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ABSTRACT

Laser-induced breakdown  spectroscopy
(LIBS) has been established as a powerful method
for identifying trace elemental contaminants by
analyzing the atomic spectral emission lines that
result subsequent to plasmas generated by laser
power. The ultraviolet-visible-near infrared (UV-
Vis-NIR)  spectral  region  exploited in
conventional LIBS largely elucidates the
elemental composition of the laser target by
profiling these atomic lines; very limited
information on molecular species may be derived.
To our best knowledge, there is no reference to
LIBS measurements on emission processes
outside of the UV-Vis-NIR region. In this
pioneer work, attempts were made herein to probe
the mid-infrared (MIR) emission from a laser-
induced breakdown process between 2 to 5.75
um. Emission features between 4200 to 4800 nm
from oxygenated carbon-containing breakdown
fragments and between 2000 to 4000 nm from
alkali metal-containing breakdown fragments
have been successfully identified. These findings
could provide additional spectral information to
complement the conventional LIBS analysis and
launch a new analytical methodology and sensing
method for future contamination avoidance
applications.

1. INTRODUCTION
Laser-Induced Breakdown Spectroscopy (LIBS)

has been developed as a versatile and sensitive
probe for detection and identification of trace

substances. The atomic emissions from a LIBS
event have been widely used to analyze metals
(Buckley et al., 2000), glasses (Loebe et al.,
2003), graphite (Nemes et al., 2005), soils
(Yamamoto et al., 1996), concrete (Pakhmov et
al., 1996), aerosols (Hybl et al., 2003), explosives
(DeLucia et al.,, 2003), biological materials
(Samuels et al.,, 2003) and various gaseous
(Parrigger et al., 2003) and liquid (Kumar et al.,
2003) bulk media. In LIBS, a focused intense
laser beam is utilized to atomize and ionize target
molecules, thus to create a hot and short-lived
(~100 nanoseconds) plasma at the target
substance surface.

Valuable information on the identification and
concentration of the trace materials can be
acquired by monitoring atomic and molecular
emissions from the consequent relaxation
processes of the excited electron and molecular
fragments in the plasma. The major advantages
of LIBS have been demonstrated to be: no time-
consuming sample preparation needed; the ability
to perform real-time on-site analysis because
LIBS uses the laser-induced plasma to prepare
and excite the sample in one step; and its potential
for remote sensing and field applications (Lazic et
al., 2001).

However, all the analytical LIBS applications
reported in the literature so far have only
exploited the simultaneously-monitored emissions
in  UV-Visible-Near IR region (emission
wavelength shorter than 2000 nm) from atoms
and very simple molecular fragments (such as OH
and C,). We found no evidence of an attempt to
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explore the molecular vibrational or rotational
emission features known to occur in mid- to far-
infrared region in conjunction with LIBS analysis.
In LIBS studies of various organic compounds, C,
UV-Visible emission features are found to be
strongly correlated to the presence of aromatic
rings in the target compounds (St-Onge et al.,
1999), and the aromatic ring arrangements
(Protnov et al., 2003) of the target compounds.
Moreover, in conventional breakdown emission
spectroscopy applications using flames while the
molecules are excited, atomized, and ionized by
the combustive thermal energy transfer, emission
features from atomic and molecular breakdown
fragments can be readily observed and monitored
in atomic (UV to near-infrared) region (Obertacke
et al., 1996), molecular vibrational (mid-infrared)
region (Lam, 1990), and molecular rotational (far-
infrared) region (Cheville and Grischkowsky,
1995). The discovery of correlations between
LIBS atomic emissions to molecular structures
and the observation of infrared emission features
from flame breakdown molecular fragments
suggest the potential of recovering mid-infrared
(MIR) molecular emission features from a LIBS
event.

By exploring the information content in the MIR
region, laser breakdown analysis of molecular
vibrations and rotational transitions has the
potential to complement conventional LIBS in the
characterization and classification of matter.
Furthermore, the MIR LIBS analysis is a much
better in-situ probe than the traditional infrared
emission  spectroscopies, such as flame
spectroscopy and pyrolysis. Another advantage
of mid-infrared LIBS analysis over the
conventional infrared emission techniques is its
capability and simplicity for time-resolved
investigation of breakdown reaction products.
Being a multi-photon process, it is also more
tolerant to pump laser wavelength selection than
the laser-induced infrared  fluorescence
spectroscopy.

