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Abstract Laser-induced breakdown spectroscopy (LIBS)
is a technique increasingly used to perform fast semi-quan-
titative multi-elemental analyses of various materials with-
out any complex sample preparation, being also suitable
for in situ analyses. Few studies have been performed to
understand the influence of laser wavelength on LIBS ana-
lytical performance on environmental samples. The main
goal of this study was to perform a comparative elemental
analysis of a number of soils, citrus leaves, and synthetic
solid matrices using two different wavelengths, i.e., 532
and 1064 nm of Nd:YAG lasers, and a spectrometer cou-
pled to a non-intensified charge-coupled device camera
as the detection system. The emission lines with higher
upper energy level, i.e., C —193.03 (7.685 eV) and Si
[—212.41 nm (6.616 eV), were more intense when using
the 532 nm than the 1064 nm laser light, whereas the oppo-
site occurred for elements with lower upper energy level,
ie., Ti -—336.12 nm (3.716 e¢V) and Fe I—368.75 nm
(4.220 eV). The observed increase in LIBS signal between
the two wavelengths is about 30-50%. The relation-
ship between the line emission intensities and the used
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excitation wavelengths were associated to the upper level
energy of the element.

1 Introduction

Laser-induced breakdown spectroscopy (LIBS) is an
elemental analytical technique considered to represent
a promising tool for low-cost analyses in situ. Additional
advantages offered by this technique are minimal sam-
ple preparation, quasi non-destructive and fast measure-
ment, and no generation of chemical residues. LIBS has
been successfully applied for elemental analysis of various
materials, including metals [1-3], soils [4-9], plant leaves
[10-12], and others. However, several limitations still exist
in the analytical use of LIBS, including relatively low
repeatability, strong matrix dependence, and low sensibility
and accuracy. Many of these problems are related to plasma
formation that occurs in different modes when using differ-
ent wavelengths.

The efficiency of a particular wavelength to couple
energy into the sample analyzed depends on various
effects acting on the resulting LIBS emissions. Although
these effects have been studied by some authors [13-18]
in analyzing metals such as aluminum, steel, and vari-
ous liquids and transparent materials, very limited stud-
ies exist on the influence of LIBS wavelength on the
elemental analysis of environmental materials. In particu-
lar, soil and plant samples have been analyzed by LIBS
mostly using one excitation wavelength [4—12], although
two excitation wavelengths have been used in one study
[19]. A suitable choice of excitation wavelengths and
other analytical parameters, such as sample homoge-
neity, light collection, and accumulated pulses [13], is
expected to improve the sensitivity of the technique.
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When evaluating these parameters, the laser—matter inter-
action mechanisms, such as light absorption, laser abla-
tion, and plasma initiation and formation, also need to be
taken into due account [20]. Further, the use of double-
pulse (DP) LIBS setups in either collinear or orthogonal
configurations have been proved to improve the efficiency
of LIBS by enhancing the signals [21-23].

In particular, Fornarini et al. [24] investigated theoreti-
cally and experimentally the influence of two laser wave-
lengths, i.e., 1064 and 355 nm, on the analytical perfor-
mance of LIBS in the diagnosis of bronze alloys. These
authors found that at the wavelength of 1064 nm the
model predicted a slower rise of sample surface tempera-
ture due to intense plasma absorption. In particular, a rel-
evant plasma shielding effect was also observed with less
energy reaching the sample surface. As a consequence, the
spectrum obtained at 1064 nm was more intense than that
obtained at 355 nm. Further, this study showed that ionic
lines of heavy elements were present predominantly in the
near-ultraviolet (UV) region (355 nm), whereas atomic
emissions from light elements appeared prevalently in the
near- infrared (IR) region (1064 nm). Differently, at the
wavelength of 355 nm and using shorter laser pulse dura-
tions a reduced plasma shielding and a higher intensity in
the near-UV region occurred.

Barnett et al. [13] found that, although at the wavelength
of 266 nm a greater mass removal occurred, at the wave-
length of 532 nm emission intensities were obtained from 6
to 13 times higher than those at 266 nm. The authors con-
cluded that the 266 nm wavelength was preferable for LIBS
analysis of the elements Al, Ba, and Sr in transparent glass
samples due to higher precision, low laser fluence, and bet-
ter laser—target coupling.

In comparing the characteristics of plasmas produced by
IR and UV laser wavelengths, Sdorra et al. [25] found that
the LIBS emission signals of Al and Mn obtained using
the UV radiation were not linearly correlated with the ana-
lyte concentrations, even after comparing the LIBS signals
with reference lines. The authors ascribed this result to the
incomplete atomization of ablated material.

