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1992-1995

CLS-5: LIF studies of 
ablation plasmas.
CST-1: Remote CO2

LIDAR measurement. 
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2005-2011

2011-present

Can we translate this to be 
a convenient and easy-to-
use (for clinicians) test?

Publications in Applied Physics Letters, Journal of Applied Physics, Applied Optics, Applied 

Spectroscopy, Spectrochimica Acta B, and others – confirmed by multiple other groups

Can all-optical technique of 
LIBS really identify bacteria in 
under a second?

N
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1. What is LIBS?     Definition
Spectroscopy of Laser-Induced Plasmas

• What is a “laser-induced plasma?”

Incident Laser Pulse

Laser-induced plasma

Rare-earth metal target

 Can be done with ns, ps, or fs lasers

 Threshold irradiance:  1010 − 1011 Τ𝑊 𝑚2



1. What is LIBS?     Definition

These are typically categorized 
as “weakly ionized” plasmas 
with approximately 10% 
ionization



What It looks Like

We can do spectroscopy on that!



1. What is LIBS?    History

History

1960
Maiman: first ruby laser

1962
Brech, Cross: Birth of LIBS: 
detection of spectrum 
from ruby laser-induced 
plasma

1964
Runger et al.: First direct 
spectro-chemical analysis 
by LIBS

1965
Zel’dovich, Raizer: First 
theoretical model for 
laser breakdown of a gas



1. What is LIBS?    History

1960
Maiman: first ruby laser

1962-64: First spectrochemical 
analysis of laser-induced plasma

LIBS coined at LANL

Why the interest?
Applications & Advantages!

“laser-induced breakdown spectroscopy” or “laser-induced plasma spectroscopy” 
@ Web of Science (Thomson Reuters)



1. What is LIBS?    Applications

• industrial processes

 analysis of steam generator tubes in 
nuclear power stations

 grading of powered pellets for glass 
melts

 analysis of treated wood in recycling 
centers

 grading of iron-ore slurry prior to 
pelletizing 

• environmental analysis 

 quantification of heavy metal content in 
soils, sand, and sludge

 measurement of lead content in paint

 waster quality assessments

 hazardous waste remediation

 atmospheric sampling 

• biology 

 hair and tissue mineral analysis 

 identification of trace metals in teeth

 spectral fingerprinting of bacterial strains 

 identification of bacterial spores, molds, 
pollens and proteins 

• defense/homeland security

 detection of uranium in material,

 high sensitivity detection of 
chemical and biological agents 

 in situ detection of land mines 

• forensic science 

 identifying gunshot residue on 
hands

 pen ink characterization

 glass / soil evidence matching

• art conservation / archeology 

 identifying pigments in paintings

 dating/cleaning ancient marble

• geology

 gold prospecting

 conflict gem/mineral provenance

 planetary exploration
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2. Principles of LIBS     Basics/Theory

The following brief primer will explain the fundamental physics of 

nanosecond LIBS (ns-LIBS).  Femtosecond LIBS (fs-LIBS) is a 

different phenomenon.

For a complete explanation of the physics, plasma 

diagnostics, and applications, please consult the 

following references…
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Laser-Induced Breakdown 

Spectroscopy (LIBS):  

Theory and Applications

Edited by-

Sergio Musazzi

T&D Technology Department

Ricerca suI Sistema Energetico - RSE , Italy

Umberto Perini

T&D Technology Department

Ricerca suI Sistema Energetico - RSE , Italy

Softcover (ISBN-13:  978-3662509784 | ISBN-10: 

3662509784)

Published September 2006 | 587 pages | 156 x 

3234 mm 

Springer Series in Optical Sciences

2. Principles of LIBS Basics/Theory
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Laser-Induced Breakdown 

Spectroscopy (LIBS): 

Fundamentals and Applications

Edited by-

Andrzej W. Miziolek

U.S. Army Research Laboratory, USA

Vincenzo Palleschi

Istituto per I Processi Chimico-Fisici, Italy

Israel Schechter

Technion - Israel Institute of Technology, Haifa, 

Israel

Hardback (ISBN-13: 9780521852746 | ISBN-10: 

0521852749)

Published September 2006 | 638 pages | 247 x 

174 mm 

Cambridge University Press

2. Principles of LIBS      Basics/Theory
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Handbook of Laser-Induced 

Breakdown Spectroscopy

Edited by-

David A. Cremers

Applied Research Associates, Inc., Albuquerque, 

NM

Leon J. Radziemski

Research Corporation, Tucson, AZ

Hardback (ISBN-13: 978-1119971122 | ISBN-10: 

1119971128)

Published May 2013 | 432 pages |

John Wiley & Sons, Ltd

2. Principles of LIBS      Basics/Theory
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Laser-Induced Breakdown 

Spectroscopy
Edited by-

Jagdish P. Singh

Mississippi State University, Starkville, MS

Surya N. Thakur

Banaras Hindu University, Varanasi, India

Paperback (ISBN-13: 978-0128188293 | ISBN-

10: 0128188294 )

Published June 2020 | 620 pages |

Elsevier B.V.

