0051 0.0043
ZnO 0.0082 0.0139
Ga2O3 0.0005 0.0034
As2O3 0.0009 0.0017
Br 0.0280 0.0119
Rb2O 0.020 0.0101
SrO 0.0675 0.0413
Y2O3 0.0025
ZrO2 0.0211 0.0206
BaO 0.0278 0.0155
PbO 0.0012 0.0023
ThO2 0.0007

FIG. 2. Pressure dependent emission intensity of Eu I 462.7 nm generated by
irradiating the powder samples with 68 mJ and −5 mm defocused laser pulses
in ambient air. The gate delay and gate width of the ICCD are fixed at 200 ns
and 50 μs, respectively. The data are presented with 5% error bars.
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and accurate quantitative detection of the elements. However, this
method suffers from the tedious time and sample preparation
process as well as the same basic problem of serious and adherent
spectral interference effect due to the presence of multielements in
the sample.16–18 This problem was largely eliminated by some pre-
separation treatments, such as the use of high performance liquid
chromatography.19 But this was achieved at the expenses of longer
time consuming sample preparation and the additional need of
equipment.

In the mean time, the laser-induced breakdown spectroscopy
(LIBS) has long established itself as a widely employed instrument
for practical and rapid spectrochemical analyses of various samples
in solid and liquid phases without time consuming sample prepara-
tion as required in ICP-AES based technique. Its practical utility

is remarkably demonstrated by its in situ application to the plane-
tary exploration in Mars.20 The applications of LIBS to REE detec-
tion and analysis have also been documented in the published
literature.21–24 In a recent study, solving the ubiquitous problem of
spectral interference by the use of thermodynamical modeling
of the emission spectra for sensitivity evaluation in REEs analysis
was reported to offer useful estimates of the limits of detection
(LODs).25 The experimental comparisons of LODs between those
obtained from LIBS and ICP-AES for some REEs were also
reported to be roughly comparable, both techniques show subppm
sensitivity.26–28 As reported recently, a result of REEs quantification
was achieved by means of multivariate analysis with partial least
squares regression models showing comparable results of LIBS with
those obtained from ICP-MS analysis for a number of REEs.29

FIG. 3. Emission spectra of 2.5% (a)
Yb2O3, (b) Y2O3, (c) Eu2O3, and (d)
La2O3 in standard soil employing the
SSMM powder sample holder. The
laser pulses of 68 mJ are directed
under −5 mm defocused condition
onto the powder samples in 1.3 kPa
ambient air. The gate delay and gate
width of the ICCD are fixed at 200 ns
and 50 μs, respectively. Below each
figure is the zoomed spectral area
around the analytical emission lines
used for the following measurements
of intensity–concentration relations
given in Fig. 4. Presented in each of
the corresponding insets are the
resulted spectra using pelletized
samples for comparison.
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Unfortunately, both methods mentioned above require rather com-
plicated mathematical treatments.

The rare earth mineral ores are commonly found as mixtures
of REEs with the soil. For the spectrochemical analysis with LIBS,
the sample is usually crushed and pulverized into fine powders to
be mixed with some binding materials such as epoxy30–32 and sub-
sequently pressed into pellets. However, the REEs in the resulted
pellets are known to suffer from lower emission intensity due to
their reduced contents in the pellet and the matrix effect which
complicates the spectral analysis. An alternative preparation of coal
samples in pellet forms was reported33 using a 150 μm sieving
machine for the coal powder followed by compression of the
powder in a special pellet die under high pressure. In the case of
coal ash samples, an even longer series of drying, devolatization,

and burning processes were required in order to avoid the use
of binder and thereby avoid the undesirable matrix effects. In a
recently published work,34,35 even another simpler alternative for
powder sample analysis using LIBS was introduced by utilizing a
special powder sample holder of Cu subtarget supported stainless
steel micro mesh (SSMM). It was shown that sensitive plasma
emission of excellent spectral quality was generated virtually free
from interference by the sample holder emission. The report also
suggested that the plasma emission was mainly generated by the
shock wave plasma induced thermal excitation process. Further
measurements on a number of the standard soil samples with
various Pb concentrations were shown to yield a linear calibration
line with practically zero extrapolated intercept and a detection
limit of less than 10 ppm.34,35

