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Introduction

LIBS (laser induced breakdown spectroscopy) is a relatively new version of
atomic emission spectroscopy made possible with the invention of the laser. A highenergy laser pulse is focused down to target a gas, liquid, or solid substance creating a
dielectric breakdown or “plasma spark”. This high-temperature atomization provides
sufficient energy to transition atoms into distinct atomic energy levels. The atoms then
decay resulting in narrow “fingerprint” elemental emission line spectra. LIBS is similar
to other analytical methods such as flame emission, ICP (inductively coupled plasma),
direct-current plasma and microwave-induced plasma spectroscopy.

The integration of laptop computers, miniature fiber optic spectrometers and
small high power laser transmitters has led to the development of portable LIBS
analytical equipment. LIBS portable analyzer systems are capable of real-time
qualitative & quantitative in-situ analysis with little or no sample preparation. The
capability to perform in-situ chemical analysis in the field with instant results using a
small, man portable, battery operated device is appealing. This capability has captured
the imagination of scientists and engineers who have initiated research and development
into a host of new LIBS applications and techniques.
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Basic principles & history of laser plasma spectroscopy

Emission line spectroscopy is based upon "quantum" theory and was proposed
over 140 years ago [1]. LIPS (laser plasma spectroscopy) also known as Laser Induced
Breakdown Spectroscopy (LIBS), is a relatively new type of atomic emission line
spectroscopy made possible with the advent of the laser in 1961[2]. LIBS was originally
coined by Leon Radziemski and David Cremers at LANL (Los Alamos National
Laboratory) in New Mexico (USA) in 1981 [3]. In the age of computer search engines, it
became apparent that LIPS had too many alternative meanings outside the field of
analytical spectroscopy. Therefore, LIBS has become the preferred acronym instead of
LIPS for laser plasma spectroscopy. The LIBS designation was further promoted as an
international standardized acronym for laser plasma spectroscopy by Andrzej Miziolek
ARL (U.S. Army Research Labs) during the first international LIBS conference held in
Tirrenia, Pisa (Italy) in 2000 [4].

In the early 1960’s Lloyd Cross of Trion Instruments (Ann Arbor, MI, USA) and
Fred Brech of Jarrell-Ash Company (Waltham,. MA, USA) developed the first LIBS
atomic line spectroscopy system. The initial “MARK I Optical Microprobe” device
utilized the “third” ruby laser ever built and became the first commercially available
analytical instrument to use a laser [5,6]. For more information, the reader is referred to
chapter [p3]. The MARK I was arranged so that a Q-switched ruby laser pulse (~ 0.4
joule @ 694 nm red) was focused down onto the sample surface, ablating the sample and
creating a vapor of the material. The vaporized material was subsequently ionized
between high voltage electrodes. The ionized sample emission was then
spectrographically collected and measured on photographic plates as atomic line
intensities [7,8]. Following the MARK I, the MARK II employed a Q-switched
neodymium glass laser demonstrated by John Myers of Lear-Sigler Systems Center, (Ann
Arbor, MI USA). Lear-Sigler purchased Trion Instruments in 1962. The MARK II
Nd:glass laser proved to be less temperature sensitive and it provided higher pulse
energies than the MARK I Ruby laser. It provided more than 0.5 joules @ 1062nm in the
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near infrared, NIR creating a higher power density plasma and better signal to noise ratio
[9].

Early Q-switched ruby and Nd:glass laser systems were used to evaluate various
laser-material interactions. These included the power density effects in laser produced
craters, the thrust producing capabilities of lasers and the evaluation of the laser’s
potential use in directed energy weapons and nuclear fusion reactors [10, 11]. For more
information, the reader is referred to chapter [p37]. During the 1980’s, Neodymium
doped Yttrium Aluminum Garnet (Nd:YAG) lasers became the most common laser
system used in most applications including LIBS. Nd:YAG crystal laser became popular
for LIBS because they were easily configured to produce the megawatt peak power levels
required for reliable laser plasma generation. During the 1980’s and 1990’s the
relatively high expense and large size associated with lasers and spectrophotometers
insured that Ion Conductive Plasma and other laboratory instruments remained more
attractive for most commercial chemical analysis applications.

