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Elemental analyses of materials today 

collect sample prepare sample 

proceed analyses get result 

standard technique = ICP-AES/MS    

- calibration  
- measurement  

sample preparation  dissolution in acid     

 high cost  

 time expensive  

 chemical waste   

 incompatible with upcoming needs   

Inductively Coupled Plasma 
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farmer   
buying agent   

evaluation of quality   

“You may treat 
your cows better”

price setting   

example : milk production and trading    

need of fast (in situ, stand off) analyses  

Modern world requires fast analyses

 quality control in industry

materials recycling

 environmental survey

 food security

 biomedical applications

…
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- no sample preparation 

- standoff measurements

- real-time analysis 

- minimum damage

Vincent Detalle (C2RMF Paris)

LIBS features

meets needs of modern applications

LIBS = Laser-induced breakdown spectroscopy
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« LIBS » in title 

WEB of science :

1980 1990 2000 2010 2020

7371

1963     1st publication, ruby laser

1967     1st instruments by Zeiss (Germany) et Jarrel-Ash (USA) 

no success   low precision 

today many companies commercialize LIBS instruments

(USA, Germany, Japan, Italy, France, …)

1980     reliable pulsed lasers 

→ development of LIBS

1990     acceleration du development 

2000     1st international conference (Pisa, Italy)

2006     1ères Journées LIBS France (CEA Saclay)

History of LIBS
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- not fully recognized as analytical technique  

+ promising for many applications  

 easy to make qualitative analyses

 accurate quantitative analyses are difficult 

LIBS analysis today

Vincent Detalle (C2RMF Paris)

What causes the large measurement uncertainty ?  
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any method (ICP-MS, ICP-AES, AAS, XRF, EDS, … )

matrix effect 

1. Calibration 

with ”matrix-matched” standards

 calibration curve for each element

2. Measurement

Wavelength (nm)

In
te

n
si

ty

In
te

n
si

ty

Mg I 517.27 nm

Concentration Mg

 signal does not only depend on element fraction
but also on material (matrix)      

Mg I 285.21 nm

Procedure of elemental analysis  
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ICP-AES  LIBS  

 argon dominates plasma

 plasma properties independent of sample material

 sampling and plasma excitation independent

weak matrix effects 

 sampling and plasma excitation in single step

 plasma = vaporized material

 plasma properties depend on  - sample material

 strong matrix effects 

- surface state

- laser focusing

Matrix effects : ICP vs LIBS  
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Solution = calibration-free LIBS  

- modeling of plasma emission

- comparison to measured spectrum

 Revolution in materials analysis
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Outline

- Singular properties of “LIBS” plasma 

- Development of calibration-free LIBS

- Analytical performance

- Upcoming improvements

- Conclusion
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Singular properties of “LIBS” plasma

beginning of last century   

development of plasma technologies

 understanding of astrophysical plasmas  

 study of atomic structure and plasma fundamentals  

later    

concept of local thermodynamic equilibrium (LTE)

 simplified description of elementary processes  
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collisional excitation / desexcitation

Al +  e- (E)     Au +  e- (E’)      

electron impact ionization / 3 body recombination

A   +  e- (E)     A+ +  e- (E’)  +  e- (E”)     

collisional processes    

spontaneous emission / absorption

photoionization / radiative recombination

bremsstrahlung emission / inverse bremsstrahlung absorption

Au
 Al +  hv

A  +  hv  A+ +  e- (E)