2. Principles of LIBS      Basics/Theory



absorption of 

laser energy

pulsed 

laser

1) laser interaction 

with the target

 initiated by absorption of energy by the target from a pulsed 

radiation field.  

 pulse durations are on the order of nanoseconds, but can be 

performed with pico- and femto-second laser pulses. 

2. Principles of LIBS      Basics/Theory



melting

sublimation

fragmentation

crater

vapor

atomization

 absorbed energy is rapidly converted into heating, resulting in 

vaporization of the sample (ablation) when the temperature 

reaches the boiling point of the material. 

 removal of particulate matter from the surface leads to the 

formation of a vapor above the surface.

2) removal of samples 

mass (ablation)

2. Principles of LIBS      Basics/Theory



2) removal of samples 

mass (ablation)

Staph

Nitrocellulose filter

Nitrocellulose filter

Stainless steel

Human fingernail



electrical breakdown 

and plasma formation

absorption of the laser 

radiation by the vaporcontinuum 

emission

shock wavebremmstrahlung

3) plasma formation 

(breakdown) 

The laser pulse continues to illuminate the vapor plume.

The vapor condenses into sub-micrometer droplets that 

lead to absorption and scattering of the laser beam, 

inducing strong heating, ionization, and plasma formation.

2. Principles of LIBS       Basics/Theory





2. Principles of LIBS      Basics/Theory

The dynamic evolution of the plasma plume is then 

characterized by a fast expansion and subsequent cooling.

Approximately 1 microsecond after the ablation pulse, 

spectroscopically narrow atomic/ionic emissions may be 

identified in the spectrum.  

crater
debris

4) expansion and 

element specific 

emission (atomic or 

ionic)

spontaneous emission

as atoms/ions decay to 

ground state



2. Principles of LIBS      Basics/Theory

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 in the target/sample 

(sometimes absolute concentrations)

• typically these conditions are only met approximately



2. Principles of LIBS      Basics/Theory

The Goal of LIBS Plasma Creation

steel LIBS spectrum
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2. Principles of LIBS      Basics/Theory

LIBS is traditionally 

a time-resolved 

spectroscopy of the 

rapidly evolving 

plasma

1 ns 10 ns 100 ns 1 μs 10 μs 100 μs

LIBS
laser pulse

ICCD Observation Window 
(10 μs)

Gate delay

Elapsed Time After LIBS Pulse Incident on Target

LIBS emission intensity

Time gating provides a “snapshot” of the 

plasma emission at a point in time

A finite gate window provides a time “averaged” 

spectrum over that observation time.



2. Principles of LIBS      Basics/Theory

A scaled plot of the integrated emission intensity of Nd as a function of gate delay, using 

single pulse LIBS, 1064 nm incident pulse, 50 mJ/pulse, argon environment. 

For all of our bacterial work, 

canonical parameters are:

d = 2 s

w = 20 s

Choice of time observation 

parameters should be 

determined experimentally to:

• maximize signal

• minimize noise

• reduce background

• highlight ions of interest

• reduce linewidth

• reduce line overlap

• observe molecules
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2. Principles of LIBS    Apparatus

LIBS Table 1

1064 nm LIBS laser
355 nm OPO pump

OPO

Argon chamber

Echelle spectrometer/camera
Timing control

Photodiode for observing pulse timing

LIBS Table 2

1064 nm LIBS laser

Vacuum chamber



2. Principles of LIBS    Apparatus

Required:

pulsed laser

 ns, ps, fs all used

 in general “more power” is better (but J LIBS has 

been done) 

• in general 10 of mJ’s wanted

 all wavelengths have been used

• fundamental and harmonics of Nd:YAG dominate 

(355, 532, 1064 nm)

• match to application, price, or availability

 fiber lasers?



2. Principles of LIBS    Apparatus
Laser spot alignment control and laser focus control

Position 

adjustment

Environmental 

purge chamber

Emission 

collection optics

Laser focusing 

optics



2. Principles of LIBS    Apparatus

Required:

Focusing optics

Target translation

Light collection

 lenses, microscope objective, telescope 

• in general, modest requirements

 the laser craters target, usually want fresh surface

• alternately, raster the laser spot

 collect light and transmit it to spectrometer

• lenses

• mirrors

• optical fibers

• telescopes Be careful about 

wavelength-

dependent losses!



