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Introduction

1.1 Atomic Optical Emission Spectrochemistry (OES)

1.1.1 Conventional OES

Since the early 1800s, scientists realized that elements emitted specific colors of light. As
atomic theory developed, spectroscopists learned that those colors, wavelengths, or frequen-
cies were a unique signature for each atom and ion. Hence spectra became the fingerprints
of the emitting atomic species. This is the basis for atomic spectrochemical analysis.

Early sources of spectra were the sun, flames, and gas discharges, such as the old
Geissler tube. These were plasma sources, with varying degrees of ionization depending
on the source conditions. Against the 5000 K photosphere of the sun, we see the Fraun-
hofer absorption lines due to neutral and once ionized species. In the solar corona, highly
ionized spectra are observed because of plasma temperatures that reach into the hundreds
of thousands of degrees.

Many sources have been developed for spectrochemistry, but two workhorses have
been the conventional electrode spark and, more recently, the inductively coupled plasma
(ICP). These are illustrated in Figure 1.1, which also contains a photograph of the laser
spark. The electrode spark has excitation temperatures of up to 50 000 K, while the argon
ICP temperature is more typically about 10 000 K. Usually these sources are used for
laboratory analyses, but occasionally they are pressed into service for situations requiring
more rapid data acquisition. For example, the conventional spark has been used for decades
to monitor the steel-making process by withdrawing a molten sample that is then solidified
and transported to a laboratory located in the plant for rapid analysis. Decisions on additives
are made based on the resulting spectroscopic data.

1.1.2 Laser OES

As soon as the laser was developed in the early 1960s, spectrochemists began investigat-
ing its potential uses (Radziemski, 2002). An early observation was that a pulsed laser
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Figure 1.1 Photographs of a conventional spark, an inductively coupled plasma (ICP), and
a laser-induced spark formed on a metal showing blue emission (color plate) due to AlIO
molecules. The size scales are different. [Photos courtesy of: Westmoreland Mechanical Testing
& Research, Inc. (spark) and Exova, Inc., Santa Fe Springs, CA Health Sciences Lab (ICP).] (For
color details please see color plate section.)

could produce a small plasma in air and on metals (Figure 1.1). The emission from that
plasma showed the potential for spectrochemical analysis. However, from 1960 to 1980,
the analytical capability was inferior to that of the conventional spark and laser technology
was in its infancy, so the technique was less favored than a related one—Ilaser ablation
into a conventional plasma source. Here the laser was used to vaporize a small amount
of sample for analysis by, for example, the conventional electrode spark (Moenke and
Moenke-Blankenburg, 1973). However, that was not the only way the laser could be used
in spectrochemistry.

The development of tunable dye lasers meant that one could illuminate a prepared source
of atoms with radiation resonant with a transition in one of the atomic species. Then either
the absorption of the laser beam or the laser-induced fluorescence could be used as an
analytical signal. These techniques discriminated against the background and increased
the signal to noise considerably by recycling the same atoms many times. Sometimes the
atoms were placed in the laser cavity itself. The intracavity absorption technique was a very
sensitive spectrochemical method, if difficult to employ generally.

Both absorption and fluorescence are used in many applications. However, because the
laser must be tuned to a specific transition in a specific species, it is not as broadly useful
as a hot plasma in which a variety of species can be excited and monitored simultaneously.

1.2 Laser-Induced Breakdown Spectroscopy (LIBS)

Laser-induced breakdown spectroscopy (LIBS), also sometimes called laser-induced
plasma spectroscopy (LIPS) or laser spark spectroscopy (LSS) has developed rapidly as
an analytical technique over the past three decades. As most commonly used and shown
schematically in Figure 1.2, the technique employs a low-energy pulsed laser (typically
tens to hundreds of mJ per pulse) and a focusing lens to generate a plasma that vaporizes
a small amount of a sample. A portion of the plasma light is collected and often directed
to a spectrometer by a fiber optic. The spectrometer disperses the light emitted by excited
atoms, ions, and simple molecules in the plasma, a detector records the emission signals,
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Figure 1.2 A schematic of a general apparatus for laser-induced breakdown spectroscopy
illustrating the principal components.

and electronics take over to digitize and display the results. The book cover shows a LIBS
spectrum with certain strong spectral features standing out from the continuous background
plasma light.

LIBS is an appealing technique compared to many other types of elemental analysis,
because setting up an apparatus to perform a LIBS measurement is very simple. One merely
focuses a laser pulse in or on a sample, which can be a gas, liquid, aerosol, or solid, to form
a microplasma, examples of which are shown in Figure 1.3.

