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Introduction

Laser-Induced breakdown spectroscopy
(LIBS)," a relatively young technique of
atomic emission spectroscopy, Uses as its
excitation source a focused laser pulse
and this effective combination brings to
the field of elemental analysis a number
of significant advantages.

Although the first LIBS analysis
happened shortly after the construc-
tion of the first laser in 1962, develop-
ment at a much larger scale occurred at
the beginning of the 1980s mainly due
to the production of modern power-
ful Nd:YAG lasers and charge coupled
device (CCD) detectors.

Today, LIBS is the subject of ever
increasing interest due to its speed, rela-
tively simple instrumentation setup, no
demands for a sample preparation and
the possibility to determine most of the
periodic table elements, along with other
attributes. LIBS can be used to perform
a spatial resolved analysis, thus is capa-
ble of being used for depth profiling and
surface mapping. Surface mapping and
creating so-called “chemical maps”,?
(or “chemical images” of the analysed
sample) are presented here as an exam-
ple of LIBS applications.

Physical principle

LIBS utilises the spectral analysis of an
optical emission of a plasma plume
in order to determine the elemental
composition of the analysed material.
The analysis starts with the focusing
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of a high-power laser pulse onto the
sample surface with the spot diameter
generally between units to hundreds of
microns. High irradiance of the order of
GW-TW cm™ melts down and evapo-
rates a small amount of any material in
any state of matter. Particles are excited
by the means of multiphoton absorp-
tion, chemical bonds are broken and
the sample is atomised. Free electrons
gain further energy by collision with
other electrons or ions and by inverse
Bremsstrahlung. lonisation spreads
rapidly, resulting in the creation of a
plasma with an electron density approx-
imately 10"7—10%°cm™3, temperature of
10°—10*K and size up to few millimetres
— depending on the laser pulse energy
and ambient pressure. Initial plasma
expansion speed can be 10°ms™" order
of magnitude and generates a charac
teristic clearly audible shock wave.
From the very first moments of
plasma existence the emission spec
trum is dominated by the continuous
background caused by Bremsstrahlung.
When the laser pulse ends, the plasma
begins to cool down, the background
level is gradually attenuated and atomic
emission lines of the elements pres-
ent become clearly visible. The best
time window for capturing the emission
spectra is generally from hundreds of ns
to a few tens of ps as measured from
the laser pulse triggering. After this time
the intensity of atomic lines decrease
and molecular bands starts to appear.

The optical spectral range from the
200nm to 900 nm contains atomic
emission lines of most of the chemical
elements, thus it is generally possible
to perform a complete qualitative analy-
sis in a few seconds with just a single
laser shot. It is necessary to note that
LIBS cannot directly determine chemical
compounds as they have been decom-
posed in the plasma.

Performing a quantitative analysis
for the determination of concentrates
requires one to carry out a calibration.
Measuring a series of standards with
known concentration or using internal
standardsation are the most common
techniques. A technique known as cali-
bration-free LIBS® can also be also used.
In this case concentrations are deter-
mined by theoretical calculations of
plasma parameters (such as tempera-
ture and electron density) without the
need of any calibration data. Due to the
fluctuations of the laser-induced plasma,
applying some standardisation technique
is advisable.

Limits of detection are generally in the
range of 1-100ppm depending on the
type of sample and element of interest.
More details can be found in References
1and 4.

Instrumentation

A typical LIBS setup (see Figure 1)
consists of several basic components.
The pulsed laser generator, a laser
focusing lens to induce a plasma onto
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Figure 1. Schematic of a typical LIBS setup.

the sample surface, a collecting lens
to collect the plasma radiation and the
spectrometer with the detector to capture
dispersed emission spectra. The total
system, namely the detector exposure
with respect to the laser trigger, is usually
synchronised by a pulse generator.

Even though the assembly of the typi-
cal LIBS setup is relatively simple, high
demands are placed on the operating
parameters of the individual compo-
nents. Development of the LIBS instru-
ment and its applications are highly
dependent on the progress of devel-
opments in the fields of pulsed lasers,
spectrometers and detectors of optical
radiation. Pulsed lasers capable of high
irradiation (> GWcm™) are necessary
in order to induce a plasma on most
samples. Optically pumped Q-switched
solid state (Nd:YAG, Ti:Sa) or fibre lasers
are currently widely used for their robust-
ness and price-to-performance ratio.
Wavelength ranges from the infrared (IR)
to UV, pulse duration from ns to fs, pulse
and energies from pJ to hundreds of mJ.

Spectrometers of high throughput
and resolution are necessary. Although
echelle types deserve special mention
for their exceptional combination of

www. spectroscopyeurope.com

high resolution with wide spectral range
(covering usually the whole LIBS range
from 200nm to 900nm) Czerny—Turner
configurations are still preferred for their
sensitivity.

