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Atoms and molecules in excited
states emit characteristics
radiation related to their energy
level structure

Basic idea of Optical Emission Spectroscopy (OES)

Hydrogen

Iron

Wavelength l

hn=hc/l
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Optical Emission Spectroscopy (OES)
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Analysis of the an excited source  emission

Species propagation dynamics 
(e.g. position, specie dynamics KE, etc.)

Source composition
(e.g. oxidation, excitation degree, chemical reacctions, etc.)

OES can be  an effective 
and useful methods to 

analyze physical 
processes and underlying 
mechanisms through the 
investigation of atomic 
and molecular species 
and their spatial and 

temporal evolution or to 
setup diagnostics 

techniques of applicative 
interest

Source parameters and evolution
(e.g. Temperature, Electron density,, etc.) 3



Typical transitions in an atom or ion

De-excitation and emission of photons

* bound-bound
+  free – bound
o  free-free

Ionization
$ from ground state
% from excited state 

*

+
o

$
%

All these phenomena have 
characteristic rates and can be related 

to the level populations and 
temperature via rate equations
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Illustration of a transition between two levels 
and corresponding spectral line emission intensity

Equilibrium – Boltzmann distribution
the distribution of several quantities (e.g. 

electron speed, level populations, ..) 
depend on temperature T

Maxwell velocity distribution function of electrons

Relative populations of levels

Spectral line radiant intensity I (W/sr)
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Use laser pulses to 

• vaporize/ablate a solid sample

• cause breakdown in a gas or a liquid

We need a source, a detection system and methods to analyze the data

Use a diagnostic system to collect and 
analyze optical emission

Elaborate methods to analyze data and gain 
information on the system under study: 

composition; temperature; electron density; 
physics and mechanisms, etc… 

Principle of LIPS and LIBS

Laser 
produced 

plasma

Optics and 
Atomic/Molecular 

Physics
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It can seem that everything is simple and straightforward
BUT this is not the case

LIBS is still a field of intense research, even if 
commercial systems for elemental analysis through LIBS are available on the market
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2015*: 334

2014: 988

2013: 752

2012: 599

2011: 499
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Example of two very recent articles



The laser interaction with a
sample produces a transient
plasma, therefore one must
ascertain if and when
thermodynamic equilibrium does
exist!

Typically for fs and ns laser pulse 
excitation the plasma lifetime lies 
in a range of 0.1-10 ms due to 
typical emission lifetimes and 
electron collisional re-excitation 
processes

Let’s look in more detail!
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What we want to measure?
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Early delay: free-free and 
free-bound transitions

Intense continuum emission

Intermediate delay:mainly 
bound-bound transitions

Plasma emission vs temporal delay with respect to laser pulse

Long delay: plasma cooling and 
reduction of intensity

Appropriate timing for recording 
the emitted light can optimize the 

collected signal characteristics 
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Appropriate timing (delay and 
integration) for recording the 
emitted light can optimize the 
collected signal characteristics 

Specific line emission vs temporal delay

Plasma ignition
t140-500 ns

Plasma dynamics
t22-10 ms
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Appropriate timing (delay and 
integration) for recording the 
emitted light can optimize the 
collected signal characteristics 

Looked again directly with log time scale
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Spectral  position Elemental specie

Emission intensity Specie concentration in the sample

BUT the line intensity can depend on a number of  factors, like: laser pulse energy, 
plasma temperature, plasma size, atomic parameters of the line transition, sample 
surface, detector response function

RELATIVE MEASUREMENT WITH RESPECT TO A REFERENCE
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Schematic of a 
typical LIBS setup

Photo of a 
LIBS setup
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LIBS is the only
method which allows
for a simultaneous
multispecies analysis
in all states of
aggregation

LIBS vs other methods
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LASER INDUCED BREAKDOWN and/or PLASMA FORMATION

Breakdown in a gas

Multi-photon ionization 
(small cross section, needs high intensity)

Electron Impact ionization 
(high energy electrons can ionize atoms, molecules)