The spectra emitted are used to determine the sample’s elemental constituents. However,
the basic physical and chemical processes involved are not so simple. The initiation,
formation and decay of the laser plasma are complex processes. Absorption of the incident
laser radiation occurs through the mechanism of inverse bremsstrahlung, involving three
body collisions between photons, electrons, and atoms or molecules. In gases and liquids,
the plasma creates a shock wave in the surrounding medium transferring energy by means
of conduction, radiation, and the shock wave. When the experiment deals with a sample
surface in a vacuum, the plasma and ejecta expand freely away from the surface at different
speeds. Excitation of specific energy levels in different atoms is likewise complex, and
depends on factors such as thermodynamic equilibrium and interactions with other atoms
and molecules generally lumped under the category of matrix effects. After the laser
pulse has terminated, the plasma decays over an interval of one to several microseconds,
depending on the laser energy deposited. In vacuum, that temporal process is shortened.
Most LIBS experiments involve repetitive plasmas at frequencies of 10 Hz or greater.

The spectra observed change as the plasma evolves temporally as shown in Figure
1.4. Soon after plasma initiation, continuum and ionic spectra are seen. The continuum
is the “white light” from the plasma that contains little spectroscopic information and
the ions result from electrons ejected by neutral atoms. As the plasma decays, these are
followed by spectra from neutral atoms, and eventually simple molecules formed from
the recombination of atoms. Throughout the temporal history, one observes a diminishing
continuum spectral background due to recombination of free electrons with ions. Inspection
of the LIBS spectrum reveals immediate qualitative information about sample composition.
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Figure 1.3  Laser sparks in different media: (a) in air; (b) expanded image of the air spark with
incident laser pulse direction indicated; (c) spark in aerosol-laden air; (d) expanded image of
(c); (e) in bulk liquid with incident laser pulse direction indicated (the streamers surrounding
the spark are gases evolved from the focal region); (f) on a liquid surface; (g) on a beryllium
metal piece; and (h) a long spark formed on aluminum metal by a cylindrical lens showing
strong particle production. Photos (a) through (d) were taken through a neutral density filter.
(For color details please see color plate section.)

After calibration, quantitative information can be obtained. These issues will be treated in
greater depth in subsequent chapters.

During the past 20 years, the LIBS technique has made significant progress toward
becoming a viable commercial technology. Through the year 2000, several useful reviews
were published (Adrain and Watson, 1984; Cremers and Radziemski, 1987; Radziemski
and Cremers, 1989; Radziemski, 1994; Lee et al., 1997). Since then, the methods of dissem-
inating LIBS information have expanded considerably, as will be discussed in Section 1.6.

In this chapter, we consider the history of the technique and some applications that
have spurred its development. We focus on the first time an innovation or application
appeared on the scene, rather than tracing every innovation through to the present day.
Note, however, that contemporary improvements in apparatus, techniques, and fundamental
understanding are driving re-examinations of old applications. Conversely, the emergence of
new applications drives improvements in a recurring upward spiral of progress. Table 1.1
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Figure 1.4 Cated titanium spectra of a LIBS plasma illustrating the development of the spec-
trum as a function of the time after plasma initiation. From top to bottom, the time intervals
are (a) 0-0.5 us; (b) 0.5-5 us, and (c) 10-110 us.
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Table 1.1  Significant milestones in the development of laser-induced breakdown
spectroscopy (LIBS) as an analytical technique applicable to a variety of samples and

circumstances

1960 Ted Maiman develops the first pulsed laser

1963 First analytical use of a laser plasma on surfaces, hence the birth of LIBS
1963 First report of a laser plasma in a gas

1963 Laser microspectral analysis demonstrated, primarily with cross-excitation
1963 Laser plasmas in liquids were initially investigated

1964 Time-resolved laser plasma spectroscopy introduced

1966 Characteristics of laser-induced air sparks studied

1966 Molten metal directly analyzed with the laser spark

1970 Continuous optical discharge (COD) reported

1970 Q-switched laser use reported, results compared with normal laser pulses
1971 Biological materials investigated with LIBS

1972 Steel analysis carried out with a Q-switched laser

1978 Laser spectrochemical analysis of aerosols reported

1980 LIBS used for corrosion diagnostics in nuclear reactors

1982 Initial use of the acoustic properties of the laser-induced spark

1984 Analysis of liquid samples and hazardous aerosols demonstrated

1988 Attempts made to enhance intensities through electric and magnetic fields
1989 Metals detected in soils using laser plasma method

1992 Portable LIBS unit for monitoring surface contaminants developed

1992 Stand-off LIBS for space applications demonstrated

1993 Underwater solid analysis via dual-pulse LIBS demonstrated

1994 Papers on statistical analysis of LIBS data began appearing

1995 Demonstration of fiber-optic delivery of laser pulses

1995 Multiple-pulse LIBS reported for use on steel samples

1997 LIBS used in applications in painted works of art and illuminated manuscripts
1998 Subsurface soil analysis by LIBS-based cone penetrometers shown

1998 Reports on the use of echelle spectrometers coupled with CCD detectors
1999 Trace metal accumulation in teeth observed with LIBS