A + e- (E)    A + e- (E’)

radiative processes    

elementary processes    

out of equilibrium  collisional-radiative modeling    

 requires rates of all processes

beginning of last century   

development of plasma technologies

 understanding of astrophysical plasmas  

 study of atomic structure and plasma fundamentals  

later    

concept of local thermodynamic equilibrium (LTE)

 simplified description of elementary processes  

Singular properties of “LIBS” plasma
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beginning of last century   

development of plasma technologies

 understanding of astrophysical plasmas  

 study of atomic structure and plasma fundamentals  

later    

concept of local thermodynamic equilibrium (LTE)

 simplified description of elementary processes  

Local Thermodynamic Equilibrium

 simplified description via statistical laws

 principle of microscopic reversibility

 each process is counterbalanced by its reverse process    
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 no microreversibility  for radiative processes

 equilibrium still exists, if collisional processes dominate 

development of appropriate plasma sources  

 large Ne , slow enough time-evolution   

laboratory plasmas   size 𝐿 < 𝑎𝑏𝑠 =
1



characteristic length of absorption  

Singular properties of “LIBS” plasma
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beginning of last century   

development of plasma technologies

 understanding of astrophysical plasmas  

 study of atomic structure and plasma fundamentals  

later    

concept of local thermodynamic equilibrium (LTE)

 simplified description of elementary processes  

Local Thermodynamic Equilibrium

atmospheric pressure plasmas

arcs, shock tubes, spark discharges

development of appropriate plasma sources  

 large Ne , slow enough time-evolution   

 time of thermalization  time of diffusion

 LTE plasmas are spatially non-uniform   

space-resolved  spectroscopic measurements (Abel-Inversion, … ) 

accurate spectroscopic measurements 
 space-resolved observations
 complex data analysis

laser-produced plasmas    

 study of laser-matter interaction

 analytical measurements and other applications

 limited interest as source for plasma spectroscopy

Singular properties of “LIBS” plasma
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beginning of last century   

development of plasma technologies

 understanding of astrophysical plasmas  

 study of atomic structure and plasma fundamentals  

later    

concept of local thermodynamic equilibrium (LTE)

 simplified description of elementary processes  

Plasma produced by laser ablation

development of appropriate plasma sources  

 large Ne , slow enough time-evolution   

- small size

space-resolved  spectroscopic measurements (Abel-Inversion, … ) 

laser-produced plasmas    

- fast expansion dynamics

- low reproducibility (early experiments)

 reliable laser sources  

Technological advances changed the situation 

 fast and sensitive detectors  

Increasing interest for LIBS  

 interest for LIP as a plasma source

 measurements of spectroscopic data

 study of plasma fundamentals

small size = advantage  limits self-absorption

 study of laser-matter interaction

 analytical measurements and other applications

 limited interest as source for plasma spectroscopy

Singular properties of “LIBS” plasma
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plasma produced by laser ablation  =  singular plasma source

+

+ +

++
+

+-

-
-

-

-

-
-Plasma

Laser

atmospheric plasmas    time of thermalization   time of diffusion 

 fast expansion
from near-solid density until pressure equilibrium  

high initial density  fast thermalization

 slow diffusion

 time of thermalization  << time of diffusion 

LIP may combine two properties usually not observed together 

 LTE + spatially uniform

Singular properties of “LIBS” plasma

Laser-Induced Plasma 

Local-Thermodynamic Equilibrium 
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spatially uniform LTE plasma : demonstration via signatures in emission spectrum

radiation transfer equation

𝑛(𝑧)
𝑑

𝑑𝑧

𝐼(𝑧)

𝑛2(𝑧)
= 𝜀(𝑧) − 𝛼(𝑧)𝐼(𝑧)

plasma:  n  1

assuming uniform plasma 𝐼 𝑧 =
𝜀

𝛼
1 − 𝑒−𝛼𝑧

𝐵 = 𝐵
𝑜 1 − 𝑒−()spectral radiance of plasma 

UV laser ablation in argon  

plasma

to spectrometer

z

L

 optically thick ( >> 1)  B = 𝐵
𝑜

  = න𝛼 𝜆, 𝑧 𝑑𝑧 = 𝛼 𝜆 𝐿

optical thickness   

𝐵
𝑜 =

𝜀

𝛼
Kirchhoff   

blackbody spectral radiance 

 strong lines saturate at blackbody radiance

I(z)

I(z+dz)

n(z)

z’

Singular properties of “LIBS” plasma

emission coefficient 

absorption coefficient 
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spatially uniform LTE plasma : demonstration via signatures in emission spectrum

𝐵 = 𝐵
𝑜 1 − 𝑒−()

Hermann et al., Phys. Rev. E 2017 

UV laser ablation 

of steel in argon  

t2

time

T, ne
laser
detector gate

t1

1. 