Ionization energies of air molecules, e.g.: Oxygen (12.2 eV), Nitrogen (15.6 eV)

Laser photons energies for Nd:YAG

1064 nm → 1.25 eV
532 nm → 2.33 eV

355 nm → 3.5 eV
266 nm → 4.7 eV

For ns pulses I1010 W/cm2 produces weak MPI
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Breakdown in a gas

19



20



Laser breakdown in a liquid
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LASER ABLATION

craters

Laser 
ablation 
plasma 
plumes fs pulsens pulse

fs pulse
ns pulse

in a vacuum
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Laser breakdown in solids
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The ablated mass decreases going from ns to fs

Typical ablated mass for ns pulses

nanosecond femtosecond

a-110 nm

Non-linear 
over a 
large 

fluence 
range!

At low fluence
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The environmental gas can confine the plasma plume and 
influence its emission lifetime

An example for a LIBS plasma at two pressures in CO2
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Examples of different applications

LIBS/LIPS is a versatile tool to analyze solid, liquid or gaseous substrances
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The measuring procedure cannot prescind from the 
physics of the processes involved 27



ACCURATE LIBS/LIPS MEASUREMENTS 

REQUIRES A LOT OF ATTENTION TO BE VERY QUANTITATIVE

WHICH EXPLAINS WHY IT IS STILL SUBJECT OF MANY 
REASERCHES AND CONFERENCES

• CALIBRATION PROBLEMS CAN ARISE IN SPECIFIC CONDITIONS

• SEARCH FOR CALIBRATION-FREE APPROACHES

• IMPROVEMENT OF SENSITIVITY

• DEVELOPMENT OF SPECIFIC INSTRUMENTS (PORTABILITY, 
EXTREME AMBIENTAL CONDITIONS, SPACE, DANGEROUS 
SUBSTANCES,……)
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There are 
a number 
of books 

and 
reviews to 
which one 
can refer
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WE HAVE TO DEAL WITH SPECTRAL LINE MEASUREMENT AND ANALYSIS

Let’s continue with some principles

Spectral lines profiles in a plasma: what does matter?

Line widths and shapes are related to plasma temperature and electron density, 
besides the other basic lineshape influencing factors (natural width, doppler, etc..)

Spectral line profiles are determined by the dominant broadening mechanism

1. DOPPLER BRADENING → GAUSSIAN PROFILE

s=2p/l is the wavenumber (typically also indicated as k) [from R&C] 30



2. NATURAL and COLLISIONAL BROADENING→ LORENTIAN PROFILE

Typically these 
broadening effects 

are comparable 
(Convolution)
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3. STARK BROADENING (IN A PLASMA) [asymmetric shifted line]

Approximate expressions (Griem, 1974)

Measured half-width at half-maximum (HWHM) and peak shift

- w and d are parameters depending on the transition 
– the ionic contribution (second term with constants A and r) is typically smaller  than 
electron contribution, and usually neglected

FOR LIBS PLASMA USUALLY DOPPLER AND STARK ARE DOMINANT

Doppler (FWHM)

𝐴 = 𝜋𝑟2
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Typical natural 
linewidhts for 
t10 ns 

and 
E1-3 eV 

are 
l10-3 nm

(@ l500 nm)
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Stark broadening can be used to measure electron density in the plasma
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Why electron density is so important in LIBS plasma?

We want an ideal plasma and that Equilibrium Boltzmann statistics holds. 
BUT we typically have a transient plasma, then we resort to 

LOCAL THERMODYNAMIC EQUILIBRIUM (LTE)

35



There are conditions where LTE condition is fulfilled

Ideal and classical plasma
when the interaction
energy between charged
particles is small compared
with the kinetic energy

We skip here all the analysis of the conditions for ideal plasma. Laser plasma,
being transient, can generally reach such conditions in a part of their evolution
or specific strategies can be exploited for that! 36



ALSO ELECTRON TEMPERATURE Te IS IMPORTANT

Te can be measured in different ways, one related to spectral analysis is the 
BOLTZMANN PLOT METHOD

Spectral line radianti intensity I (W/sr)
Going back….