1999 Pulses from different lasers used to enhance LIBS performance

1999 Calibration-free LIBS introduced

2000 Report on commercial instrument for coal analysis

2000 Demonstration of LIBS on a NASA Mars rover

2000 First International Conference on LIBS—Pisa, Italy

2002 Second International Conference on LIBS—Orlando, USA

2002 Detection of explosives, chemical, and biological threats increases in importance
2004 Third International Conference on LIBS—Malaga, Spain

2004 LIBS approved for 2011 Mars Science Laboratory Rover mission

2005 Increasing emphasis on molecular identification with LIBS or LIBS-Raman
2006 Fourth International Conference on LIBS—Montreal, Canada

2008 Fifth International Conference on LIBS—Berlin Aldershof, Germany

2010 Sixth International Conference on LIBS—Memphis, US

2011 Mars Science Lander mission launched with LIBS instrument on board
2012 LIBS instrument on Mars Science Laboratory Rover in operation

2012 Seventh International Conference on LIBS, Luxor, Egypt
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illustrates some significant milestones in LIBS development. These will be addressed
individually in the following sections.

1.3 LIBS History 1960-1980

Shortly after the pulsed ruby laser was invented in 1960, the laser-induced plasma was
observed. The first published report mentioning the plasma was a meeting abstract by
Brech and Cross (1962). Early on, the laser was used primarily as an ablation source with
cross-excitation by an electrode spark to provide the spectrum. In 1963, Debras-Guédon and
Liodec published the first analytical use for spectrochemical analysis of surfaces (Debras-
Guédon and Liodec, 1963). Maker et al. (1964) reported the first observation of optically
induced breakdown in a gas. Runge et al. (1964) in the same year discussed the use of
a pulsed Q-switched ruby laser for direct spark excitation on metals. Linear calibration
curves were obtained for nickel and chromium in iron, with precisions of 5.3% and 3.8%,
respectively. They also analyzed molten metal. In 1966, Evtushenko looked at the effect of
sparks from two lasers (Evtushenko et al., 1966). About the same time, Young et al. (1966)
described the characteristics of laser-induced air sparks.

In the period from 1964 to 1967, the first instruments based primarily on laser ablation
with cross-excitation were developed by Zeiss (Germany), Jarrell-Ash (USA), and JEOL
Ltd. (Japan). Although they could be operated with the laser plasma generating the spectral
emissions, most often the laser was used only for ablation followed by cross-excitation with
a conventional spark. Because the auxiliary spark could contaminate and complicate the
analysis through the introduction of electrode material, auxiliary excitation by electrodeless
methods was also developed. The instruments could not typically compete in accuracy and
precision with conventional spark spectroscopy, although they could analyze nonconducting
samples. Some instruments continued in use through the 1990s. An excellent discussion of
those devices and the associated techniques is contained in the book entitled Laser Micro
Analysis by Moenke-Blankenburg (1989).

Time resolution of the decaying plasma helps to monitor the plasma evolution, to discrim-
inate against the continuum light, and to sort out spectral features. It is especially valuable in
reducing interferences between spectral features that appear at the same or adjacent wave-
lengths but in different temporal windows as illustrated in Figure 1.4. Different detection
systems to obtain temporally resolved spectra were used in the 1960s, including a streak
camera and rotating mirrors. A method more suited to modern detectors, electronically
gating and averaging the signals from many plasmas, was developed by Schroeder et al.
(1971). As detectors have developed, the preferred methods of time resolution have moved
from boxcar averagers, for example, to gated, intensified charge-coupled devices (ICCDs),
to electron-multiplying CCDs (EMCCDs).

Fast photodetectors are used to record the temporal profile of plasma emissions from
single pulses. An early review of the field was published by Scott and Strasheim (1970).
Multiple-pulse LIBS was introduced by Piepmeier and Malmstadt (1969), and Scott and
Strasheim (1970). In both cases the multiple pulses were generated from the same laser
during the same extended flashlamp excitation by alternately frustrating and enabling
Q-switched pulses.
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During this period, much of the research on the laser plasma and its uses appeared
in the Russian literature. For example, Afanas’ev and Krokhin (1967) published on the
vaporization of matter exposed to laser emission. Raizer (1966) reported on the breakdown
and heating of gases under the influence of a laser beam, which was a summary of original
work and a review of the state of the art. Biberman and Norman (1967) did a thorough
analysis of the origins of the continuous spectrum from the laser plasma which underlies
the discrete spectral lines. Buravlev et al. (1974) commented on using a laser for spectral
analysis of metals and alloys. Much of the physics covered in the Russian literature was
summarized in the classic book by Raizer, Laser-Induced Discharge Phenomena, published
in English (Raizer, 1977). Underlying that is the classic book on the physics of shock waves
and high-temperature hydrodynamic phenomena, a text originally published in Russian in
1964, translated into English in 1966, and recently reprinted by Dover books (Zel’dovich
and Raizer, 2002).

