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Laser-lnduced Plasmas

induced plasma

® What is a “laser-induced plasma?”

Incident Laser Pulse

® Can be done with ns, ps, or fs lasers

e Threshold irradiance: | | 1010- 1011 W/CIT]2
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Laser-lnduced Plasmas

induced plasma

® What is a “laser-induced plasma?”

Incident Laser Pulse

n be done ith ns, ps, or.fs lasers
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When we do a
time-resolved )
spectroscopy of
the plasma, we call
it:

“Laser-induced
breakdown
spectroscopy”
or
LIBS

A Stark look at
plasma breakdown



The Goal of LIBS Plasma Creation

® to create an optically thin plasma which is in thermodynamic
equilibrium (or LTE) and whose elemental composition is the same

as that of the target/sample

® if achieved, atomic emission spectral line intensities can be related to
relative concentrations of elements (sometimes absolute
concentrations)

® typically these conditions are only met approximately.
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Spectrochemical analysis using a pulsed laser source

(Received 12 July 1043)

IntrRODUCTION
BinoE the discovery of the optical maser, or laser, announced some three years ago, considerable
soientific thought and effort have been expended toward making it & useful tool. In 1962,
Breo [1] used a ruby laser to produce vapors which were excited by an suxiliary spark source
to analyze metallic and nonmetallic materials through their emission spark spectra. Early in

1983, we observed atomic emission spectra produced by the coincident vaporization and
excitation of metals and nonmetals by means of & giant-pulse ruby laser. Now it can be shown
that spectra produced solely by laser excitation exhibit fairly reproducible quantitative relation-
ships among the various elemental constituents of the sample. And, for the firet time, spectro-
scopists have a means of directly exciting solid materials without having to supply electrioal
power to the sample material. The sample need not be an electrical conductor, and it can be
situated in an environment hostile to more conventional analytical techniques: for sxampls,
‘within a furnace or a radioactive environment,

‘The experiments to be described were designed to test this quantitative nature of pure laser
excitation. Neither the details of the apparatus nor the type of sample is of great significance in
itself. The precision of the data obtainable is the object of the experiment.

Runger et al
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Zel’dovich, Raizer

Brech, Cross



History

“laser-induced breakdown” and/or “laser-induced pla

spectroscopy” @ Web of Science (Thomson Reuters)

§‘;2 >2000 peer-reviewed papers have been published according to the Web of Science
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Applications of LIBS

Single
shot peak

No matter what your application is,
you will be doing one of two things:
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Function 2

Attempting to identify a target & R
based on its unique elemental ——, [l
composition by analyzing the

presence intensity of all/many lines

Sample



w RDECOM Keeping Track of the Elemental Inventory

(underlined elements reported in literature)

(m Solids  Liquids m Gases = Artificially prepared)
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Advantages of LIBS - spatial resolution

e Laser allows point sampling (1-100 micron)

Ill

e Elemental “surface maps” can then be created

COPPER impurities on Si wafers from two manufacturers

Calcium-normalized strontium LIBS intensity
{false color grayscale)

syun Aysuajul Arenqiy

Total area imaged: 20 x 20 mm? Nd:YAG @ 532 nm
Depth: ~1pum 1 pulse; 5 mJ pulse!
Lateral resolution: 750 pm WD = + 5 mm Courtesy of F.C. Alvira et al.

Courtesy of Ben Smith, Javier Laserna




Advantages of LIBS - depth profiling

e Because laser only removes ug to ng of material,
ablation crater only microns deep

Subsequent shots thus sample progressively deeper
layers

Carbon impurities on silicon wafers

1st pulse
2nd pulse
3rd pulse

4th pulse

13 positions

100 laser shots in depth 52n - 5th pulse
Mapped volume = 600 x <

875 x 56 ym3

Repetition rate = 10 Hz

Analysis time = 2 min and Nitrogen laser; Lateral resolution 15 um, sampling depth 13 nm

30s

Courtesy of Ben Smith

Courtesy of Ben Smith




Ratio of Fe(l) 371.994 nm line to Ag(l) 338.289 nm line

Advantages of LIBS — sensitivity & speed

Concentrations of 1-100 ppm usually detectable in

seconds using a standard LIBS apparatus

Fe Mass Fraction Measurement of 15 Samples Taken over Three Days

Model: ExpGrol
Equation: y = AL'exp(xt1) + Y0

Weighting:

¥ w=1(fevsagi7avg_feaguncert)’2
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Two Pb Concentration Curves: Detroit Soil Data Only
and Detroit/Venezuela Soil Data Combined

® Pbraw data
Fit to Detroit and Venezuela data
=0.96823, LOD =21 ppm
slope = 1.48669
—— Fit to Detroit data only
r=0.98442,
slope = 1.43779

Error bars are 1c standard

deviations of 10 measurements.