In comparing the fundamental (1064 nm) neodymium-
doped yttrium aluminum garnet (Nd:YAG) laser with the
UV third harmonic for the detection of Ni in water, Berman
and Wolf [26] observed that the UV light generated a lower
continuum intensity leading to a better signal-to-noise
ratio. The analytical efficiency of the LIBS technique was
confirmed by the high discrimination power of both visible
and IR LIBS observed in analyzing black gel inks [27].

The studies mentioned above investigated the influence
of the wavelength using high-resolution spectrometers.
However, the increasing demand of applications of in situ
techniques requires an increased efficiency of LIBS analyti-
cal performance when using non-intensified spectrometers,
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which are commonly used in portable LIBS systems due to
their low cost and small size.

In this context, the objective of this study was to perform
a comparative elemental analytical LIBS analysis using
a system consisting of a spectrometer coupled to a non-
intensified charge-coupled device (CCD) camera using two
Nd:YAG lasers operating at two different wavelengths, i.e.,
532 nm and 1064 nm, applied to soils, citrus leaves, and
various synthetic solid matrices. In particular, the depend-
ence of the optimal laser wavelength on the upper energy
level of the emission lines of interest was investigated.

2 Experimental
2.1 Samples

Twelve soil samples were collected in duplicate at differ-
ent depths under eight native pastures and four forests in
the fields around the Southeast Livestock Research Center
of Embrapa located near the city of Sdo Carlos, Sdo Paulo
State, Brazil. Six different citrus leaf samples were col-
lected at Fazenda da Toca located at Itirapina in Sdo Paulo
State.

Plant roots were removed from soil samples that succes-
sively were dried, ground, and sieved to obtain particles
smaller than 0.15 mm, whereas citrus leaves were dried and
milled manually to obtain homogenized powder. A 8-ton
press was used for 30 s to obtain one pellet for each soil and
leaf sample.

Pellets of different synthetic solid matrices, including
calcium sulfite (CaSOs;), chromium (IIT) oxide (Cr,03), and
manganese dioxide (MnQ,), each containing 30% of boric
acid (H3BO;), were also prepared and tested.

2.2 Instrumentation

The LIBS spectra were acquired using two different laser
systems, the first one was a Q-switched pulsed Nd:YAG
laser (Quantel—Ultra 50) operating at the wavelength of
1064 nm (IR), and the second one a Nd:YAG laser (Quan-
tel—Brilliant) operating at the wavelength of 532 nm
(VIS). The two laser systems had a pulse width of about
6 ns, a repetition rate fixed at 1 Hz, and a similar power
density on the focal spot.

The beam spot size before the focal lens for each laser
was 2.8 mm (VIS laser) and 5.32 mm (IR laser); both
were determined by knife edge method [28]. Using an
ABCD method for Gaussian beam propagation, the beam
waist estimated in the focal region (w;) was approxi-
mately 12.0 pm (for VIS laser) and 12.7 pm (for IR laser).
The pulse energy close to the focal lens was approxi-
mately 40 mJ (for VIS laser) and 50 mJ (for IR laser), both
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Fig. 1 Emission spectra of soil sample analyzed in the spectral range
from 188 to 400 nm at the excitation wavelengths of 532 nm (gray
spectrum) and of 1064 nm (black spectrum)

measured using an energy meter (Coherent, FieldMax II),
and the power density on the focal position was estimated
for both. In this optical setup, the power densities of the two
beams were approximately 1.7 +0.1x 10'> Wem™ and they
were used for the acquisition of LIBS spectra. The beams
were focused and aligned by dichroic mirrors to hit the tar-
get sample in the overlapping mode. For an efficient col-
lection of emitted plasma, a silica lens was placed between
the sample and the optical fiber tip. The sample holder was
placed in a micro-controlled XY stage for speed scanning
of the laser beam impinging on it.

A spectrometer coupled to a non-intensified CCD rang-
ing from 188 to 400 nm with an optical resolution of 0.4 nm
(Stellar Net Inc, model EPP2000-HR) was also used for all
measurements. The delay time between the laser shot and
the spectrum acquisition was set at 2 pus with an integra-
tion time of 1 ms. The emission lines considered were rig-
orously checked by measuring each sample with an optical
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Fig. 2 Average peak intensity of emission lines of C I (193.03 nm) (a), Fe I (368.60 nm) (b), Al IT (198.99) (c), and Ti II (336.12 nm) (d) at the
excitation wavelengths of 532 nm (gray) and 1064 nm (crosshatch) for the pasture (1-8) and forest (9-12) soil samples examined
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Fig. 3 Mean ratios of LIBS signal intensity measured at the laser
wavelengths of 532 and 1064 nm as a function of wavelength for soil
(a) and leaf (b) samples. The ratio was calculated by dividing point
by point the two spectra. Values <0.05 were disregarded