A number of portable LIBS systems were developed for field-testing
environments during the 1990s. One example is a US Army LIBS sensor for subsurface
in-situ soil classification and heavy metal contamination detection. This system is part of
the SCAPS (site characterization analysis penetrometer system) The cone penetrometer
system consists of a steel cone that is hydraulically pushed into the ground while in-situ
measurements are continuously collected and transported to the surface for data
interpretation and visualization. The U.S. Army Engineer Waterways Experiment Station
field-portable LIBS system included a rugged compact (1.25” diameter x 14” long) 17Megawatt Nd:YAG laser probe and fiber-optic delivery system [12,13]. The system’s
remote LIBS probe was lowered into deep wells and used to measure trace amounts of
heavy metals contaminants in soil and water. Scientists at LANL, developed portable
LIBS systems for the determination of metals in soils that led to LIBS for use on Mars
Comment: Figure 2.10 reference

Rover missions [14,15,16,17]. The Mars Rover LIBS system is shown in figure 2.10.
This became an important development for the National Aeronautic Space
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Administration (NASA). A thin dust layer covers everything on the Martian surface. It
was found that the Mars Rover x-ray analysis system was not able to provide chemical
composition data on underlying Martian rock and soil. LANL developed space qualified
portable LIBS technology for NASA in order to penetrate the coated Martin surface.
This LIBS system is expected to provide an extremely versatile and portable method of
determining the elemental composition of Martian gases, liquids, and solids on future
space missions.

Figure 2.10 Illustration of the Mars Rover LIBS system method for determining the
elemental composition of Martian gases, liquids, and solids.

After 2001, Homeland Security and the war on terror sparked interest in LIBS as
a promising portable technology for detecting explosives, landmines, biological weapons
and chemical contamination [18]. LIBS studies at ARL (U.S Army Research Labs)
during the 1990s led to the development of portable backpack-based LIBS systems for
field measurements of potentially hazardous substances and devices [19,20,21,22,23].
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Portable LIBS chemical analysis also provides many advantages for use in fieldtesting for environmental pollutants. The advantages of LIBS include rapid, reliable,
multi-elemental in-situ analysis with little or no sample preparation.

The integration of miniature fiber optic spectrometers with small high peak power
laser transmitters lead to the development of compact portable analytical equipment
assembled with commercial “off-the-shelf” components. In a typical modern LIBS
system, a high peak power pulsed 1064nm Nd:YAG laser is focused to produce a plasma
on a targeted material. For more information, the reader is referred to chapter [p31].
Elemental line spectra is created, collected and analyzed for the elements present. LIBS
analysis data is processed and displayed with nearly instantaneous speed on laptop
computers. A schematic of a modern LIBS system is shown in figure 2.20. It is
Comment: Figure 2.20 reference

comprised of the following basic elements:
1) *A high peak power Q-switched laser output (~1-50 ns pulse width)
2) Delivery optics to focus the laser pulse onto the target surface
3) Laser pulse emission and detection timing circuitry
4) Optics to gather plasma emission and transfer to the spectrometer
5) A spectrophotometer to separate the emission line spectra
6) A computer for wavelength analysis of the emission line spectra
* Note: A Q-switch is a device that is similar to a shutter that controls the laser
resonator's ability to oscillate. This shutter effect allows one to spoil the resonator's "Qfactor," keeping it low to prevent lasing action. Under these conditions, the laser gain
material is able to store higher levels of energy. The extra stored energy is subsequently
extracted as laser light emission in the form of extremely short pulse width, high-peakpower pulses.
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Figure 2.20 A schematic of a modern LIBS system including laser, delivery optics,
signal collection optics, spectrophotometer and computer.