FIG. 3. (Continued.)
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The present study is undertaken to demonstrate the usefulness
and advantages of LIBS application to REEs powder analysis using
the SSMM sample holder in a low-pressure ambient air without
pelletization of the powder sample. The results are shown to
exhibit excellent spectra featuring fully resolved sharp emission
lines with low background and without spectral interference from
the sample holder. Furthermore, the viability of the SSMM powder
sample holder is demonstrated by the consistent existence of linear
calibration lines with extrapolated zero intercept obtained from
separate samples containing various single REE concentrations of
Eu, Yb, Y, and La. Meanwhile, the spectra yield the estimated
detection limits of less than 19, 12, 13, and 26 ppm for the four

REEs, respectively. These are more than adequate for field explora-
tion of REEs.

II. EXPERIMENTAL PROCEDURE

Figure 1 shows the schematic diagram of the experimental
setup employed in this study which is the same as the one devel-
oped and employed in previous experiments.34,35 The SSMM
sample holder is made of a Cu plate of 99.9% purity purchased
from Rare Metallic Co. as the subtarget support for the stainless
steel micro mesh made of T 304 stainless steel which was fabricated
and supplied by Edward J. Darby & Sons, Pennsylvania, US.

FIG. 3. (Continued.)
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The sample holder is used by evenly spreading the powder over the
mesh and gently pressed to form a firm powder layer of appropriate
hardness and thickness needed to cover the sample holder surface
and generate the desired plasma emission from the powder without
affecting the sample holder. The laser used in this experiment is a
nanosecond (ns) Nd:YAG laser (Quanta Ray, Lab Series, 450 mJ,
1064 nm, 8 ns) operated in the Q switched mode at 10 Hz repeti-
tion rate and a reduced output energy of 68 mJ. The laser beam is
directed onto the sample in the chamber through a quartz window
of the chamber using a convex lens of 150 mm focal length at the
−5 mm defocused position to yield a power density of around
200MW/cm2 on the sample surface. The laser energy employed
and the entire optical setup including the defocused position are
determined in a separate preliminary experiment to ascertain the

minimum ablation power density needed to yield stable analyte
intensities while preventing the emission from the sample holder
and the blowing-off of the sample powder in a low-pressure
ambient air. In order to confirm the absence of emission lines from
the sample holder, an inspection of the sample holder surface is
conducted after the experiment by means of a digital microscope
(Keyenne, VHX-700) to assure that no sign of surface damage is
found on both the steel mesh and Cu subtarget, and hence no
effective ablation takes place on the metals. This confirms the same
result reported previously.34,35 The chamber is equipped with inlet
and outlet ports for the continuous flow of ambient gas at a cons-
tant flow-rate to maintain the gas pressure at 1.3 kPa, with an addi-
tional quartz window provided for the observation of plasma
emission. An optical fiber of 10 μm core diameter is used to collect

FIG. 3. (Continued.)
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the plasma emission intensity at the one end, with its other end
connected to the input port of an Echelle spectrograph (Mechelle
M5000 type). The spectrograph is equipped with a gated ICCD
system (Andor iStar ICCD, 200–975 nm wavelength) for the mea-
surement of emission spectra in broad spectral range to cover all
the REE emission lines considered in this study. The gated ICCD is
operated with a gate delay of 200 ns and a gate width of 50 μs for
all of the experiments. These gating times are chosen to yield the
highest S/N ratio found in another preliminary experiment using
the same experimental setup.

An additional experiment is carried out to further investigate
the possibility of performing quantitative analysis of REEs powder
using the SSMM sample holder. To this end, a high resolution
spectrograph (McPherson model 2061 with 1 m focal length,
1800 g/mm grating and f/8.6 Czerny Turner configuration) is
employed with its exit slit attached to a gated ICCD system (Andor
I*Star intensified CCD 1024 × 256 pixels) as described by the right-
hand branch of the detection system in Fig. 1. It is employed with
the same gate delay and gate width of the ICCD, respectively, for
the same reason mentioned before.

