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Emission from laser-produced plasmas 

Elas = 10 mJ

dspot = 100 µm

 1014 atomes (  10 ng)

Material ablation with a ns-laser

Flas = 100 Jcm-2

 plume expansion  u  some 103 m s-1

 laser heats material to some 104 K

t = 100 ns   V = 0.1 mm3

 plasma density  1018 cm-3
 LTE valid

 further plasma evolution depends on surrounding atmosphere

in air, t = 1 µs  ne  1017 cm-3

 plasma in LTE for several µs
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Emission from laser-produced plasmas 

types of radiation : 

spontaneous emission 

radiative recombination

bremsstrahlung
continuum 

Au
 Al +  hv

A+ +   e-
 A  +  hv

A  +  e- (E)    A  +  e- (E’)  +  hv

 spectral lines 𝑛𝑢 = 𝑛
𝑔𝑢
𝑄(𝑇)

𝑒 Τ−𝐸𝑢 𝑘𝑇

plume expansion

 strong decrease of electron density

 continuum dominates spectrum 

early expansion stage :

intensity  

 ne
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Emission from laser-produced plasmas 

timeIn
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continuum 

spectral lines 

measurement

T = 1104 K,  n = 11020 cm-3T = 9000 K,  n = 11019 cm-3T = 8000 K,  n = 11018 cm-3T = 7000 K,  n = 11017 cm-3T = 6000 K,  n = 11016 cm-3

Time-evolution of emission spectrum

Titanium,  plasma size = 1 mm
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Spectral line profile 

- Natural broadening

Heisenberg: E t  h

example :

Aul = 108 s-1   = 108 s-1

 = 0.1 pm

- Doppler broadening (thermal agitation)

hydrogen, T = 104 K    = 50 pm

- Collisional broadening

impact approximation  collisions interrupt emission process  

quasi-static  approximation  perturbation of energy levels  

type of interaction :

Van der Waals  collisions with neutral particles  

Coulomb (Stark effect)        collisions with charged particles  

in strongly ionized laser-induced plasmas

 Stark broadening is dominant
H 656 nm, ne = 1017 cm-3

   1 nm

( )
( )amuM

KT
FWHM 0

71016.7  −=
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Spectral line profile 

strongly ionized LIBS plasmas 

depending on relative contributions of Doppler and Stark effects

 collisions dominated by electrons 

 impact approximation

ref
e

e
Stark

n

n
wλ =Δ linear dependence 

Stark broadening

Doppler broadening

 line shape described by Gauss, Lorentz or Voigt profile

measured

computed

Voigt profile :    ( ) ( ) ( ) ',',',, λdλλLσλGσλV 
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 Lorentz profile 

 Gauss profile 

( )2ln22σλG =Δ

ΓΔ 2=Lλ

FWHM = 
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Spectral line profile 

measured line shape  broadening due to spectroscopic apparatus   

resolving power of spectrometer      Nz
λ

λ
=

Δ
z =  order of diffraction

N =  number of “illuminated” lines

of diffraction grating

grating

detector

spherical mirror

 apparatus broadening depends on observation geometry  

 app = f() to be measured with appropriate source  
(low pressure (Hg + Ar) discharge lamp)      

apparatus broadening
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Spectral line profile 

measured

computed

measured line profile 

 convolution of computed line shape
with apparatus profile 

simplification

 apparatus profile  Gauss profile 

( ) ( ) ( ) '',', λdλλIλλGλλI plasmaappappmeas 
+

−
−= ΔΔ

most accurate approach   simulation    

alternative solution   line width measurement    

22 42 GLLV λλλλ ΔΔΔΔ ++relation between FWHM :   ( )2ln22σλG =Δ

ΓΔ 2=Lλ

FWHM = 
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Electron density measurement
using Stark broadening

measured

computed

Stark width Stark = f(ne ,T)  

Gigosos and Cardenoso

J. Phys. B 1996
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Electron density measurement
using Stark broadening

most simple case 

 Stark >> Doppler , app

 ne obtained directly from measurement of FWHM 

example : hydrogen Balmer alpha 

ne = 11017 cm-3
 Stark  1 nm 

T = 1104 K     Doppler  50 pm 

4101=
λ

λ

Δ
apparatus :  app = 65 pm 

 Stark  meas

Stark width Stark = f(ne ,T)  

measured

computed
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Electron density measurement
using Stark broadening

Stark width Stark = f(ne ,T)  

for non-hydrogenic lines

w = Stark broadening parameter

Δ𝜆𝑆𝑡𝑎𝑟𝑘 = 2𝑤
𝑛𝑒

𝑛𝑒
𝑟𝑒𝑓

Δ𝜆𝑆𝑡𝑎𝑟𝑘 ∝ 𝑛𝑒

 linear dependence

neglecting T-dependence

= half-width at half maximum (HWHM) for  𝑛𝑒 = 𝑛𝑒
𝑟𝑒𝑓

𝑛𝑒
𝑟𝑒𝑓

= reference value of ne for which w is given in literature 
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Electron density measurement
using Stark broadening