Early on, it was recognized that physical and chemical matrix effects would have to
be dealt with if LIBS was to develop as a quantitative method. Cerrai and Trucco (1968)
discussed matrix effects in laser-sampled spectrochemical analysis. They focused on the
dependence of spectral line intensities on physical conditions such as grain sizes and
boundaries. This was followed by a 1971 paper by Marich et al. concluding that physical
effects were more important than chemical ones. However others, like Scott and Strasheim
(1970), found signal suppression due to various effects linked to the components of the
matrix. It is now accepted that a variety of physical and chemical effects play important
roles in signal strength and repeatability. Biological media with metallic contamination
were investigated using the laser plasma as reported in papers by Marich et al. (1970)
and Treytl et al. (1972). The former deals with the effect of the matrix on the spectral
emission from a variety of samples, including human serum and liver. The latter pro-
vides detection limits for the analysis of metals in biological materials. Here, metals in
the form of reagent grade salts were incorporated into gelatin or albumin matrices. Lim-
its of detection ranged from 2 x 1075 g for magnesium and copper to 3 x 10~!* g for
mercury and iron.

A novel variation of the pulsed plasma is the continuous optical discharge (COD). In this
case a CW laser beam is focused to sustain a plasma as long as the laser remains operating.
The laser is usually of the continuous CO, variety. Initiation requires another pulsed laser or
a conventional spark. Early papers on this subject were published by Generalov et al. (1970)
and Keefer (1974). Spectrochemical analysis by the COD was investigated by Cremers
et al. (1985).

Material processes such as welding were obvious applications of high-powered lasers.
The plasma literature in that field overlapped with that of spectrochemical applications.
In the first of a series of books, Ready (1971) provided an overview of the variety of
phenomena induced by high-power laser pulses. Some of the subjects discussed were:
optical damage of materials; the interaction between laser radiation and surfaces result-
ing in ablation, melting, and crater formation; the effect of laser light on biological sys-
tems; and optically induced gas breakdown. A more recent version edited by Ready is a
compendium of 30 years of research, the LIA Handbook of Laser Materials Processing
(Ready, 2001).

Generating a plasma in water was considered first by Buzukov e al. (1969). Lauterborn
(1972) conducted high-speed photography of plasmas in liquids. This was followed by
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measurements of shock waves and cavities caused by laser-induced breakdown in water,
glycerin, and benzene by Teslenko (1977). These mechanistic studies focusing on the shock
wave formation and propagation continued throughout the 1970s.

In the mid- to late-1970s, aerosols became a subject of research. The effects of dust and
particles in the beam as they influenced breakdown were studied and reported by Lencioni
(1973). He found that when long focal-length lenses were used, the dust in the beam initiated
strings of mini-plasmas. Belyaev et al. (1978) discussed laser spectrochemical analysis of
aerosols. In 1979, Edwards and Fleck published on the two-dimensional modeling of aerosol
breakdown in air (Edwards and Fleck, 1979). This was followed by a study in 1982 by
Ivanov and Kopytin on the selective interaction of a train of laser pulses with an aerosol
medium (Ivanov and Kopytin, 1982).

A spin-off method of LIBS called TABLASER was described by Measures and Kwong
in 1979 (Measures and Kwong, 1979). That technique uses an ablation laser pulse followed
by alaser pulse through the plume. The second pulse from a dye laser is tuned to a transition
in the element of interest and results in laser-induced fluorescence. Interest in this type of
arrangement surfaced again in the 1990s.

1.4 LIBS History 1981-1990

As lasers and other LIBS components became smaller and the in situ advantages of the
laser plasma became more obvious, additional applications appeared. Interest at Los Alamos
National Laboratory was kindled by two 1981 papers on the time-integrated (Loree and
Radziemski, 1981) and time-resolved (Radziemski and Loree, 1981) forms of the technique
in gases. The term LIBS was originally used in the former 1981 paper, and TRELIBS,
identified with the time-resolved version, in the latter. Currently LIBS is the term used for
either method.

Los Alamos then funded an internal study of the use of this technique for the
detection of toxic beryllium dust, resulting in papers on detecting beryllium in air
(Radziemski et al., 1983a) and on filters (Cremers and Radziemski, 1985). Figure 1.5
shows a long spark created by using a cylindrical lens, on a rotating stage on which a
blackened piece of filter paper has been set for contrast. During that period, Los Alamos sci-
entists studied the detection of hazardous gases (Cremers and Radziemski, 1983), aerosols
(Radziemski et al., 1983b), and liquids (Cremers et al., 1984; Wachter and Cremers,
1987). Sensing of steels and other metals in molten or solid forms were also investigated
along with the beginnings of LIBS for stand-off analysis (Cremers, 1987). Beginning in
1989, the use of LIBS for determining metals (Cr and Pb) in soil directly was evalu-
ated at Los Alamos for use in the remediation of contaminated sites (Radziemski and
Cremers, 1990).