Due to the plasma emission dynam-
ics, the key parameter of the detector
is its time resolution. A fast electronic
shutter that is able to limit the exposure
time to units of ys can greatly improve
the signal-to-background ratio of the
atomic emission lines. It is clear that
other parameters such as high sensitiv-
ity, quantum efficiency, low dark current
and high dynamic range are also of high
importance. Intensified charge-coupled
device (ICCD) detectors with a multi-
channel plate (MCP) have proved to be
one of the best solutions for LIBS appli-
cations, although sometimes the utilisa-
tion of lower cost and more compact
electron multiplying CCDs (EMCCDs)
can be beneficial.

On the other hand the low cost of a
very specialised LIBS setup can be built
up utilising a pulsed microchip laser and
suitable optical filter with photodiode for
detection. But it is important to note that
the performance of such a setup would
be rather limited.

Methods and applications
A standard table-top single-pulse LIBS
setup can be modified to enhance its
LIBS spectroscopic capabilities or to
accommodate a LIBS technique for a
new application.

Double-pulsed LIBS,® a combination
of LIBS plus laser-induced fluorescence,’
applying nanoparticles onto a sample
surface® or just changing the type and
pressure of ambient atmosphere® can
significantly increase the signal-to-back-
ground ratio, thus improving the limits of
detection for trace elements. High magni-
fication microscopy objectives focusing
the Gaussian laser pulse to a pm sized
spot enable a pLIBS analysis with high-
spatial resolution. Liquids and samples
dissolved in liquids can be quickly anal-
ysed by means of liquid LIBS targeting
the laser pulse directly into the stream.'
LIBS can also analyse gases and aero-
sols, and has the possibility to analyse a
quantity of single nanoparticle size."

LIBS setups can be made mobile in
order to perform an in situ analysis with
shape and size similar to a modern hand-
held XRF (X-ray fluorescence) detector.
Since the laser pulse and plasma radi-
ation can be easily transmitted through
the ambient air or optical fibres, the anal-
ysis can be undertaken remotely at a
distance usually from a few units up to a
few tens of metres.'? Remote LIBS utilises
optical fibres with a hand-held probe,
while in stand-off LIBS the laser pulse
is focused directly onto the sample by
means of a telescope. Successful anal-
ysis at a distance of more than 100m
has been reported using a stand-off LIBS
setup.”®

Applications of the LIBS technique as
an analytical tool for fast chemical analy-
sis are focused, inter alia, mainly in the
fields of the steel industry — chemical
analysis of metal alloys and rapid online
analysis of melted steel, detection of toxic
elements in the food industry, environ-
mental diagnostics, chemical analysis in
archaeology and cultural heritage, deter-
mination of mineral contents in geol-
ogy, trace analysis forensic analysis and
detection of explosives. The rapidness
of LIBS analysis and the possibility to
measure samples in situ and remotely
enable measurements to be carried out
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in places and situations inaccessible to
other more conventional techniques;
examples of such locations are the envi-
ronment of nuclear stations and extra-
terrestrial research (CHEMCAM in the
Curiosity Rover by NASA).M

LIBS can be very effectively combined
with Raman spectroscopy to obtain
more detailed information about a
sample's chemical composition' or with
computed tomography (CT) in order
to reconstruct a 3D map of chemical
element distribution.

Chemical imaging

Chemical imaging is today of great inter-
est in many fields of materials analysis.
It can, for instance, provide information
about the surface distribution of the
individual chemical elements within the
analysed area in a very clear visual form.
Utilising LIBS for this purpose brings a
number of benefits. Analysis is relatively
fast, does not need any sample prepa-
ration and the resulting chemical map
contains a spectroscopic trace of all the
chemical elements present. The spatial
resolution of LIBS can be as high as tens
or even units of microns, depending on
the laser energy profile and parameters
of the laser focusing lens.

Depending on the required resolu-
tion and sample area covered, it may be
necessary to carry out from hundreds
to tens of thousands measurements.
Automated measurements therefore
can speed up the process and save a
significant amount of time.

The team at the Laboratory of Laser
Spectroscopy at Brno University of
Technology (Brno, Czech Republic) has
been working with the LIBS method for
more than 15 years with special focus
on biological, geological and archaeo-
logical samples. Chemical mapping? is
widely used in the laboratory to detect
and visualise the distribution of the
desired chemical element on a sample
surface. The central component of
laboratory table-top LIBS setup is the
interaction chamber, which has been
developed by the laboratory research
team in order to meet the requirements
of the LIBS method and its modifica-
tions. The chamber contains the motor-
ised manipulator, and using the control
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Figure 2. Main components of table-top LIBS setup at LIBSlab, Brno University of Technology

software it is possible to carry out auto-

mated 2D mapping.