T-measurement

Singular properties of “LIBS” plasma



21

spatially uniform LTE plasma : demonstration via signatures in emission spectrum

2. Spectral shape of strongly Stark-shifted transition  

hot core

cold border

to spectrometer

z

T, ne

z



R
ad

ia
n

ce
  

observed  

nonuniform plasma  asymmetric profile

N-BaK4 glass
Elas =  6 mJ,  = 266 nm,  = 5 ns

Hermann et al., Phys. Rev. E 2017 

in argon  uniform plasma 

Singular properties of “LIBS” plasma
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spatially uniform LTE plasma : demonstration via signatures in emission spectrum

hot core

cold border

to spectrometer

z

T, ne

z

Hermann et al., Phys. Rev. E 2017 

in argon  uniform plasma 

3. Spectral shape of strongly self-absorbed resonance line  



R
ad

ia
n

ce
  

Tr
an

sm
is

si
o

n
  

observed  

N-BaK4 glass
Elas =  6 mJ,  = 266 nm,  = 5 ns

cold border   absorption dip  

Singular properties of “LIBS” plasma
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hot core

cold border

to spectrometer

z

T, ne

z

referee #1 :
a plasma cannot be spatially uniform   

we do not claim that the entire plasma is uniform   

 ablated vapor plume is uniform

 gradients are in the gas

Hermann et al., Phys. Rev. E 2017 

Singular properties of “LIBS” plasma
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Outline

- Singular properties of “LIBS” plasma

- Development of calibration-free LIBS

- Analytical performance

- Upcoming improvements

- Conclusion
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Development of calibration-free LIBS

+

+ +

++
+

+-

-
-
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-
-Plasma

Laser
hypotheses : 

- stoichiometric ablation          

- local thermodynamic equilibrium     

- plasma uniform              

- plasma optically thin      

✓

✓

(✓)

First approach by Ciucci et al., Appl. Spectrosc. 1999 

moderate ionization   ni << nn  nn  n
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4
=optically thin    𝐼 ∝

element

 easy handling   large success

 limited analytical performance

 evaluation by many groups on all kind of materials 

upper level 
number density 

ion density neutral density 
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+

+ +
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-
-

-

-

-
-Plasma

Laser
hypotheses : 

- stoichiometric ablation          

- local thermodynamic equilibrium     

- plasma uniform              

- plasma optically thin      

✓

✓

(✓)

First approach by Ciucci et al., Appl. Spectrosc. 1999 

 easy handling   large success

 limited analytical performance

 evaluation by many groups on all kind of materials 

 amended approaches

 mostly dedicated to correction for self-absorption   

- Lazic et al., Spectrochim. Acta Part B 2001 

- Bulajic et al., Spectrochim. Acta Part B 2002 

- El Sherbini et al., Spectrochim. Acta Part B 2005 

- … 

Development of calibration-free LIBS
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+
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-
-

-
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-
-Plasma

Laser
hypotheses : 

- stoichiometric ablation          

- local thermodynamic equilibrium     

- plasma uniform              

- plasma optically thin      

✓

✓

(✓)

First approach by Ciucci et al., Appl. Spectrosc. 1999  mostly dedicated to correction for self-absorption   

- Lazic 2001, Bulajic 2002, El Sherbini 2005, …  

Development of calibration-free LIBS

- D’Angelo et al., Spectrochim. Acta Part B 2008 

- Hermann, Patent US8942927B2, deposit 2008  

- Wester and Noll, J. Appl. Phys. 2009 

- … 

 approaches based on spectra simulation   

 intrinsically account for self-absorption   

 easy handling   large success

 limited analytical performance

 evaluation by many groups on all kind of materials 

 amended approaches

P
u
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n
s C

itatio
n

s

2000                 2005                  2010                  2015                  2020     

WoS
"LIBS" & "calibration-free"
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Outline

- Singular properties of “LIBS” plasma

- Development of calibration-free LIBS

- Analytical performance

- Upcoming improvements

- Conclusion
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Analytical performance

Calibration-free LIBS : low accuracy in minor and trace element quantification ?