Some research focused on diagnostics and enhancements. The plasma generates shock
waves that can be heard and recorded as acoustic signals, whose strengths are related to
the energy deposited in the medium. The acoustic properties of the spark were first studied
by Belyaev et al. (1982). Kitamori et al. (1988) started an interesting line of research
in particle counting in liquids by using the acoustic effect produced by the plasma. He
also made observations of the optical emission. Beginning with the early 1990s, more
quantitative uses of acoustic signals were reported, for example by Diaci and Mozina
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Figure 1.5 A long spark created by using a cylindrical lens on a filter set on a rotating stage.
(Reprinted with permission from Cremers and Radziemski, 1985).

(1992), who studied the blast waveforms detected simultaneously by a microphone and a
laser probe. Starting in 1988, there were several reports of attempts to enhance the plasma
by the use of auxiliary magnetic or electric fields.

Much interest was shown in the initiation of the spark on single microspheres or droplets.
Results included a paper by Chylek et al. (1986), on the effect of size and material of liquid
spherical particles on laser-induced breakdown. This line of research was continued in a
paper by Biswas et al. (1988) detailing the irradiance and laser wavelength dependence
of plasma spectra from single levitated aerosol droplets. Chang et al. (1988) discussed
laser-induced breakdown in large transparent water droplets.

In the late 1980s, interest increased in making LIBS more quantitative by addressing
factors such as differential excitation. These included many works from the Niemax group
in Dortmund, such as Ko et al. (1989) and Leis et al. (1989). In the former study, the
stability of internal standardization was investigated. They found that the chromium to
iron intensities in binary mixtures were not a function of time after plasma initiation,
hence temperature, or completeness of vaporization. This was in contrast to zinc to cop-
per ratios in brass. The conclusion was that internal standardization was not a given in
all cases, but the conditions for its use needed to be established for each situation. In
the latter study, the atomization and propagation properties of the plasma plume were
investigated.

Studies of toxic and superconducting materials were made. These included analysis of
beryllium in beryllium—copper alloys (Millard ef al., 1986) and detection of cadmium,
lead, and zinc (Essien et al., 1988). The superconducting materials community published
many papers on laser ablation for deposition of superconducting thin films and sometimes
addressed the optical emission as a diagnostic technique for process monitoring. A method
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of monitoring corrosion in the core regions of nuclear reactors was detailed by Adrain and
Koebner (1982), and a working system was described.

At the close of the decade, a book edited by Radziemski and Cremers in 1989, Laser
Induced Plasmas and Applications, summarized the relevant physics, chemistry, and appli-
cations at that time. It contained detailed chapters updating the physics of breakdown (Wey],
Chapter 1) and post-breakdown phenomena (Root Chapter 2), and an updated review of
the technique (Radziemski and Cremers, Chapter 7).

1.5 LIBS History 1991-2000

As the field proceeded into the 1990s, applications and fundamental studies developed
rapidly. There were several useful reviews during this decade including Radziemski
(1994), Song et al. (1997), and Rusak er al. (1998). Hou and Jones (2000) reviewed
several techniques with field capability and presented the advantages and disadvantages
of each.

More research groups surfaced in the United States and in other countries. In Australia,
Grant et al. (1991) provided detection limits for minor components in iron ore. This
was done with a view to developing a field-based technique. Later, Chadwick’s group in
Australia analyzed lignite and produced a commercial instrument for coal analysis (Wallis
et al., 2000). Sabsabi and Cielo (Canada) started publishing their work on aluminum alloy
targets with papers in 1992 and 1995. Palleschi’s group in Pisa, Italy began addressing
applications with respect to pollutants as described in papers such as the one by Lazzari
et al. (1994) on the detection of mercury in air.

The application of LIBS to remote analysis began in the 1980s and developed rapidly
in the 1990s. It was an important area of investigation by Cremers’ group at Los Alamos.
Cremers et al. (1995) discussed remote elemental analysis by LIBS using a fiber-optic
cable. Angel’s group also published on the use of a fiber-optic probe to determine lead
in paint (Marquardt et al., 1996). LIBS for the analysis of lunar surfaces was first men-
tioned in papers by Kane et al. (1992) and Blacic et al. (1992). This was followed by a
seminal paper by Knight et al. (2000) on the characterization of LIBS for planetary explo-
ration, and a report on the use of LIBS on a prototype Martian Rover (Wiens et al., 2002).
Figure 1.6 shows the rover with a prototype LIBS sensor unit on the mast undergoing
preliminary testing in the Nevada desert. Also shown is the LIBS sensor unit that was
mounted on the mast and a representative spectrum recorded during the testing. The sam-
pling head (~0.9 kg) housed the laser and adjustable focusing and light collection optics.
The detection system, a small grating spectrograph, and an ICCD detector were located in
the main rover body and were connected to the sampling head by power/control cables and
fiber optics.