3

Laser plasma generation

3.1 Detector Timing & Multiple Pulse LIBS
The optimization of LIBS system event timing is important for efficient capture of
high resolution line spectra. During the first microseconds after the focused laser pulse
initiates a plasma “spark”, the resulting plasma energy is dominated by a strong “white
light” continuum also described as broadband black body or bremsstrahlung radiation
emission. Bremsstrahlung is from the German bremsen, to brake and strahlung, radiation,
thus, "braking radiation" or "deceleration radiation". This is essentially electromagnetic
radiation that is produced by the acceleration and collision of charged particles (read
electrons) with other charged particles such as atomic nuclei [3,24].
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The initial few microsecond after plasma ignition is followed by a longer period
when elemental line spectra emission shows up as the dominating broadband emission
decays. For more information, the reader is referred to chapter [p39]. The optimum
“gate” time for turning on the spectrometer, and avoiding the masking broadband
bremsstrahlung emission, is typically one or two microseconds after the plasma initiation.
For electro-optic Q-switched lasers, the Q-switch timing electronics are used to establish
a T0 laser/plasma ignition mark. For passive or saturable absorber Q-switched lasers a
photo-diode is required to “pickoff” the laser output as a T0 laser/plasma ignition timing
mark. In either case, the T0 is used to start the system electronics clock and set a
spectrophotometer gate. Figure 3.10 shows an event timeline for a typical single pulse
Comment: Figure 3.10 reference

LIBS system.

Figure 3.10 LIBS dominant radiation emission event timeline starting with the laser
plasma ignition.
Multiple pulse laser operation may be used to enhance line spectra detection by
pumping additional energy, via additional focused laser pulses, into the plasma envelope
before the emission decay of the proceeding pulse is completed. The laser is adjusted so
as to introduce a number of Q-switched pulses in a “pulse train” output. The initial laser
pulse is followed by additional pulses with microseconds time duration in between. For
example the laser may produce three separate pulses each 4ns pulse duration, 20mJ
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energy and with 25µs between each pulse. The first pulse initiates the plasma on the
sample surface and the second and third pulses feed more energy into the plasma causing
the plasma to expand. The net result is higher energy plasma and a better signal to noise
ratio for the captured line spectra. An example of single, double and triple pulse LIBS
nickel metal spectra was provided by Will Pierce and Ryan Slaherty of Stellarnet, Inc.
Comment: Figure3.20 reference

[25] and shown in figure 3.20.

Figure 3.20 Comparison of the signal-to-noise ratio for single (1/1), double (2/1) and
triple (3/1) pulse LIBS spectra centered on a strong 231nm emission line for nickel [25]

3.2 Laser material interaction
The LIBS system laser beam is typically focused down to the smallest possible
spot size as dictated by the beam’s quality and the design of launch/conditioning optics.
The laser pulse impacts the targeted material which causes an induced electric breakdown
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or avalanche ionization. This process assumes that the breakdown threshold is reached in
terms of sufficient laser energy density and peak power density. A fundamental
breakdown threshold is characteristic for each type of material under given environment
conditions [26]. Materials exhibiting a strong absorption at the laser wavelength will
initially exhibit strong surface ablation which provides for lower breakdown thresholds.
The use of higher energy shorter wavelength laser radiation has been shown to
significantly reduce breakdown thresholds via a resonance-enhanced two-photon
ionization process [27]. For more information, the reader is referred to chapter [p9]. In
general, materials transparent to the laser wavelength will exhibit higher breakdown
thresholds. For applications involving solids, liquids and gases a relatively simple
“short” focal length lens system may be employed with modest laser power densities
levels to perform LIBS experiments. Longer standoff, LIBS systems typically require
more complicated optical delivery systems and higher peak power laser pulses for
effective performance.

Laser plasma formation in air or gas requires at least one electron in the focal
region when the laser pulse arrives. While in most cases this is probability very high, the
thresholds for gas and air breakdown are found to be much higher than that of liquids and
solids. Laser induced breakdown formation in gas and air is inhibited at lower pressures
and enhanced at higher pressures. Xenon and heavier gases exhibit low thresholds while
lighter gasses such as helium exhibit breakdown thresholds orders of magnitude higher
[28].