+ requirement of LTE

 large electron density required 

 intense continuum (collisions between charged particles) 

calibrated LIBS

time

In
te

n
si

ty

continuum 

spectral lines 

laser

detector gate

CF-LIBS

 lowering of signal-to-noise ratio   
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Analytical performance

Calibration-free LIBS : low accuracy in minor and trace element quantification ?

+ requirement of LTE

 large electron density required 

 intense continuum (collisions between charged particles) 

 lowering of signal-to-noise ratio   

materials with atoms of large energy gaps (C, H, N, O, … )   

 S/N lowering amplified 

Hydrogen
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Analytical performance

Calibration-free LIBS : low accuracy in minor and trace element quantification ?

+ requirement of LTE

 large electron density required 

 intense continuum (collisions between charged particles) 

 lowering of signal-to-noise ratio   

materials with atoms of large energy gaps (C, H, N, O, … )   

 S/N lowering amplified 

Hydrogen

ne ,T

time

LTE

no LTE

partial 
LTE

 solution = two-step procedure 
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Analytical performance

Calibration-free LIBS : low accuracy in minor and trace element quantification ?

1. early measurement
 large Ne

 full LTE
 low signal-to-noise

 measure major  
elements 

2. late measurement
 reduced Ne

 partial LTE
 high signal-to-noise

 measure minor and
trace elements 

ne ,T

time

LTE

no LTE

partial 
LTE

tearly

measure major elements

measure 
trace elements

tlate

trace element quantification in
- seafood,         Chen et al., SAB 2018
- optical glass,  Gerhard et al., Appl. Surf. Sci. 2021

+ requirement of LTE

 large electron density required 

 intense continuum (collisions between charged particles) 

 lowering of signal-to-noise ratio   

materials with atoms of large energy gaps (C, H, N, O, … )   

 S/N lowering amplified 

 solution = two-step procedure 
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Analytical performance

Calibration-free LIBS : low accuracy in minor and trace element quantification ?

+ probe volume (differs for LIBS and reference method)

trace elements : fraction on surface may differ from those in the bulk   

 solution = in-depth measurement 

Calcium 

Lanthanum 

example :
heavy flint glass
(SF5) 

Gerhard et al., Appl. Surf. Sci. 2021

(combination with CF-LIBS is of particular interest)  

+ requirement of LTE  lowering of signal-to-noise ratio   
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Analytical performance

Calibration-free LIBS : low accuracy in minor and trace element quantification ?

Calcium 

Lanthanum 

Gerhard et al., Appl. Surf. Sci. 2021

+ probe volume (differs for LIBS and reference method)

+ requirement of LTE  lowering of signal-to-noise ratio   

example :
heavy flint glass
(SF5) 
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Analytical performance

How does self-absorption influence the analytical performance ? 

 selection of spectral lines

 optimization of measurement accuracy

 automation of calibration-free LIBS analysis 

mass fraction of element A : 
tot

AA
A

ρ

mn
C = =

A
AAtot mnρ

atomic massatomic number density

𝑛𝐴
𝑛𝐴

= ?
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Analytical performance

𝑛𝐴
𝑛𝐴

= ?