For each spectral line we evaluate a new quantity y related to the line characteristics 
(A,g, l), the measured emission intensity (I) and instrumental response constant (cB)

Tabulated line 
characteristics 
[from Handbooks, 
NIST, literature,….]
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eB

n

Tk

E
y 

Linear fit 
y=mx+n
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Another example 
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PLASMA OPACITY

Some ways to check if plasma is optically thin:
- Relative intensity ratio of well-known lines
- Strong lines spectral profiles (flattened top, dip formation on the peak, etc…) 
- ……………..

Self-absorption is very subtle and must be avoided to get reliable results!
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INSTRUMENTATION
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Lasers (many types)

Typically ns laser source
are used, but in the last
decade many experiments
and system regard the use
of shorter pulses (ps, fs).

From large laboratory
sources to compact
systems depending on
applications
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GOOD 
and 
BAD

must be 
considered

when
selecting the 
laser source

An 
exemplificative 

table of 
comparison

Many more 
lasers are 
available!
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Usually simple lenses are OK
but more complex focussing system can be designed for specific purposes
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In various cases also simple
lens, system of lenses or
objectives are used (e.g. in
imaging systems).

Optical fibers for light collection
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DETECTORS
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• Spectral range
• Signals intensity level
• Spatial resolution
• Temporal resolution & 

gating
• Known/unknown 

samples
• Portability
• Possibility of remote 

sampling
• Costs
• …….
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spectrograph

Spectral selection and imaging possibilities
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AOTF for imaging
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Czerny-Turner Imaging spectrograph
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Analysis of the ablation of LaAlO3 

- Nanosecond excimer laser
- High vacuum and background gas (10-6 – 1 mbar)

(Laser Ablation Group)

Imaging and spectrally resolved diagnostics for 
laser ablation plasmas and pulsed laser deposition (PLD)
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Time gated 1D imaging of laser ablation
plasma produced by ns laser pulses



Time gated 1D imaging of laser ablation plasma produced by fs laser pulses

Atoms and nanoparticles

Ultrafast laser ablation

Photo of a fs plume for a silver target

in a vacuum and a NPs-assembled

film produced by ULA 54

Femtosecond pulses 



Time gated 2D imaging
of the atomic plume
Using specie selective
optical interferential
filters

Atomic plume

Nanoparticles plume
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Spectrally resolved analysis with a spectral filtering



Effect of ambient pressure 
on a Fe plasma produced by 
fs laser pulses from high 
vacuum to tens of mbar

Importance of 
confinement effects on 

the spatial evolution 
and intensity

fs pulses
an example from our lab.
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Ambient gas confinement



Polychromator
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Compact spectrograph (scarse temporal resolution)
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Echelle spectrograph (very high spectral resolution, very complex)
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(a) Arrangements of 
diffraction orders in the 
focal plane 

(a) Emission lines of an Hg 
calibration lamp
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LIBS spectrum of a soil recorded with an Echelle spectrograph couple to an ICCD
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CALIBRATION LAMPS ….
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…. OR IDENTIFYBLE SPECTRAL LINES
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TIME GATED METHODS ARE USUALLY MUCH BETTER
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LIBS methods extension

Double and multiple pulses
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In Ambient Air
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Single pulse

Double pulse

In Ambient Air
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Double pulse approachfs pulses
another example 
from our lab.

vacuum environment

Various time lags 
between the two pulses 

in the 0-2 ns range
can change the emission 
intensity of the atomic 
and NPs components

Optical delay line is needed

Long delays not easily 
achievable

71



Appropriate time lag and energy ratio between the two pulses 
can improve the emission intensity

Time lag between the two pulses t=6 ms
Exposure time tint=50 ns

Electrical delay 
with synchronization

or 
special DP laser sources
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Many other examples of interest are 
present in the literature
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 Introduction
 General principles
 Example of applications

Adapted from a presentation of the
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General features
• High sensitivity
• 2D imaging capabilities
• Measure temperature and concentration
• Quantification problem
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LIF to measure the temperature
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