2. Principles of LIBS    Apparatus
IR Nd:YAG laser

Echelle

spectrometer

sample chamber

(w/ purge gas)

microscope 

assembly



2. Principles of LIBS    Apparatus

Optional:

Gas purge 

chamber

 not needed, but enhances signal

 noble gases (argon) most often used

 some users flow gas across surface to remove 

debris, remnants of previous ablation



2. Principles of LIBS    Apparatus

Required:

Spectrometer

 Echelle spectrometer

• very broad bandwidth

• high-throughput

• $$$

 Czerny-Turner spectrometer

• bandwidth not nearly as good

• frequently ganged together to get complete 

spectral coverage

• compact

• rugged



2. Principles of LIBS    Apparatus

Required:

Camera

 ICCD

• high sensitivity

• excellent bandwidth

• integrated time gating

• cooled chip reduces dark noise

• $$$

 CCD

• not as sensitive

• less prone to damage

• not intrinsically gated, but some users don’t gate 

at all anymore

• much cheaper

• compact



2. Principles of LIBS    Apparatus



First responder CBRNE prototypes have been built…

Head’s-up display

Hand-held probe contains 

laser, joystick for control, 

and focus optics

Microplasma/ 

LIBS Event

Backpack contains 

broadband high-

resolution 

spectrometer, laser 

power supply, 

computer, and battery

courtesy of Ocean Optics.



Courtesy of A.J. Miziolek, A. Whitehouse

Video Camera

Telescope 

Laser Head

High-energy remote systems have been built…



Commercial benchtop systems have been built…

ChemReveal LIBS Desktop Elemental Analyzer – TSO

J200 – Applied Spectra
Coriosity Laser Imager - Elemission



Hand-held systems have been built…

mPulse – Oxford Instruments

ChemLite- TSI, Inc

LIBZ – SciApps, Inc

EOS500 - Bruker

NanoLIBS – B&WTek
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3. Advantages over other techniques
multi-element sensitivity



3. Advantages over other techniques
spatial resolution

Laser allows point sampling (1-100 micron)

Elemental “surface maps” can then be created Gd nanoparticles in mouse kidney



3. Advantages over other techniques
depth profiling

Because laser only removes g to ng of 

material, ablation crater only microns deep

Subsequent shots thus sample progressively 

deeper layers



3. Advantages over other techniques

Concentrations of 1-100 ppm usually detectable in 

seconds using a standard LIBS apparatus
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Model: ExpGro1

Equation: y = A1*exp(x/t1) + y0

Weighting: 

y w = 1/(fevsag17avg_feaguncert)^2

Chi^2/DoF R^2

----------------------------------------

0.27685 0.97373

----------------------------------------

Parameter Value Error

----------------------------------------

y0 0.06523 0.03523

A1 0.06063 0.02067

t1 0.16662 0.02174

----------------------------------------  
 Fe Mass Fraction Measurement of 15 Samples Taken over Three Days

Fe Mass Fraction

Fe in Biocompatible alginates
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Error bars are 1 standard 

deviations of 10 measurements.
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 Pb raw data

 Fit to Detroit and Venezuela data

r=0.96823,                   LOD = 21 ppm

slope = 1.48669

 Fit to Detroit data only 
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slope = 1.43779
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Pb Concentration - Determined by AAS (ppm)

Vz

Two Pb Concentration Curves: Detroit Soil Data Only 

and Detroit/Venezuela Soil Data Combined
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 Raw Pb Emission

                r = 0.96823,         LOD = 21 ppm

                slope = 1.48669

 Pb/Na Emission

                r = 0.96821         LOD = 42 ppm

                slope = 0.7526
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Concentration Curves of Pb LIBS Emission Intensity and Ratio of Pb to Na

Emission Intensity on Soil from Detroit and Venezuela

Lead in Soil (Detroit and Venezuela)

sensitivity & speed



3. Advantages over other techniques
sensitivity & spatial resolution vs. other methods



3. Advantages over other techniques
portability and stand-off potential
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4. Specific medical/biomedical applications

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

1. Attempting to quantify the 
amount/concentration of some 
element by analyzing peak 
intensities

2. Attempting to identify/classify a 
target based on its unique 
elemental composition by 
analyzing the presence and 
intensity of all/many lines

Pb 405nm
Al 394nm

E. coli

M. smegmatis
Streptococcus

Staphylococcus



4. Specific medical/biomedical applications



4. Specific medical/biomedical applications

Researchers have measured a 

dramatic variation in the relative 

concentrations of Ca, Sr, Na, Ti, 

and Cu in carious tooth tissue 

relative to healthy tissue. 

LIBS has the potential to 

become a useful tool for in vivo / 

in vitro caries identification 

during a drilling or cleaning 

process 

Spatial resolution on the order 

of 100–200 m and a depth 

resolution of approximately 10 

m.