neglecting T and ne errors : 𝐼 includes errors due to S/N ratio, apparatus 

response, line interference   

general case :

integrating () over the line profile 

+ using Boltzmann and Saha equations :

line width due to Stark and Doppler broadening 
line center optical thickness 

additional error sources    

factor empirically inserted to retrieve optically thin case    

neglecting T and ne errors :

optically thin case :

using Boltzmann and Saha equations : 𝑛𝐴 = 1 𝑇, 𝑛𝑒
𝐼

𝐴𝑢𝑙 𝐿

measured line intensity

plasma size along the line of sight

Taleb et al., Anal. Chim. Acta 2021 
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Analytical performance

error growth (of 
𝐼
𝐼

) due to change of slope    uncertainty of 0-axis

Taleb et al., Anal. Chim. Acta 2021 
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Analytical performance

𝐵 = 𝐵
𝑜 1 − 𝑒−()  𝐼 = 𝑓 0

saturation at 𝐵
𝑜

𝐼 0
contribution of large
Lorentzian wings 

quasi saturation due to
small Gaussian wings 

Gornushkin et al. SAB 1999 

Taleb et al., Anal. Chim. Acta 2021 

error growth factor   


0


=
1

0

𝑓 0
𝑓′ 0

𝐼
𝐼
≡ 𝑔 0

𝐼
𝐼
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Analytical performance

𝐵 = 𝐵
𝑜 1 − 𝑒−()  𝐼 = 𝑓 0

exponential error growth
(if 𝑤𝑎𝑝 ≪ 𝑤𝑠𝑑)

most lines

moderate error growth
𝑔 ≤ 2

Taleb et al., Anal. Chim. Acta 2021 

apparatus width

error growth factor   


0


=
1

0

𝑓 0
𝑓′ 0

𝐼
𝐼
≡ 𝑔 0

𝐼
𝐼
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Analytical performance

0

0
≤ 2

𝐼

𝐼
LIBS plasma  Stark effect dominates line broadening 

Taleb et al., Anal. Chim. Acta 2021 
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Analytical performance

0

0
≤ 2

𝐼

𝐼
LIBS plasma  Stark effect dominates line broadening 

If line width can be precisely measured (𝑤𝑎𝑝 < 𝑤𝑠𝑑)   
𝑤𝑠𝑑

𝑤𝑠𝑑
≅ 5%

opposite case (𝑤𝑎𝑝 > 𝑤𝑠𝑑)    𝑤𝑠𝑑 computed                  large error 
𝑤𝑠𝑑

𝑤𝑠𝑑

large uncertainties

Taleb et al., Anal. Chim. Acta 2021 

apparatus width

Stark broadening parameter
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Analytical performance

0

0
≤ 2

𝐼

𝐼
LIBS plasma  Stark effect dominates line broadening 

If line width can be precisely measured (𝑤𝑎𝑝 < 𝑤𝑠𝑑)   
𝑤𝑠𝑑

𝑤𝑠𝑑
≅ 5%

opposite case (𝑤𝑎𝑝 > 𝑤𝑠𝑑)    𝑤𝑠𝑑 computed                  large error 
𝑤𝑠𝑑

𝑤𝑠𝑑

large uncertainties

Plasma size 𝑳 can be deduced - from intensity ratio of lines with different 0

- from fast plume imaging   
large error , in the best case  

𝐿
𝐿
≅ 10%

Taleb et al., Anal. Chim. Acta 2021 

apparatus width

Stark broadening parameter
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Analytical performance

0

0
≤ 2

𝐼

𝐼
LIBS plasma  Stark effect dominates line broadening 

If line width can be precisely measured (𝑤𝑎𝑝 < 𝑤𝑠𝑑)   
𝑤𝑠𝑑

𝑤𝑠𝑑
≅ 5%

opposite case (𝑤𝑎𝑝 > 𝑤𝑠𝑑)    𝑤𝑠𝑑 computed                  large error 
𝑤𝑠𝑑

𝑤𝑠𝑑

large uncertainties

- from fast plume imaging   
large error , in the best case  

𝐿
𝐿
≅ 10%

 self-absorption lowers the accuracy of the analytical measurement    

 error growth moderate if 𝒘𝒔𝒅 and 𝑳 are precisely known    

 for resonance lines 𝒘𝒔𝒅 is often large    

Taleb et al., Anal. Chim. Acta 2021 

apparatus width

Stark broadening parameter

Plasma size 𝑳 can be deduced - from intensity ratio of lines with different 0
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Analytical performance

target

thin film

Pulsed Laser Deposition

example :

of Inconel superalloy  
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Analytical performance

example :