3.3 Power density, pulse width and color temperature
Plasma temperature has been shown experimentally to be proportional to the peak
laser power [29,30]. Lasers often used for LIBS applications produce peak power
densities in the range ~ 0.5 to 100 megawatts. These power densities produce plasmas
exhibiting initial ionic and electron temperatures ranging from approximately 5,000 to
greater than 20,000 K (0.5 to 8.6 eV) [3,4,27,31]. Bremsstrahlung emission decay times
of ~ 1-2µs as illustrated in figure 2.1 are associated with nanosecond pulse width lasers

9

Lasers in Chemistry, Chapter 4.8 Draft 2 Text & Figures
that typically produce initial plasma color temperatures greater than 14,000K. Short
femtosecond or picosecond laser excitation pulse widths produce plasma with 10x faster
bremsstrahlung continuum emission decay times. As a result of the shorter broadband
background emission duration, utra-short pulse LIBS allow for more efficient capture of
fine line emission spectra often without the need for gated detectors [30,32].

4

Qualitative analysis

4.1 Emission line analysis
Qualitative chemical analysis with LIBS begins with the identification of the
stronger emission lines provided by LIBS spectra. In addition, one may also search out a
material’s LIBS spectra for the presence of specific lines associated with elements of
critical interest. Numerous references for atomic line spectra wavelength and relative
intensity are found in the general literature. ARL and the NIST (U. S. National Institute
of Standards and Technology) provide line spectra public data bases on the World Wide
Web [33,34]. These web sites include reliable LIBS research tools that are informative
and easy to utilize. The ARL site includes only the stronger emission lines for
approximately 72 elements referenced from LIBS technical publications. The NIST site
is more comprehensive and compiles both weak and strong emission lines for over 100
elements referenced from various atomic line emission spectroscopy references. Many
commercial fiber spectrophotometer manufactures now include extensive atomic line
spectra libraries and automatic line identification software as part of their standard
computer spectra display software. Wavelength resolutions of 0.03nm to 0.2nm are
common and often adequate for identification of a major element by a strong line
emission.
Positive identification of an element is readily verified by the presence of at least
2 strong to moderate intensity lines. For example, Cu+ exhibits two strong emission lines
that reside near each other in the UV part of the spectrum at 324.754nm and 327.396nm
and approximately 60 lines of moderate strength in the 200 to 800nm region. Copper
Comment: Figure 4.10 reference

metal foil line spectra, as shown in figure 4.1, may be used as a line identification
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reference standard. It is also useful as a check on the wavelength calibration of the
system spectrophotometer. The ratio of line intensity of the two distinct spectral lines
adds another characteristic property useful in LIBS qualitative analysis efforts. Organic
materials are typically identified with a “fingerprint” intensity of multiple lines related to
the relative concentrations of carbon, oxygen, nitrogen and hydrogen. Example
Comment: Figure 4.11 reference

“fingerprint” LIBS for anthrax is shown in figure 4.11 [34].