resolution of 0.1 nm (Ocean Optics, model LIBS2500).
Fifteen measurements with a single shot of each laser sys-
tem were performed on each pellet. In order to correct the
background near the emission line considered, the selected
spectral range was subtracted by the average of five pixels
with no transition and close to the element emission line
[29]. After the background correction, the signal/noise
relation was improved by averaging the 15 spectra. The
intensity of the emission lines in the LIBS spectra was
determined and evaluated comparatively for the two laser
systems used. All specific peak transitions were normalized
by the highest value of the 30 spectra acquired (15 for each
laser wavelength).

The images of the craters generated by the two laser
systems on soil pellets were analyzed by scanning electron
microscopy (SEM) (JSM-6510/JEOL, Thermo Scientific).
The diameter and depth of the craters were measured on
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x—y—z axes from the image obtained by a confocal micro-
scope (LSN 780, Zeiss) coupled with a micrometer. To esti-
mate the volumes of the craters, they were approximated to
cylinders. The ablated mass was estimated on the bases of
the ablated volume and sample density [30].

2.3 Known features of laser-induced plasma

A phenomenon known as bremsstrahlung effect commonly
occurs during light absorption and plasma ignition. It con-
sists in the deceleration of electrons in the ionic Coulomb
field with consequent emission of photons. However, in
the presence of an external laser field (e.g., the LIBS laser
pulse), electrons absorb photons continuously from this
field. On average, absorption exceeds emission and the
plasma is heated by electron—ion collisions, yielding the so-
called inverse bremsstrahlung (IB) [31], which depends on
the laser wavelength and is proportional to A* [32, 33].

Another important effect that influences plasma heating
is photon ionization (PI) or multiphoton ionization (MPI)
[32], i.e., during the interaction of laser radiation with mat-
ter, the ions produced can absorb photons and be photoion-
ized. This process increases with higher photon energy, i.e.,
it is inversely proportional to the laser wavelength.

The combination of these two processes determines the
physical properties of plasma dynamics and, consequently,
influences the atomic emission lines. Thus, the PI and MPI
effects become greater at the VIS (532 nm) wavelength,
whereas the IB was greater when using the IR (1064 nm)
wavelength [1, 32, 33].

3 Results and discussion

Figure 1 shows the emission spectra acquired at the excita-
tion wavelengths of 532 nm (gray) and 1064 nm (black) of
a soil sample, in a spectral range of 188—400 nm. In par-
ticular, Fig. 1 shows the spectral window (inset) where it
is possible to observe that the Fe I—368.75 nm (4.220 eV)
emission line was more intense when using the 1064 nm
than the 532 nm laser light. The spectra of soils and leaves
showed clearly that each peak intensity depended on the
laser excitation wavelength used. As an example, Fig. 2
shows the average intensity of the emission lines of C I
(193.03 nm) (a), Fe I (368.60 nm) (b), Al II (198.99 nm)
(c), and Ti II (336.12 nm) (d) obtained using a laser wave-
length of either 532 nm or 1064 nm for the soil samples
examined. Apparently, the wavelength of 532 nm was more
efficient for the C I and Al II lines, whereas the wavelength
of 1064 nm was more efficient for the Fe I and Ti II lines.
As a result, by choosing the proper excitation wavelength
the signal intensity can be increased up to 80% in analyzing
soil and leaf samples.
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Table 1 Atomic and ionic

A Element Emission line (nm) Upper energy Upper transition level Most efficient
emission hnes, UPPCT energy level (CV) wavelength
level, uppgr transition lf:ve}, and (nm)
most efficient laser excitation
wavelengths of the elements Soil samples
(s:,’ ﬁh,s;fé’:\g’s fg’o?’the c 193.03 7.685 2522 532
average intensity increase of the AL 198.99 13.649 3s3p 532
corresponding emission lines Sil 212.41 6.616 3s73p? 532
for soils, leaves, and various Til 336.12 3.716 3d2(3F)4p 1064
matrices examined Fel 368.75 4220 3d7(“Fdp 1064

Till 338.38 3.663 3d2(3F)4p 1064
Leaf samples

CI 193.03 7.685 2s22p? 532

Mg II 279.80 8.864 2p%3d 532

Fe Il 259.83 4.818 3d°CD)4p 1064
Various matrices

Call 315,89 7.047 3p%4p 532

S 199,81 16.091 3s3p* 532

Mn II 3442 5.377 3d6 1064

Crl 236.47 5.241 3d3(%s)4s 1064

In order to find the most appropriate wavelength for
each transition, after correction of the electronic spectral
background, the mean ratios between LIBS signal inten-
sity measured at the wavelength of either 532 or 1064 nm
were calculated by dividing point by point the two spectra,
and plotted as a function of wavelength (Fig. 3). Ratios >0
indicated that the 532-nm laser provided a higher emission
line intensity, whereas ratios <0 indicated that the 1064-nm
laser performed better. Values of the ratio <5% were dis-
regarded. This procedure thus allowed to find the optimal
(most sensitive) laser wavelength for each emission line,
i.e., element, of the spectrum.