For the chemical mapping that is
described in the next section, the
following Double-Pulse LIBS configura-
tion has been used (see Figure 2):

B pulsed Nd:YAG laser Solar LQ-529
(pulse length 8ns, pulse energy up
to 280m)J, wavelength 532nm) as a
primary laser for inducing the plasma
on the sample surface,

B pulsed Nd:YAG laser Quantel Brilliant
B (pulse length 8ns, pulse energy up
to 800mJ, wavelength 1064/532nm),
as a secondary laser for reheating the
plasma,

B echelle spectrograph Andor Mechelle
5000 (spectral range 200-975nm),

B ICCD detector Andor iStar 734 with
Image Intensifier tubes (Micro Channel
Plate, MCP), internal pulse generator
(nanosecond time resolution) and

B pulse generator Stanford DG535
for synchronisation of individual
components.

Experimental
Examples of maps of selected elements
are shown in Figures 3 and 4. An area
of 8mm x 8 mm was analysed on the
surface of a sperrylite (a platinum arse-
nide mineral) and a cut chalcopyrite
(copper iron sulfide mineral) stone (left
side of Figure 3). The spatial resolution
was 100 pm, the diameter of the crater
was approximately 50 ym and the depth
of the crater about 6 pm. The goal was to
visualise the surface distribution of the
elements present, such as Pt, Pb and Ni.
Double-pulsed LIBS was used in order to
obtain the best possible spectra by single
measurement. The primary pulse at 532nm
had energy of 30mJ, after a time interval
of 1.5ns the secondary pulse reheated
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Figure 3. Left, pieces of cut sperrylite and chalcopyrite; right, LIBS elemental map of Pt.
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Figure 4. LIBS chemical maps of elements: left, Ni; right, Pb.

Figure 5. Left, cut chalcopyrite; right, map of the Pb conectration.

the plasma plume with a pulse energy of
100mJ and wavelength 1064nm.

The map was created by an auto-
mated measurement of a matrix contain-
ing 6400spots, thus the map data
includes the same number of spec
tra as there was no accumulation (one
spectra per measurement spot). Due to
the wide spectral range of the echelle
spectrometer (UV-vis-NIR) every meas-
urement contains evidence of all the
chemical elements present. By defining
the wavelength of characteristic atomic
emission lines one can easily set the
map to visualise the distribution of any
desired chemical element, see, for exam-
ple, Figures 3 and 4.

A similar measurement was made
for another sample of chalcopyrite (see
Figure 5) in order to locate the galena
veins. Since galena is a compound of
lead and sulfur (PbS) the element of
interest was lead which has its atomic
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emission line at 405.708 nm. In this
particular case, a much larger area
of 25x25mm? was analysed on the
surface of the cut (left side of Figure 5).
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As with the previous case of sperry-
lite mapping, the measurement was
done using the orthogonal double-pulse
LIBS technique using the same laser and
detector parameters. The spatial resolu-
tion was 100 um and the crater diameter
approximately 50 um. The chemical map
was built up using more than 60,000
measurements. Signal intensity in Figure
5 reflects the spatial distribution of lead
on the sample cross-section. The inten-
sity colour scale in arbitrary units can be
used for semi-quantitative estimation of
the lead content or after signal calibration
even for quantitative determination.

As has been mentioned above,
LIBS can be effectively combined with
computed tomography in order to gain
more information about the sample
and its properties. CT can provide struc
ture information and a 3D model of the
sample, in which materials of different
physical properties are distinguished
and LIBS can identify the chemical
elements of these materials. A result of
this combined analysis can be seen in
Figure 6. The 3D distribution of galena
veins inside the sample is revealed and
this can be used for estimation of the
lead amount within the whole sample.

Conclusions

Spatially resolved materials analysis
is highly demanded in many fields of
modern material science and industry.
LIBS is able to perform such an analy-
sis. Its spatial resolution is limited mainly

Figure 6. Computed tomography visualisation of cut chalcopyrite stone with galena veins deter-
mined by LIBS (image made by Ing. Toméas Zikmund, uCT laboratory, CEITEC BUT).
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by the laser crater diameter but can be
as small as a few units of microns. The
other benefits, such as speed, no need
for sample preparation, possibility to
measure in situ and even stand-off, make
LIBS an effective tool for visualisation of
a chemical element distribution on the
sample surface. Some of the chemical
maps shown in this article recorded from
the recently analysed geology samples
illustrate this capability.

Despite the fact that there are still
some drawbacks, e.g. slightly prob-
lematic quantitative analysis and the
matrix effect, LIBS has become a highly-
respected technique, complementary to
other well-known techniques of material
analysis, such as atomic absorption spec
troscopy, X-ray fluorescence, inductively
coupled plasma mass spectroscopy, gas
chromatography—mass spectrometry
(GGMS) etc.

The LIBS technique is not only studied
and used within many research institutes
and universities, but instrumentation is
being increasingly developed commer-
cially due to the ever-growing need for
real-world and industrial applications.
There are a number of companies now
with a product portfolio that includes
LIBS technology. The authors of this arti-
cle are developing LIBS and its instru-
mentation with the close cooperation
of their University and, the first spin-off
of their research centre, the AtomTrace
Company (www.atomtrace.com).
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