The samples used in this experiment are prepared in three
separate sets of powder mixtures. The first set consists of separate
mixtures of 2.5% Yb2O3, Y2O3, Eu2O3, La2O3 (Rare Metallic Co,
99.99% purity) with 97.5% standard soil powder (KKS 1000,
Tokyo, Japan, with its composition shown in Table I). The grain
sizes are prepared to be less than 50 μm. The second set consists of
powder mixtures containing separately 1.25%, 2.5%, 5%, and 10%
concentrations of each REE cited above with the appropriately
balanced amount of the same standard soil. These samples are used
for the investigation of intensity versus concentration relations. The
third set consists of two samples. The first one is prepared with
2.5% Eu2O3 and 97.5% wet Lapindo mud (water content 16%)
while the second sample is composed of 2.5 Eu2O3 and 97.5% dry

Lapindo mud (water content 4%). The Lapindo mud is the materi-
als produced during the eruption of the mud volcano in the subdis-
trict of Porong, Sidoarjo in East Java of Indonesia that has taken
place since May 2006 until now. It is known as one of the largest
mud volcanoes in the world. The composition of KKS 1000 stan-
dard soil and Lapindo mud obtained by XRF is listed in Table I.

The sample holder is rotated during the laser irradiation
allowing each laser pulse to hit the different spots on the sample
surface. The resulted data from 30 laser shots from each sample
with a certain REE concentration are then averaged over the data
obtained from all irradiated radial positions and presented as the
data points (intensities) of the corresponding sample.

III. RESULTS AND DISCUSSION

It is important to recall that a number of previous
experiments36–65 reported the sensitive influences of the ambient
gas pressure on the emission intensity. Therefore, the optimum
ambient gas pressure must be determined in order to achieve the
desired detection sensitivity. This pressure dependent intensity var-
iation is measured using the Eu2O3 powder sample and the associ-
ated Eu I 462.7 nm emission line. Figure 2 displays the result
measured in ambient air at various pressures. It is clear that the
maximum emission intensities are obtained around 1.3 kPa, and
this is the air pressure applied in the following measurements.

The viability of an SSMM powder sample holder is further
examined by its applications to a variety of REE powder samples
included in the first set of REE and soil mixtures cited in Sec. II.
The results are presented in Fig. 3. Presented below each figure is
the zoomed spectral area of the same analytical lines obtained
using high resolution spectrograph. These emission lines are well
resolved from the corresponding neighboring emission lines and
from the host (soil) emission lines as well. For comparison with
the spectrum of the same powder sample measured in a pelletized
form, the pelletized result is also presented in the corresponding
inset. Evidently, the intensity enhancement and lower background
using SSMM are consistently displayed. These SSMM emission
lines from the different REEs are also distinctively well spaced in
their spectral positions and hence useful for spectral identification
of the related REEs. Some of them are thus chosen for the following
investigation of the possible quantitative analysis of the REEs. It is
observed that all the spectra exhibit well resolved sharp emission
lines with low background emission and without showing the pres-
ence of interfering emission from the sample holder. It is worth
noting though that the Eu I 462.7 nm and Yb I 398.8 nm emission
lines consistently appear with lower intensities compared to the
other REE emission lines. This is likely related with the fact that the
above mentioned emission lines are associated with decay transition
to the ground states and, therefore, suffer from the self-absorption
effect.

It should be pointed out that we do not prepare the sample of
standard soil mixture of multiREEs for the measurement, because
the REEs have relatively low ionization energies and large concen-
tration of ions will be produced from each analyte element by the
laser-induced ablation leading to undesirable interactions among
them that may give rise to complicated emission spectrum. Besides,
mixtures of REEs are not commonly found in natural ores.