Efforts to make LIBS more quantitative continued. Davies et al. (1996) reported on
relevant factors for in situ analytical spectroscopy in the nuclear industry. Russo’s group
at Lawrence Berkeley Laboratory undertook detailed studies of the ablation process as
reported by Mao et al. (1995). Winefordner’s group at the University of Florida initi-
ated studies of the variables influencing the precision of LIBS measurements. Their first
publication in this area was by Castle et al. (1998), in which a variety of factors were



JWST288-c01 JWST288-Cremers February 9, 2013 14:22 Printer Name: Yet to Come Trim: 244mm x 168mm

12 Handbook of Laser-Induced Breakdown Spectroscopy

Rangefinder

Beamsplitter

Lenses Translation Stage Laser

= weight = 900 gm * length = 36 cm
610° .
| Ca
1

_ sf - |
a2 Ca ‘
5 a8 | U
%amﬁ ! ﬂ “
£ % I
§ z10° | |I! Fa_ g | |
[=4

| 1
| TR
110° 5i .||| ||'h" |I |I/ | i| WAl

380 400 420 440 480
Wavelength {(nm)

Figure 1.6 The K9 rover in the field (Nevada, USA) with the LIBS sensor mounted on the right
side of the mast head instrument suite, circa 2000 (Photo courtesy of NASA Ames Research

Center). Also shown are the LIBS mast head instrument and a representative spectrum recorded
in the field.

considered and inter- and intra-shot measurement precisions were calculated. The best
precision obtained was 0.03%. Gornushkin et al. (1999) reported on a curve of growth
methodology applied to laser-induced plasma emission spectroscopy. A procedure called
“calibration free LIBS” was developed by Palleschi’s group, as explained in a paper by
Ciucci et al. (1999). In effect, one assumes thermodynamic equilibrium and uses spectral
lines representing the bulk of the vaporized material to deduce the concentration of the
element of interest. Matrix effects continued to be studied. For example, the effects of
water content and grain size were reported by Wisbrun et al. (1994). These works and
others have sharpened the focus on factors that can enhance or hinder the ability to obtain
quantitative results.

Throughout the decade, unique applications continued to emerge. Harith et al. (1990)
studied the hydrodynamic evolution of laser-driven diverging shock waves. Quantitative
simultaneous elemental determinations in alloys, using LIBS in an ultra-high-vacuum,
were reported by Thiem et al. (1994). The U.S. Army Aberdeen Proving Ground labora-
tory under Miziolek began its investigations of LIBS with two publications by Simeonsson
and Miziolek in 1993 and 1994. They studied LIBS in carbon monoxide, carbon diox-
ide, methanol, and chloroform and used a variety of laser wavelengths from 193 to 1064
nm. The group of Aragon et al. (1993) applied LIBS for determining the carbon content
in molten steel. Poulain and Alexander (1995) used LIBS to measure the salt concentra-
tion in seawater aerosol droplets. Singh’s group published on the quantification of metal
hydrides (Singh et al., 1996) and LIBS spectra from a coal-fired MHD facility (Zhang
et al., 1995).
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Art analysis has received much attention, for example, as described by Anglos et al.
(1997), who worked on the diagnostics of painted artworks using LIBS for pigment iden-
tification, and Georgiou et al. (1998), who described excimer laser restoration of painted
artworks. Vadillo and Laserna (1997) published work on depth-resolved analysis of multi-
layered samples, a technique that is used in forensic archeometry. Applications to biological
materials were developed. Samek et al. (1999) studied trace metal accumulation in teeth.
Pallikaris et al. (1998) reported on the use of LIBS for monitoring corneal hydration while
Sattmann et al. (1998) started work on polymer identification that resulted in an apparatus
to sort plastics.

Determination of the composition of soils and contaminants received considerable atten-
tion. Eppler et al. (1996) reported on matrix effects in the detection of Pb and Ba in soil.
Detection limits of 57 and 42 ppm (w/w) for Pb and Ba, respectively, were achieved. A
cylindrical focusing lens yielded higher experimental precision than a spherical lens. Miles
and Cortes (1998) performed subsurface heavy-metal detection with the use of a cone
penetrometer system. A real-time fiber-optic (FO) LIBS probe for the in sifu detection of
metals in soils was used by Theriault ez al. (1998).

Much work was directed to improvement in instrumentation and techniques. Undoubtedly
the greatest impact was achieved by the introduction of the compact echelle spectrometer
mated with ever-more capable CCD detectors, intensified or not. A good introduction to
these subjects can be found in Vadillo et al. (1996) who reported on space- and time-resolved
LIBS using charge-coupled device detection. Also Barnard et al. (1993) commented on
the design and evaluation of echelle grating optic systems for ICP-OES, and Harnley
and Fields (1997) wrote on solid-state array detectors for analytical spectrometry. Bauer
et al. (1998) described an echelle spectrometer and intensified charge-coupled device
combination.