Figure 4.10 Copper foil LIBS spectra reference standard
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Figure 4.11 Anthrax fingerprint LIBS spectra, BT (Bacilli Thuringiensis), BG (Bacilli
Globigii) and BC (Bacilli Cereus) [34]
4.2 Host influence on emission line spectra and detection limits
Adverse affects from the environment and/or chemical composition of the
targeted sample may affect the intensity of the emission line in an unpredictable manner.
The effect of host elements on the analyte during in a LIBS plasma reaction is known as a
matrix effect. Matrix effects are an adverse host influence on LIBS resulting in
inconsistent line spectra intensity due to chemical composition and material properties.
With each laser shot on a given targeted material the substance under study is changed
via reactions with its surroundings. Plasma-material interaction is influenced by the
sample’s composition, atmosphere, surface conditions and optical properties. Materials
exhibiting a uniform hard solid surface tend to exhibit lower spectral matrix effects then
when compared to softer non-uniform granular or powdered materials. Soil and sediment
samples tend to be especially susceptible to matrix effects. Successive LIBS plasma
shots of soil produce a micro-environment mixture of quenched molten minerals and
organics. The soil emission lines from the plasma are changed by the heating and cooling
process. The elements may become oxidized or reduced as they are encapsulated in
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either an amorphous or crystalline environment. For more information, the reader is
referred to chapter [p48]. Spectral line masking and shot-to-shot instability may also the
result from physical ejection of granular particles more prevalent in ablation of fine
powder samples. In general, obtaining predictable and repeatable line spectra becomes
more difficult when the line spectra of interest are partially or completely blocked due to
matrix effects [35,36]. Methods used to mitigate matrix effects in LIBS are discussed in
the quantitative analysis section.
The detection limits for elements analyzed via LIBS technique are typically found
to be in the ppm (parts per million) range. Detection limit values are influenced by
matrix effects, instrumentation, environment and measurement parameters. Temporal
gating optimization has been shown to lower the detection limit and enhance the signal to
noise ratio for line intensities associated with given elements of interest [37]. In the
Fisher study cadmium, mercury and arsenic exhibited high signal to noise ratio line
emissions with a 2-10 µs gate time while lead and chromium line emissions peak
intensities were enhanced using a 20-40 µs time delay. An example LIBS spectra
showing enhancement of line intensity with gate time adjustment is shown in figure 4.20
[25]. Literature survey compilations of LIBS and ICP detection limit values for various
elements and conditions are available from a number of commercial and academic
sources [3,34,38,39].
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Figure 4.20 LIBS element line intensity enhancement with spectrophotometer gate time
adjustment [25]

5

Quantitative analysis

5.1 Software calibration techniques
LIBS computer operating software is typically used to setup and control the
operation of the spectrophotometer. LIBS spectrophotometer computer software
typically includes mathematical algorithms that automatically identify, compare and
contrast spectroscopic data. An example of LIBS spectroscopic line identification
Comment: Figure 5.10 reference

software is shown in figure 5.10.

Figure 5.10 StellarNet SpectraWiz LIBS element identification software [25]
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Quantitative data may be processed and compared against element concentration
standards installed into custom software applications [25,40]. Stored computer library
data may include a “standard addition analysis” element concentration line spectra data
base. This type of data base may be used in the same manner as that used in “wet”
chemistry spectral quantitative analysis. The computer software compares elements with
matched line spectra and then applies the relative line intensities in order to estimate the
concentration. Reliable quantitative analysis requires calibration curves that include
similar matrix effects as the material under investigation [41]. For quasi-quantitative data
calibration, standard concentrations and relative line intensity data may be provided from
test sample mixtures with additions of known pure metal, salt or oxide samples. In the
field, an unknown sample may be standardized by mixing it with sodium borate and
fusing it into a glass bead using a small gas torch and platinum crucible. Multiple glass
beads may be made from the same unknown material with pre-measured additions of
known material to provide accurate standard addition quantitative analysis. The
formation of the glass bead negates the matrix effects, normalizes oxidation state changes
and eliminates variable host influences on the unknown element. Enhanced semiquantitative elemental analysis in soils and marine sediments has been shown to benefit
from “pellet press” field sample preparation techniques that reduce matrix effects and
optimize measurement reproducibility [42]. A sample is mechanically compacted by a
small press before insertion into a LIBS sample chamber. Quantitative analysis accuracy
and reproducibility of LIBS techniques may be enhanced by recording only the first few
laser shots and moving to another spot of the targeted material before recording
additional shots [43].