A similar analysis was performed for the elements Al,
Ca, Cr, Fe, Mg, Mn, S, Si, and Ti and the corresponding
results are summarized in Table 1. All lines were rigorously
checked by measuring each sample using a high-spatial
resolution spectrometer (A4 = 0.1 nm). The last column in
Table 1 lists the most efficient laser excitation wavelength,
either 532 or 1064 nm, for each element, based on the aver-
age intensity increase of the corresponding emission lines.
A paired statistical ¢ test was performed, which yielded a
statistically significant difference between line intensities at
either 532 or 1064 nm for all samples.

The average plasma temperature calculated by the
Boltzmann plot for Fe lines was 85002000 K for all
samples examined, with no statistically significant differ-
ence among the samples. In this way, it is not possible to
ascribe the differences in emission intensities to the tem-
perature differences. This result could be expected due to
the spectrometer temporal and spectral limitations, i.e.,
non-intensified CCD and low spectral resolution typical
of most portable low-cost LIBS equipments for in situ

measurements. Therefore, the sensitivity of the technique
can be ascribed to the laser excitation wavelength used,
and it is related to the upper energy level of the emission
lines. In particular, the results of this study showed that
LIBS signal is more sensitive for detecting emission lines
of elements with higher upper energy level at VIS wave-
length (532 nm) and with lower upper energy level at IR
wavelength (1064 nm).

A tentative interpretation of the results described
above can be based on two basic effects of laser ablation,
i.e., the bremsstrahlung and MPI effects. For the detec-
tion of higher upper energy level emission lines, the MPI
process [34] must be favored because of higher sensitiv-
ity at the smallest wavelength, i.e., 532 nm. Furthermore,
the excitation wavelength at 532 nm has a more ener-
getic photon plasma excitation than the wavelength at
1064 nm, in order to reach higher energy levels through
resonance absorption. On the other hand, for the detec-
tion of lower energy level emission lines the bremsstrahl-
ung effect would be dominant, which features higher line
intensities at higher wavelengths, i.e., 1064 nm.

The SEM images of the soil surface after imping-
ing with IR (a) and VIS (b) laser radiation are shown in
Fig. 4. The ablated mass per laser shot calculated when
using the IR laser (20+4 pg) was greater than that
obtained by the VIS laser (0.7 +0.1 pg). The IR laser thus
produces an intense ablation in forming the crater and is
able to excite lower energy level emission lines more effi-
ciently. However, even if atomization is incomplete, the
VIS laser appears efficient and selective for “higher upper
energy level” emission lines.
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Fig. 4 Scanning electron microscopy (SEM) images of craters gener-
ated on pellets of a forest soil sample using two different laser config-
urations: 1 pulse of 45 mJ (laser, 1064 nm) (a) and 1 pulse of 90 mJ
(laser, 532 nm) (b)

4 Conclusion

The preliminary results obtained by the comparative ele-
mental analysis of a number of soil, leaf, and synthetic
samples performed using the Nd:YAG pulsed lasers operat-
ing at the excitation wavelength of either 532 or 1064 nm
suggested that LIBS spectral line intensities depend on the
laser wavelength used as a function of the upper energy
level of the emission lines analyzed. In particular, elements
of lower upper energy level showed a higher sensitivity to
the IR laser, whereas elements of higher upper energy level
were better detected using the VIS laser.

The obtained results also showed that the LIBS excita-
tion wavelength could be optimized using a non-inten-
sified CCD detection system not provided with an elec-
tronic shutter or an intensified detector for time control
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acquisition. Thus, although no time-resolved spectroscopy
was used, which would have allowed to select the time win-
dow and obtain a more stable plasma, the present approach
allowed to obtain an increased signal intensity (up to 80%)
for the samples examined. In conclusion, the choice of the
optimal wavelength for any specific element can help opti-
mize the construction of portable LIBS systems valuable
for environmental applications on site. Further work will
be conducted using a tunable laser source (OPO) for more
wavelength capability to better explain the wavelength-
dependent LIBS signal, but for now the important aspect is
that it has been observed for the first time.
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