200 400 600 800 1000
Pb Concentration - Determined by AAS (ppm)

Concentration Curves of Pb LIBS Emission Intensity and Ratio of Pb to Na
Emission Intensity on Soil from Detroit and Venezuela

= Raw Pb Emission
r=0.96823,
slope = 1.48669

* Pb/Na Emission
r=0.96821
slope = 0.7526

21 ppm

LOD =42 ppm

LIBS Emission Intensity

800 1000
Pb Concentration - Determined by AAS (ppm)

Al/Ca Ratio versus Concentration

Al 396/ Ca 393

* Individual data points
* Average
—— Line fit

400 600 800
Concentration (ppm)




Advantages of LIBS - portability// standoff

e Apparatus is compact, low weight; can be made
man-portable

e All optical technique, so can be done at a distance
“stand-off”




courtesy of Ocean Optics.




Video Camera

Courtesy of A.J. Miziolek, A. Whitehouse




Hand-held systems have been built.

mPulse — Oxford Instruments

LIBZ — SciApps, Inc

ChemlLite- TSI, Inc




Interdisciplinary Applications

® The utility and ease of operation lend themselves t
of interdisciplinary applications.

® Four | want to mention:

2. Biomedical specimens
3. Atomic branching ratios

4. Mars exploration




1. Bacterial identification

Our Method of Bacteria Classification

30 pL of vortexed
sample are deposited
on a standard 0.22
pum cellulose filter in
contained wells.

Colonies are
removed and
placed in 1.5 mL
distilled water.

Bacteria is cultured
using trypticase soy
agar (TSA).

% of fixed

salt Echelle diffraction grating
fraction spectrometer is used to obtain

the atomic spectrum and
composition of sample.

from “The Bacteria: A Treatise on Structure and Function”
I.C. Gunsalus and R.Y. Stanier, eds

Element

Colloidal solution is
dried forming a
bacteria lawn on
the clinician-friendly
filter.

Filter is placed in an
argon environment and
ablated using a pulsed
1064 nm Nd: YAG laser.

Average time to complete bacterial classification = 1 hour

Atomic composition is
used to discriminate
bacteria against pre-

existing library.




2. Biomedical specimens

® Zinc in the fingernails has been shown to represent the overall zinc
concentration in the body (needed for enzymatic activity, cellular
processes, neuron communication.)

Need a real-time biomedical assay to evaluate zinc content.

201.878 202.014 202.150 202.286 202.421 202.557 202.693 205.747 205.823 205.899 205.975 206.051 206.126 206.202 206.278 206.354 206.429 206.505

Wavelength (nm) Wavelength (nm)

WD Mag HWV Spot Sig
10.2mm 33x 180 kV 5.4 BSE410 wh | mMag HY  Spol Sig HFW  VacModa
9.6 mm 1000x 18.0 k BSE 0.14 mm Low vacuum




3. Branching Ratios (Fre

6p°Ke,  Nd II: 23229.99(cm2)

5d °l,, 7524.74(cm)

5d ®Ky,  6931.80(cm)
3066.75(cm)

580nm

1
1650.19(cm™) 5d Ky, 6005.27(cm)

513.32(cm)
5d 6Ly,  4437.55(cm)

0.00 (cm)




3. Branching Ratios (Fractions)

rements

Observation time after plasma formation
Nd 11l :<1pus
Nd Il :1lusto3 s
Nd | : >3 Us

Sh " Oy

200.000 258 000 316 000 374. 000 432. 000 490 000 548 000 ©606. 000 664. 000 122. 000 780. 000




4. IVlars exploration

Zapping Mars

Using Lasers to Determine the
Chemistry of the Red Planet

Noureddine Melikechi, Roger Wiens,
Horton Newsom and Sytvestre Maurice

ADOLPH LOMB'S
LEGACY 34

SNOW SPARKLE 42

> _-,

W 2 MSERS DETERMINE RED PLANET 'S CHEMISTRY

Zappmg Ma[s

26 OPTICS & PHOTOMICS NEWS JANUARY 2018

The space rover Curiosity
is using laser-induced
breakdown spectroscopy
to characterize the
surface of Mars.




4. Mars exploration

ChemCam

» Los Alamos

NATIONAL LABORATORY







4. Mars exploration

Sol-Point #

Magnesium

&
i
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Potassium

v wel34 Calibration Taget
woldt Jake =

This image shows where NASA's Curiosity rover aimed two different instruments to study a rock known as "Jake Matijevic." The red dots
are where the Chemistry and Camera (ChemCam) instrument zapped it with its laser on Sept. 21, 2012, and Sept. 24, 2012, which were the
45th and 48th sol, or Martian day of operations. The circular black and white images were taken by ChemCam to look for the pits produced
by the laser. The purple circles indicate where the Alpha Particle X-ray Spectrometer trained its view. This image was obtained by
Curiosity's Mast Camera on Sept. 22, 2012, or sol 46. Credit: NASA/JPL-Caltech/MSSS

counts per second

§ 6 7 8 8 10 11 12 13
Energy [keV]

Alpha Particle X-ray Spectrometer (APXS)




Conclusions

e LIBS provides an accurate, fast, spatially resolved,
remote spectrochemical analysis of almost any type
of target (solid, liquid, gas, powder)

High degree of versatility and robustness suggests
its adoption in many different interdisciplinary fields

Experiments utilizing LIBS involve an exciting
mixture of physics, laser science, and analytic
chemistry (at a minimum)
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