Pulsed Laser Deposition
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Outline

- Singular properties of “LIBS” plasma

- Development of calibration-free LIBS

- Analytical performance

- Upcoming improvements

- Conclusion
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Upcoming improvements

calibration-free LIBS observation of lines from all sample composing elements

problem  high sensitivity to temperature variation      

 spectral calibration      

 use of echelle spectrometer (combines broadband spectrum with high resolving power) 

wavelength

order of

diffraction

Intensity distribution on ICCD detector 

(solar spectrum) 

 apparatus response 𝑹 

alteration of
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Upcoming improvements

Method for checking and correcting apparatus response 𝑹 

- simulation of LIBS spectrum of steel (exp. conditions for uniform LTE plasma, UV laser, argon)

- NIST : accurate spectroscopic data available for iron

time t0

t0 + t

t0 + t
t0

Taleb et al., SAB 2021 

 alteration of 𝑹  even in T-stabilized laboratory      attributed to thermal load of ICCD detector     

 𝑹  = const only for T-stabilized spectrometer (LTB, industrial prototype with 4 Peltier cooling stages)



49

Upcoming improvements

uncertainty of apparatus response = major issue in calibration-free LIBS

correction method (LIBS spectrum of steel)   partial solution
Taleb et al., SAB 2021 

time t0

t0 + t

t0 + t
t0
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Upcoming improvements

uncertainty of apparatus response = major issue in calibration-free LIBS

 requires preliminary calibration with radiation standards 

(deuterium arc and tungsten filament lamp)     

drawbacks of calibration with radiation standards (deuterium and tungsten lamps) :

- use same optical path (as LIBS spectra recording)  difficult, often impossible (industrial LIBS systems)

- radiation standards have limited lifetime (typically 2 years or 50 hours of use)   

- radiation standards are expensive     

 use LIBS plasma as radiation standard (exploit continuum emission)

solution :

correction method (LIBS spectrum of steel)   partial solution
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Upcoming improvements

another major issue in calibration-free LIBS   spectroscopic data

calcium
most intense lines

accuracy 
C = 25%
D = 50%

Transition probabilities given by NIST

NIST = National Institute of Standards and Technology

https://www.nist.gov/pml/atomic-spectra-database
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Upcoming improvements

another major issue in calibration-free LIBS   spectroscopic data

time t0

t0 + t

t0 + t
t0

Taleb et al., SAB 2021 

intensity ratio  𝑅𝐼 =
𝐼𝑚𝑒𝑎𝑠

𝐼𝑐𝑜𝑚𝑝

𝑅𝐼
𝑅𝐼

≅
𝐴𝑢𝑙
𝐴𝑢𝑙

 LIBS plasma appropriate to measure  
spectroscopic data

uniform LTE plasma

 simple and accurate measurements 
(no need of space-resolved measurements)

average uncertainty by NIST
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Outline

- Singular properties of “LIBS” plasma

- Development of calibration-free LIBS

- Analytical performance

- Upcoming improvements

- Conclusion
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 Calibration-free LIBS is a powerful analytical tool

Conclusion

- Principal limitations of analytical performance 

 spectroscopic data (Aul-values, Stark broadening parameters)    

 apparatus response (measurement difficult, T-sensitivity of echelle spectrometer)    

 accurate measurements using ideal radiation source   

 LIP as radiation standard 
(exploit continuum emission during initial plume expansion)    

 Plasma produced by laser ablation = ideal radiation source

in appropriate experimental conditions   

 simple and accurate modeling of emission spectrum 

 Revolution in materials analysis
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