The primary goal of this study is to explore the
feasibility of LIBS as a mid-infrared emission
probe of molecular products that result from
reactions initiated by the laser-induced plasma.
Attempts are made to exclude molecular
vibrational transitions emissions from the hot
plasma thermal radiation. Various solid organic
and inorganic compounds are examined and their
spectra are presented.

2. EXPERIMENTAL SETUP

The MIR emission studies were performed using
the 1064 nm output from a Q-switched Nd: YAG
laser (pulse width: 5-10 ns, repetition rate 10 Hz)
as the excitation source. A schematic of the
experimental setup is shown in Fig.1. The pulsed
laser beam was focused onto the sample using a
convex lens (f = 20cm) resulting in a beam size
with diameter less than 0.2 mm. A beamsplitter
(~4%) was employed to monitor the laser beam
energy during the emission measurements.
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Fig.1 The scheme of the mid-infrared Laser-induced
Breakdown Spectroscopy experimental setup

The laser energy throughout the experiment is
found to be very stable with less than 1% power
fluctuation. The laser energy reaching the sample
was approximately 16 mJ per pulse. This laser
power is sufficient to induce a plasma on the
surfaces of all our solid sample materials:
cellulose paper fiber (white index card),
polyethylene film, polytetrafluoroethylene
(PTFE) sheet, yttrium aluminum garnet (YAG)
crystal, quartz  window, boron silicate
(microscope slide), aluminum foil and salt tablets.
The samples, e.g. paper, were vertically mounted
onto a linear translation stage attached to a
stepping motor with a controller. The sample was
translated during the emission scans at speed of
~1.5 mm/min, so the laser pulse would always hit
fresh target material during the emission scan.
The speed of spectral scan (in wavelength units)
is set to be ~ 150 nm per minute from 2000 nm to
6000 nm. The mid-infrared emission from the
sample was collimated and focused onto the
entrance slit of a 0.15 m grating spectrometer
(Aplaze= 4000 nm, 150 g/mm) using two CaF,
lenses (f =15 cm, f =20 cm). The entrance and exit
slits of the spectrometer were generally adjusted



to 1 mm during the scans. A 2000 nm long-pass
filter was placed in front of the entrance slit to
prevent any laser scattering from entering the
spectrometer. The mid-infrared emission was
monitored using a liquid-nitrogen cooled indium
antimonide (InSb) detector and the signal was
recorded using a gated electronic circuit (boxcar
averager). All emission spectra were corrected
for the spectral response of the experimental
setup.

3. RESULTS AND DISCUSSION

3.1 MIR LIBS Emission from
containing compounds

carbon-

The inset of Fig.2 shows the transient spectrum of
a paper sample (white index card) with the slits of
the spectrometer wide open as measured using a
digital oscilloscope in the mid-infrared region
between 3000 and 6000 nm. The transient was
averaged over ~100 laser pulses. We saw a
slowly rising and decaying broad emission
following an intense and sharp emission feature.
While the sharp and intense MIR emission feature
occurs immediately upon laser pulse generation,
the broad MIR feature slowly develops and
reaches its highest point around 40 us after the
sharp peak. As we learned in previous UV-Vis
LIBS studies (Yueh et al., 2000), the LIBS
emission spectrum at the early stage (within 100
nanoseconds of initial plasma formation) is
generally dominated by the continuous thermal
blackbody emissions due to bremsstrahlung
collisions and electron-ion recombination process.
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Fig.2 The normalized LIBS emission spectra of paper
and aluminum samples that was collected without any
delays regarding to the arrival of the laser pulses. The
transient spectrum of paper sample recorded up to 600

us after the laser pulse arrival measured in the mid-
infrared region is shown in the inset.

As the plasma expands and cools down, the
blackbody emission decays rapidly and the
distinct emission features due to relaxation
processes between quantized energy states can be
readily detected after hundreds of nanoseconds.