Hard Tissues: Teeth
532 nm (better) 1064 nm

Samek et al., 2001

A single core fiber,  = 550 m, length = 5 m 

to deliver laser AND collect plasma emission.  

Irradiances of > 1 GW/cm2 possible without 

damage..

Batool et al., 2021



4. Specific medical/biomedical applications

Point sampling and the fact that it can be 

done in vivo allows a monitoring of the 

progression of pathology with time

Nails are mostly keratin.

Due to their structure, ablation 

has shot to shot repeatability 

issues.

Keratin “standards” not effective.

Mostly used to monitor trace 

metals reflective of human 

health: 
• zinc (deficiency)

• vitamin D deficiency

• hyperthyroidism and 

hypothyroidism

• archaeology

• opium addiction

1064 nm266 nm (better)

Baudelet et al., 2020

Riberdy et al., 2017

Nails

Farren et al., 2004

6

months



4. Specific medical/biomedical applications

Jeong et al., 2012

Mehari et al., 2016

Laser Guided Surgery

Kanawade et al., 2013

Used to differentiate tissue 

types for surgical removal 

(margins)

• Skull vs. brain/spinal 

cord

• Micromachining during 

surgery (precision 

craniotomy)

• Gland vs. nerve

• Malignant vs. benign 

tissues



4. Specific medical/biomedical applications
Malignant Tissue

Tissues

Higher concentrations of major and trace 

elements such as Mg, Fe, Ca, Na, and K in the 

neoplastic tissues.

Unfortunately a lot of work done ex vivo and in 

less-than-realistic experiments (caution)!

Biomarkers in fluid specimens

With a combination of appropriate substrate 

and algorithm, melanoma biomarkers in blood 

showed discrimination between healthy and 

diseased mice with accuracy up to 96%, but 

direct analysis of LIBS spectra did not provide 

any conclusive results. (Gaudiuso et al. 2018)

Multi-element micro- and nanoparticles 

labelling approach an attractive alternative 

(Markushin et al. 2012)

Chen et al., 2018

serum on filter

Markushin et al., 2012

CA125 ovarian cancer biomarker detected 

at the level of 10  U/mL  (estimated  LOD ~ 

1 U/mL)

1 U or IU is defined as the enzyme quantity that liberates 1 microgram or micromole of 

product per ml of the reaction mixture per minute 



4. Specific medical/biomedical applications

Differentiation provided by trace 

elements.

Single cells detectable (in aerosol 

or via levitation).

Strain differentiation 

demonstrated.

LOD can be improved with the 

“multi-element label” technique.

Wu et al., 2019

Bacteria

Putnam et al., 2013

Mohaidat et al., 2012



4. Specific medical/biomedical applications

Differentiation provided by trace 

elements.

Single cells detectable (in aerosol 

or via levitation)

Strain differentiation 

demonstrated.

LOD can be improved with the 

“multi-element label” technique

Wu et al., 2019

Bacteria

Putnam et al., 2013

Mohaidat et al., 2012



4. Specific medical/biomedical applications

Some early work..

the mass of a virus particle is 

approximately 109 times less 

than a bacterial cell due to their 

vast difference in size. 

Lack of any trace inorganic or 

metal atoms (e.g. Ca, Mg, Na, 

or K) in the virus.

Differentiation of four strains of 

live hantavirus responsible for 

numerous infections (Multari, 

2012).

Multari et al., 2019 Gottfried et al., 2011

Viruses

The ability of LIBS to detect the 

presences of an MS-2 bacteriophage

Discrimination of blood with HIV 

from blood with S. aureus



4. Specific medical/biomedical applications
Tissue Mapping

Lin et al., 2020



4. Specific medical/biomedical applications
Tissue Mapping

Sancey et al., 2015



4. Specific medical/biomedical applications
Tissue Mapping

Moon et al., 2018

fs-LIBS for melanoma differentiation (frozen tissue 

sections)



LIBS has tremendous potential to be useful tool in the clinic, 

clinical laboratory, operating suite, mobile hospital, etc.

Not yet adopted for true clinical use yet.

regulatory hurdles?

simple enough for non-professionals to use?

use of chemometric algorithms?

62
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LIBS is far from the only spectroscopic modality in this 

situation…

Achieve early-adoption in clinical laboratories first?  

(i.e. MALDI-TOF)
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Outline Concluding thoughts

For Anyone Interested in Graduate Studies With Us…

Go to YouTube, “UWindsor physics research”



Outline Concluding thoughts

For Anyone Interested in My Group…

Go to YouTube, “UWindsor physics rehse”
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Outline Concluding thoughts

And thank you to all my students over the years who 

have allowed me to study these things…

THANK YOU!

https://www2.innovation.ca/sso/signIn.iface