Diode lasers have been proposed as sources because of their small size and simplic-
ity of the operation. An introduction to the subject for laser spectrochemistry was given
by Lawrenz and Niemax (1989). A passively Q-switched Nd:YAG microchip laser was
described by Zayhowski (2000). The laser was 1 to 2 mm on a side and was diode
pumped. Peak powers approaching 0.5 MW were reported. To date, their use has not been
widespread.

As lasers with new parameters became available, they were put to use for LIBS appli-
cations. The result of using 60 ps Nd:YAG 532 nm pulses was reported by Davis et al.
(1993). Kagawa et al. (1994) wrote on XeCl excimer-laser-induced shock wave plasmas
and applications to emission spectrochemical analysis. Sattman et al. (1995) discussed
the analysis of steel samples using multiple Q-switched Nd: YAG laser pulses. Lasers with
pulses of different lengths were used and their results compared. Femtosecond, picosecond,
and nanosecond laser ablation of solids was discussed by Chikov et al. (1996). Fedose-
jevs’ femtosecond LIBS group has focused on laser pulses of hundreds of microjoules,
dubbed “microlibs”, as reported by Rieger et al. (2000). Microline imaging was discussed
by Mateo et al. (2000) of Laserna’s group. Angel et al. (2001) reported on using dual pulses
and pulses of 1.3 ps and 140 fs. Both show very low background signals, so time resolution
is not necessary; however, the low signal levels dictate a higher repetition rate and adequate
summing of spectra.

Later in the 1990s, the applications turned to very practical problems, such as monitor-
ing environmental contamination, control of material processing, sorting of materials for
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Figure 1.7 A portable LIBS surface analyzer, circa 1995. (Reprinted with permission from
Yamamoto et al. (1996).

recycling, and slurry monitoring. Barrette and Turmel (2000) used LIBS for on-line iron-ore
slurry monitoring for real-time process control. Buckley e al. (2000) implemented LIBS
as a continuous emissions monitor for toxic metals. Palanco and Laserna (2000) studied the
full automation of a laser-induced breakdown spectrometer for quality assessment in the
steel industry with sample handling, surface preparation, and quantitative analysis capa-
bilities. St-Onge and Sabsabi (2000) published on quantitative depth-profile analysis using
LIPS on galvannealed coatings on steel. Laser ablation continued as an active area, and was
well summarized in a review by Russo et al. (2002).

An emphasis on developing rugged, moveable instrumentation emerged at this time.
Optical fibers were built into LIBS systems, primarily for carrying the spark light to the
spectrometer, but also for the delivery of the laser pulse to the sample as well. More compact
echelle spectrographs have been developed. An instrument the size of a small suitcase, used
for analysis of contaminants in soils and lead in paint, shown in Figure 1.7 was made in
Cremers’ Los Alamos lab as reported by Yamamoto ez al. (1996). Capability, compactness,
and portability have improved since that time, as shown in a photo of a more recent field
deployable unit in Figure 1.8.

1.6 LIBS History 2001-2012

As we entered the new millennium, new methods of rapidly disseminating LIBS advances
appeared. International meetings followed by published proceedings were an important
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Figure 1.8 A person-portable LIBS unit for analyzing surfaces. The tip of the probe is placed
on the surface and the laser is fired to record a spectrum (ca. 2010).

mechanism. The first international meeting in 2000 was chaired by Palleschi and Tognoni
in Pisa, Italy (Corsi et al., 2001). It was followed by international meetings in 2002 in
Orlando, Florida, USA, chaired by Miziolek (Hahn er al., 2003), 2004 in Malaga, Spain
chaired by Laserna (Laserna and Omenetto, 2005), in 2006 in Montreal, Canada, chaired by
Sabsabi (Sabsabi and Russo, 2007), in 2008 in Berlin, Germany, chaired by Panne (Niemax
and Panne, 2009), in 2010 in Memphis, Tennessee, USA, chaired by Singh (Singh ef al.,
2011), and in 2012 in Luxor, Egypt chaired by Harith. In the intermediate years, local
meetings were held in the United States (NASLIBS) and by the Eastern Mediterranean
Group (EMSLIBS). The published papers from all of these meetings provided excellent
summaries of the current status of LIBS at the time.

During this period, five books entirely on LIBS were published: Cremers and Radziemski,
2006, Miziolek et al., 2006, Singh and Thakur, 2007, Ahmed and Awan, 2010, and Noll,
2012. Many reviews also have appeared on general and specialized topics pertaining to
LIBS, as noted in Table 1.2 below. These will be useful for those seeking in-depth and
up-to-date information about a given subject.

Table 1 in the review by Cremers and Chinni (2009) summarized recent studies of LIBS
applications and plasma characteristics. The applications and the number of papers they
cite for each provide a guide to the landscape of the hottest recent areas of LIBS research
at that time. Table 1.3, an analysis of their Table 1, summarizes these statistics, in the order
of decreasing number of citations. The number of LIBS-related publications from the year
1966 to 2010 is shown in Figure 1.9, showing a dramatic increase over the last decade.