Fe I 538.33 nmStark width Stark = f(ne ,T)  

for some lines

 analytical expression accounting 
for T-dependence 

Δ𝜆𝑆𝑡𝑎𝑟𝑘 = 𝑤
𝑛𝑒

𝑛𝑒
𝑟𝑒𝑓

𝑇

𝑇𝑟𝑒𝑓

𝑚

Zielinska et al., J. Phys. D (2010)
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Elementary processes    

spontaneous emission / absorption  (bound-bound transitions)

photoionization / radiative recombination (free-bound transitions)

bremsstrahlung emission / inverse bremsstrahlung absorption

Au
 Al +  hv

A  +  hv  A+ +  e- (E)

A + e- (E)  A + e- (E’)

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 :    

radiative processes :    

(free-free transitions)

collisional-radiative modeling    
 requires rates of all processes
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Local Thermodynamic Equilibrium (LTE)

large plasma density (atmospheric plasmas)   

 collisional processes dominate 

 simplified description via statistical laws of equilibrium

velocities : kTme
kT

m
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Maxwell

Boltzmann

Saha

Planck

gi =  statistical weight of level 

Ei =  energy of level 

Q    =  partition function

Eab =  ionization or dissociation energy

µ =  reduced mass  = mA mB / (mA + mB) 

h =  Planck constant  

c    =  speed of light in vacuum
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Criteria for validity of LTE

LTE criterion :
HHl
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=

Δ
(Drawin, 1970)

 most elements :     ne  1016 cm-3

high mobility of electrons (small mass)   

 collisional processes dominated by electrons 

 validity of LTE depends on electron density 

= diffusion length during relaxation time  

rates of collisional excitation / desexcitation   ul , lu >> Aul

most difficult case    the levels of largest energy gap Emax

additional criteria :
( ) ( )

( )
1

−+

tT
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Temperature measurement

LTE  plasma characterized by unique temperature
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4

=Emission coeff.  Iul  nu if optically thin

measurement methods :

- intensity ratio of spectral lines of the same ion 

- Boltzmann plot   (check LTE, spectroscopic data, … )

- intensity ratio of spectral lines of successive ions ( ne required)

- radiance of a spectral line   (requires intensity calibration)

- analysis of continuum   (requires apparatus response correction on a large spectral range) 

Boltzmann

Boltzmann + Saha

(no absorption)
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Temperature measurement

requirement  apparatus response correction

Imeas () = Rapp()  Iplasma ()

 Rapp()  measured using radiation standards 

radiation standards:  source T (K) spectral range (nm)

tungsten filament  2800 350 … 2400

deuterium arc  5000 200 … 400

main difficulty   replace plasma by radiation standard 

( )
( )
( )λI

λI
λR

dards

meas
app

tan

=

(use same observation geometry)
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Temperature measurement

apparatus response of echelle spectrometer

wavelength

order of

diffraction

Intensity distribution on CCD detector 

(solar spectrum) 

 large band spectrum of high resolution in a single measurement

 echelle spectrometers popular for LIBS analysis of materials 
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Temperature measurement

apparatus response of echelle spectrometer

example : LIBS apparatus of LP3 laboratory  

ultraviolet  range  

UV to IR range  

Wavelength (nm)

A
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Temperature measurement

LTE  plasma characterized by unique temperature
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=Emission coeff.  Iul  nu if optically thin

measurement methods :

- intensity ratio of spectral lines of the same ion 

- Boltzmann plot   (check LTE, spectroscopic data, … )

- intensity ratio of spectral lines of successive ions ( ne required)

- radiance of a spectral line   (requires intensity calibration)

- analysis of continuum   (requires apparatus response correction on a large spectral range) 

Boltzmann

Boltzmann + Saha

(no absorption)
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accuracy of
transition probabilities   

NIST data
copper
most intense lines

www.nist.gov/pml/atomic-spectra-database
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NIST data
calcium
most intense lines

accuracy 
C = 25%
D = 50%

 accurate Aul values are missing for most elements 

www.nist.gov/pml/atomic-spectra-database
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Temperature measurement

Boltzmann plot   check LTE
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=Emission coeff.  Iul  ul if optically thin

 reduce T-measurement error due to  Aul, Rapp ()
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Self-absorption

Plasmas in local thermodynamic equilibrium

 high density (collisional processes dominate)

 High density 

 photons generated by the plasma

have non-negligible probability to be re-absorbed 

 self-absorption 
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 solving equation of radiative transfer  
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plasma:  n  1

Influence of self-absorption

consider absorption  I(z) I(z+dz)

n(z)
z’

 =  emission coefficient
 =  absorption coefficient
n =  index of refraction
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 solving equation of radiative transfer  

I(z) I(z+dz)

)()()(
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zn
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d
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plasma:  n  1

uulλul n
π

hv
Aλdεε

4 ==

profile

Spectral line:

 optically thin case (no absorption)