Fig 2 shows the LIBS emission spectrum of paper
and aluminum samples that were collected
without any delay between the laser pulses and
the spectral acquisition. The resulting emission is
clearly dominated by the continuous thermal
emission of the hot plasma. To eliminate the
influence of this hot plasma background, the
acquisition of the MIR LIBS emission spectra of
the samples was delayed by 40 us after the laser
pulse, i.e. the initial plasma formation. Fig.3
shows the MIR LIBS emission spectrum of paper
between 3000 to 6000 nm with the collection gate
width set to be 16 ps.
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Fig.3 mid-infrared LIBS emission spectrum of paper
between 3000 to 6000 nm with the collection gate
width set to be 16 ps and 40 ps delay after the laser
pulse arrival

This spectrum exhibits excellent signal-to-noise
ratios, well-defined flat baselines, and is
dominated by a strong emission feature between
4200 nm to 4800 nm. Moreover, this feature only
shows up in the mid-infrared emission spectra
when the laser pulse intensity exceeds the plasma-
forming threshold of the sample, i.e. bright white
sparks are observed at the sample surface. Fig.4
shows the mid-infrared LIBS emission spectra of
a series of organic materials: paper, polyethylene,
and PTFE; and inorganic materials: YAG crystal,
quartz, glass, and aluminum. As observed with
the paper sample, the resulting spectra show no
trace of thermal background emission and an



excellent signal to noise ratio. The strong MIR
emission between 4200 nm to 4800 nm can be
readily observed from cellulose paper fiber,
polyethylene, and PTFE. There is no comparable
strong emission feature from other three inorganic
samples and the aluminum sample holding stage
in this spectral region. This strong emission
band could be attributed to the CO stretching
vibration around 4700nm (Kirby and Hanson,
1999) and CO, asymmetric stretching vibration
around 4350 nm (Tilotta et al., 1989) resulting
from the intense oxidation of the vaporized
carbon-containing fragments from the samples,
thus explaining the absence of this feature in
spectra of carbon-less samples such as metal and
silicates. Both CO and CO, asymmetric
stretching bands appear to be broadened, most
likely due to the high temperature and collision
rate of the oxygenated carbon fragments. The
absence of this band in metal emission spectra
also indicates that the contribution from heated
CO, molecules in the ambient air is negligible.
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Fig.4 the mid-infrared LIBS emission spectra of a
series of organic materials: paper, polyethylene, and
PTFE (Teflon); and inorganic materials: YAG crystal,
quartz, glass, and aluminum. The paper spectrum
shown is 25% of its measurement value.

3.2 MIR LIBS Emission from alkali metal
containing compounds

We also examined MIR LIBS emission from a
series of alkali metal containing salt tablets (KBr,
KCI, NaBr, NaCl), as shown in Fig. 5. There is
no emission detected around 4300 nm, which is
consistent with our observations in last section.
Four distinct MIR emission features were found
between 2 to 4 micron from a NaCl tablet: three
sharp bands at 2210 nm, 2360 nm, and 3430 nm
and a broad band located around 4050 nm.
Observation of emission bands at those same
wavelengths from NaBr tablets clearly indicates
that the emission vibrational bands emanating
from the laser breakdown products of the alkali
metals are minimally influenced by the halogen
counterions. Further investigations of emission
from KBr and KCI tablets reveal that the
emissions from potassium-containing breakdown
products generally shift toward longer
wavelengths and have more sub-structures
compared with those from sodium-containing
breakdown products. The red shift is expected
due to the heavier atomic weight of the
potassium. The character and nature of these
bands are under continuing investigation.
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Fig. 5 MIR emission spectra of alkali salt tablets
CONCLUSIONS

This preliminary study has shown the viability of
utilizing Laser-induced Breakdown Spectroscopy
for molecular mid-infrared emission analysis.
Intense thermal blackbody background radiation
has been successfully detected and discriminated.
Strong mid-infrared emission bands resulting



from vibrational transitions of oxygenated carbon
breakdown fragments and of alkali metal
breakdown products have been observed. Further
efforts on identifying more breakdown reaction
products such as hydrogenated fragments and
heated molecular fragments are currently being
pursued.
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