5.2 Neighbor peak ratio comparison
Another type of quasi-quantitative analysis with LIBS involves the observation of
the line intensity of neighboring peaks. The line intensity will change with the relative
concentration of either two different elements or different oxidation states of the same
element. The oxidation state is typically maintained after ablation under normal
atmospheric conditions. This method is particularly useful in field analysis with LIBS.
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In-situ sample evaluations can be quickly gathered and preliminarily “tagged” for further
characterized with reference to location and the relative abundance of a given element or
element oxidation state [25]. Example LIBS spectra demonstrating relative line intensity
of neighbor element concentrations for iron, copper and arsenic in contaminated and nonComment: Figure5.20 reference

contaminated watershed site soil samples are shown in figure 5.20.

Figure 5.20 LIBS spectra display of relative concentrations of iron, copper and arsenic
found in various contaminated and non-contaminated soil samples [25]

6

Applications

LIBS analytical techniques may be practiced with minimal sample preparation
and in some cases in-situ. Field-deployable LIBS instrumentation may be configured to
provide complete chemical analysis (elemental and compositional) of materials at close,
stand-off, and remote distances. Other elemental analytical techniques such as ICP or
ICPMS (inductively coupled plasma mass spectroscopy) involve the use of larger
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complicated mechanical devices and require laboratory conditions and careful sample
preparation. LIBS satisfies the demand for user-friendly, field-portable instruments.

Example applications of LIBS include the following:
Geology (analysis of soils and minerals for mining, oil exploration and construction)
[8,9,12,13,15,16,17,25,41,42,44]
Space Exploration (analyzing specific conditions on Mars and Venus to understand their
elemental composition) [14, 16]
Environmental Monitoring (real-time analysis of air and water quality, control of
industrial sewage and exhaust gas emissions) [12,13,14,15,16,19,25,37,39,41,45,
46,59,61,63,64].
Medical (biological sampling, non-invasive analysis of human hair and teeth for metal
poisoning, cancer tissue diagnosis, bacteria type detection, detection of bio-aerosols and
bio-hazards, anthrax, airborne infectious disease, viruses, sources of allergy, fungal
spores, pollen) [4,47,48,49]. For more information, the reader is referred to chapter [p50].
Archeology (analysis of artifacts, restoration quality) [4,50,51,52]. For more information,
the reader is referred to chapter [p51].
Military (detection of biological weapons, explosives, backpack-based detection systems
for homeland security) [4,18,21,22,23,53,54,55].
Forensics (evidence in legal proceedings) [56,57,58]
Industrial (in-situ materials composition and processing, contamination identification)
[23,36,60,62,65]

7

Outlook & Summary

The development of new laser sources and compact instrumentation is helping
LIBS chemical analysis find additional niche markets in everything from environmental
monitoring and materials analysis to homeland security, medical diagnostics and spacebased research [23]. The advent of new core technologies allows for further design and
manufacturing advances in portable LIBS systems that continue to become smaller and
less expensive than their predecessors. The attractive capability of real-time in-situ
material analysis without sample preparation bodes well for the future of LIBS. New
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generation of compact DPSS (diode pumped solid state) HESP (high efficiency side
pumped) Q-switched “Eye-safe” Class I lasers provides for practical in-situ LIBS field
applications without the need for eye-protection goggles or plasma safety shields. Class I
LIBS system eye safety rating is possible through the use of Megawatt peak power Qswitched lasers operating in the narrow spectral window between 1.5um and 1.6um.
These lasers are approximately 8000 times more “eye-safe” than other laser devices
operating in the visible and near infrared wavelengths [67]. For more information, the
reader is referred to chapter [p4]. A picture of a megawatt peak power class I eye-safe
Comment: Figure 7.0 reference

high efficiency side pumped diode pumped solid state laser is shown in figure 7.0. For
more information, the reader is referred to chapter [p3].

Figure 7.0 Megawatt power Class I eye-safe DPSS HESP erbium glass laser [68]
Further development of smaller low cost high performance fiber
spectrophotometers, compact computer systems and advanced software appears to
continue. Further customization of LIBS software mathematical algorithms is expected
to allow future LIBS systems to become more versatile and user friendly with increased
performance and reduced prices.
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