New or expanded areas of study include explosive, biological, and chemical threat detec-
tion; organic materials; medical applications including dentistry; chemometric, and other
statistical methods of data analysis; and detection of lanthanides and actinides (especially
uranium and its compounds). Also, several papers have now reported observation of doubly
ionized lines. For example, Nagli ez al. (2011) observed Si(IIT) and AI(IIT) and Gaft et al.
(2011) reported recording B(III) and Fe(IIl) spectral lines.
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Table 1.2 Reviews and their focus

Tognoni et al. (2002)
Lee et al. (2004)

Noll et al. (2006)
Babushok et al. (2006)

Fotakis et al. (2007)

Aragon and Aguilera
(2008)

Cleveland and Michel
(2008)

Fantoni et al. (2008)

Cremers and Chinni
(2009)

Hahn and Omenetto
(2010)

Fortes and Laserna
(2010)

Konjevic et al. (2010)

Tognoni et al. (2010)

Michel (2010)
Singh and Rai (2011)
Hahn and Omenetto

(2012)

Rehse et al. (2012)

The authors discuss experimental approaches for quantitative
microanalysis with the LIBS technique.

This review presents applications of LIBS based on the
development of fiber-optic (FO) technology and portable
instrumentation.

This book chapter reviews industrial applications of LIBS.

A thorough review of double- and multiple-pulse configurations,
effects, dependence on laser, pulse delay, and other
parameters, and a review of the possible mechanisms.

Chapter 3 in this book reviews LIBS for cultural heritage
applications.

The authors discuss the characterization of LIBS plasmas,
including references to new works that report electron
densities and plasma temperatures on various samples.

This article reviews a near-field laser ablation technique as
applied to high-resolution nanoscale surface analysis.

The authors discuss the details of performing quantitative and
qualitative analyses with LIBS, including the ablation process.

This work is a comprehensive review of the LIBS technique and
its applications.

This is a very comprehensive review of LIBS vis-a-vis plasma
diagnostics and plasma-particle interactions, as they bear on
LIBS analytical capability.

The development of fieldable laser-induced breakdown
spectrometer: no limits on the horizon. A review of progress in
field-deployable LIBS instrumentation.

Spectroscopic diagnostics of laser-induced plasmas. An
overview of spectroscopic diagnostics techniques for
low-temperature plasmas is presented with an emphasis on
electron number density.

A review and critique of calibration-free LIBS (CF-LIBS), which
includes a summary of applications and a discussion of the
simplifying assumptions and the degrees to which they may be
met.

This review makes the case for improving the results of
single-shot LIBS which would open up several new
applications.

Reviews the use of the laser for biomedical applications with an
emphasis on LIBS. Discusses merits and demerits of LIBS with
respect to other techniques.

The second part of this review focuses on instruments and
methods and applications to materials analysis and a variety of
fields.

Reviews the literature on biomedical applications of LIBS and
suggests possible future applications.
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Table 1.3 LIBS applications and the number of papers cited by Cremers and Chinni (2009)

Application Number of papers cited

Metals, alloys, carbon, and steel 32
Plasma characteristics, pressure studies, magnetic effects,

parameters, LTE, stoichiometry 21
Explosive, biological, and chemical threat detection 14
Cultural heritage, methods, and specific objects 11
Soil analysis, carbon in soils, contamination 11
Minerals, oil, crystals and gems, ceramics 11
Water and aqueous solutions 10
Organics: alcohols, glucose, DNA, blood
Surfaces and films
Space: Mars, exoMars, Venus, and other topics
Toxic metals in liquids
Medical field: dentistry, gallstones, some cancers
Chemometric and other statistical analysis methods
Coal analysis, flue gas
Industrial applications
Lanthanide/actinide detection
Flame-pyrolysis and gas-phase detection
Animal tissues, plants, and woods
Aerosol: stand-off LIBS, aerosolized drugs
Forensic
Paint, glass, and cigarettes
Machining and circuits
Polymers
Food
Commercialization of LIBS
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Figure 1.9 LIBS-related papers by year, 1966-2010. In the past 5 years, about 2500 such
papers have been published. (Courtesy of Sabsabi, M.).
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Table 1.4 Summary of LIBS in different spectral regions

Wavelengths, region Reference

UV, VUV, down to H(l) 121.6 nm Jasik et al. (2009)

59-81 nm steel with sulfur Bengoechea and Kennedy (2004)
VUV down to 150 nm Radivojevic et al. (2004)

VUV 120-198 nm Radziemski et al. (2005)

IR to 2000 nm Radziemski et al. (2007)

IR 2000-4500 nm Oyebola et al. (2011)

Yang et al. (2007), (2008)

The wavelength range over which LIBS has been applied is growing as well. Table 1.4
summarizes the extension of LIBS into the VUV and mid-IR over the past decade.
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