( )
)(zε

dz

zdI
=

n(z)
z’

Influence of self-absorption

consider absorption  

 =  emission coefficient
 =  absorption coefficient
n =  index of refraction

 I =  L

L =  plasma size along line of sight 
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 solving equation of radiative transfer  

I(z) I(z+dz)
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plasma:  n  1

 general case (with absorption)

n(z)
z’

uniform plasma : ( )LαeII −−= 10 α

ε
I =0

equilibrium  Kirchhoff’s law of thermal radiation 

Influence of self-absorption

consider absorption  

 =  emission coefficient
 =  absorption coefficient
n =  index of refraction

L =  plasma size along line of sight 

with 

𝜀

𝛼
= 𝐵

0 𝐵
0 =  blackbody 

spectral radiance 

𝐵 = 𝐵
0 1 − 𝑒−𝜏 optical thickness ( ) Lαdzzατ

L

==  ''
0
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Influence of self-absorption

 strong lines saturate at blackbody radiance

weak absorption  optically thin case ( << 1)

𝑒− = 1 − +
2

2
+. . .

Kirchhoff                       𝐵   L
𝜀

𝛼
= 𝐵

0

strong absorption  optically thick case ( >> 1)

 𝐵  𝐵
0

𝐵 = 𝐵
0 1 − 𝑒−𝜏

𝐵 = 𝐵
0 1 − 𝑒−𝜏 ≅ 𝐵

0 1 − 1 + 𝜏 = 𝐵
0𝜏 = 𝐵

0𝛼𝐿
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Simulation of emission spectrum

100 ns

 fast calculation   

𝐵𝜆 = 𝐵
0 1 − 𝑒−𝜏 Spectral radiance

𝐵
0 = blackbody spectral radiance

 = optical thickness =

 = absorption coefficient =

L = plasma diameter along line of sight

( ) ( ) Lλαdzzλα = ,( ) ( )( )kTλhc
lluline eλλPnfλrπλα −−= 1,0

2
0

 ++
i

IBion
i

line ααα )(

Doppler and Stark broadening

plasma

vers spectromètre

z

Lc
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( )τλλ eUB −−= 1 Spectral radiance

 strong self-absorption ( >> 1)  B = U

 strong lines saturate at blackbody radiance

Influence of self-absorption

on spectral line intensity 
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on spectral line shape 

 Intensity lowering due self-absorption to depends on line shape

Influence of self-absorption
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on spectral line shape

 Intensity lowering due self-absorption to depends on line shape

Influence of self-absorption
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 strong self-absorption ( >> 1)  B = 𝐵
0

 strong lines saturate at blackbody radiance

Tb =  15600 K t = 230 ns

t = 500 ns

measured
computed
blackbody  

Tb =  12900 K

Influence of self-absorption
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Emission from laser-produced plasmas

Spectral line profile

Electron density measurement

Local thermodynamic equilibrium

Temperature measurement

Self-absorption

Non-uniform spatial distribution  

Méthodes de spectroscopie d’émission
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Non-uniform spatial distribution

Profil spectral d’une raie à fort déplacement Stark  

cœur chaud

périphérie froide

to spectrometer

z

T, ne

z
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plasma non-uniforme   profile asymétrique
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Non-uniform spatial distribution

verre N-BaK4
Elas =  6 mJ,  = 266 nm,  = 5 ns

sous air 
 plasma non-uniforme   

sous argon 
 plasma uniforme  

Profil spectral d’une raie à fort déplacement Stark  



44A.N.F. LIBS, 15-17 novembre 2021, Orléans

Non-uniform spatial distribution

cœur chaud

périphérie froide

to spectrometer

z

T, ne

z

périphérie froide   creux d’absorption
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Transition fortement auto-absorbée  
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Non-uniform spatial distribution

sous air 
 plasma non-uniforme   

sous argon 
 plasma uniforme   

verre N-BaK4
Elas =  6 mJ,  = 266 nm,  = 5 ns

Transition fortement auto-absorbée  
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Non-uniform spatial distribution

hot core

cold border

to spectrometer

z

T, ne

z

( ) ( )PPPPCC L
P

LL
C eUeeUB

 −−−
−+−= 11

( ) ( )( )kThc

llu ePnfrT  −−= 1,, 0

2

0

spectral radiance : 

absorption coefficient : 

Lp

Lc

simplified description 
 dividing plasma into two zones 

U =  blackbody spectral radiance
r0 =  classical electron radius
flu =  absorption oscillator strength
nl =  lower level number density
P   =  normalized line profile
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Non-uniform spatial distribution

- measured
- computed

Ablation of Al in ambient air molecular emission from cold border 

AlO blue-green system
 = -1

AlO blue-green system
B 2+ - X 2+

 = 0

hot core

cold periphery

to spectrometer

z

Lp

Lc

Hermann et al., Phys. Rev. E 2015