FIG. 4. Calibration lines for Eu I 462.7 nm, Yb I 398.8 nm, Y I 490.6 nm, and
La I 521.2 nm in KKS 1000 standard soil samples. The data are presented with
5% error bars.
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The excellent spectral quality displayed in Fig. 3 suggests the
possibility of performing quantitative analysis of those powder
samples. This is investigated by measuring separately the emission
intensities of the samples containing various contents of each
REE in the first set of samples described as the second set of
samples in experimental procedure. The resulted intensities of the
Eu I 462.7 nm, Yb I 398.8 nm, Y I 490.6 nm, and La I 521.2 nm
emission lines are plotted with respect to the corresponding REE
concentrations and presented in Fig. 4. It is remarkable that all
the resulted plots exhibit a nice linear relationship between
the measured emission intensities and the associated element
concentrations. Besides, all the lines appear to converge to the
same extrapolated zero intercept. However, a closer inspection on

those lines reveals that the qualities of fit are relatively better for
the Y I 490.6 nm and La I 521.2 nm emission lines as indicated by
the corresponding R2 values cited in the figure. The lesser qualities
of the Eu and Yb calibration lines are likely due to the undesirable
self-absorption effect as commented with regard to Fig. 3 for
emission lines (Eu I 462.7 nm and Yb I 398.8 nm) associated with
transitions to the ground states of the atoms.

The LOD for Eu is estimated from the emission spectrum of
the sample containing 1.25% Eu2O3 in soil. Following the conven-
tional criterion as a ratio of the signal intensity against three times
the average of surrounding background intensities, the LOD is
found to be less than 19 ppm. The same estimations for the three
other samples are found to give the LODs of 26 ppm for La,

FIG. 5. Emission spectra of 2.5%
Eu2O3 mixed with 97.5% of (a) wet
Lapindo mud and (b) dry Lapindo mud
employing the SSMM powder sample
holder. The laser pulses of 68 mJ are
directed under −5 mm defocused con-
dition onto the powder samples in a
low-pressure ambient air at 1.3 kPa.
The gate delay and gate width of the
ICCD are fixed at 200 ns and 50 μs,
respectively.
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12 ppm for Yb, and 13 ppm for Y. All those figures are well below
100 ppm required for field applications.

Finally, in order to further demonstrate its broad applicability,
eight additional samples are prepared separately as a mixture of
2.5% REE and 97.5% of wet Lapindo mud with 16% water content
(wet mud sample) and another one as a mixture of 2.5% of the
same REE with 97.5% dry Lapindo mud of 4% water content
(dry mud sample). The typical results of emission spectra are pre-
sented in Fig. 5 for (a) Eu2O3 mixtures with the wet Lapindo mud
and (b) Eu2O3 mixtures with the dry Lapindo mud. It is seen that
the Eu emission spectra share similar basic features as the one
shown in Fig. 3(c), differing only in the visibly reduced intensities
with the result from the dry sample displaying quantitatively closer
intensity distribution pattern with that shown in Fig. 3(c). In fact,
all the pertinent Eu lines show up without being interfered by the
emission lines from the major mud elements and the sample
holder. In addition to those results, the linear calibration lines are
presented in Fig. 6 for the four samples with dry Lapindo muds.
It is seen that the results are quite similar to those given in Fig. 4.
It is worthwhile to add that the detection limits of Eu in wet mud
and dry mud are found to be around 50 and 30 ppm, respectively.
The better LOD or S/N ratio in the dry mud sample is simply
related with the much higher (nearly 4×) intensities of the Eu I
462.7 nm as well as other Eu emission lines while showing very low
H I 656.2 nm emission intensity (related to water content) which
clearly indicating the higher compositional content of the analyte
element.

IV. CONCLUSION

This study has demonstrated the successful application of
LIBS to practical spectrochemical analysis of REEs using a copper
subtarget supported SSMM powder sample holder without pelleti-
zation of the powder. The emission spectra of four different REEs
(Yb, Y, Eu, and La) from separate powder samples with 97.5%

standard soil mixtures are measured with 1.3 kPa ambient air,
68 mJ, and –5 mm defocused nanosecond laser irradiation. The
resulted spectra are shown to exhibit well resolved sharp emission
lines of the associated REEs without interferences from both the
sample holder and the host elements in the soil. The additional
measurements of samples with various REE concentrations further
show the existence of linear calibration lines with extrapolated zero
intercept and well below 100 ppm LOD. The general applicability
of this experimental setup is clearly demonstrated by the similar
additional results using REE mixtures with different Lapindo mud.
It is potentially applicable for the sensitive and quantitative analysis
of REEs in soils and, therefore, promising as an alternative practical
tool for quantitative field exploration of REEs in remote areas.
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