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πω0

2

λ
(2×Rayleigh length)

Laser 𝐄𝐩, 𝛕𝐩, 𝝀𝒑Lens

Laser-sample interaction…

𝑥′ 𝑥

f

D

Variable
Typical
values

𝐸𝑝 𝑚𝐽 10

𝜏𝑝 𝑛𝑠 5

𝜆𝑝 𝑛𝑚 532, 1064

𝐷 𝑚𝑚 4

𝑓 𝑐𝑚 10

𝜔0(𝜇𝑚) 100

∆𝜎 𝑐𝑚−1 0.01

𝜑𝐿 𝑊𝑚−2 1013 − 1014

𝐿𝐿
(𝑊𝑚−2𝑠𝑟−1𝑚−1)

1016 − 1017

𝑳𝑳~
𝑬𝒑

𝝉𝒑

𝟏

𝝅𝝎𝟎
𝟐

𝟒𝒇𝟐

𝝅𝑫𝟐
∆𝝈

𝝋𝑳
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f

D

𝑳𝑳~
𝑬𝒑

𝝉𝒑

𝟏

𝝅𝝎𝟎
𝟐

𝟒𝒇𝟐

𝝅𝑫𝟐
∆𝝈

𝝋𝑳

Sample
𝝋𝑳

Radiative transfer
within the sample…

Variable
Typical
values

𝐸𝑝 𝑚𝐽 10

𝜏𝑝 𝑛𝑠 5

𝜆𝑝 𝑛𝑚 532, 1064

𝐷 𝑚𝑚 4

𝑓 𝑐𝑚 10

𝜔0(𝜇𝑚) 100

∆𝜎 𝑐𝑚−1 0.01

𝜑𝐿 𝑊𝑚−2 1013 − 1014

𝐿𝐿
(𝑊𝑚−2𝑠𝑟−1𝑚−1)

1016 − 1017
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Radiation within the sample…

𝑳𝑳~
𝑬𝒑

𝝉𝒑

𝟏

𝝅𝝎𝟎
𝟐

𝟒𝒇𝟐

𝝅𝑫𝟐
∆𝝈

𝝋𝑳

Strong Matter-radiation 
non equilibrium…

Variable
Typical
values

𝐸𝑝 𝑚𝐽 10

𝜏𝑝 𝑛𝑠 5

𝜆𝑝 𝑛𝑚 532, 1064

𝐷 𝑚𝑚 4

𝑓 𝑐𝑚 10

𝜔0(𝜇𝑚) 100

∆𝜎 𝑐𝑚−1 0.01

𝜑𝐿 𝑊𝑚−2 1013 − 1014

𝐿𝐿
(𝑊𝑚−2𝑠𝑟−1𝑚−1)

1016 − 1017
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Radiative recombination

Radiative recombination 𝐴+ + 𝑒− → 𝐴𝑖 + ℎ𝜈

Stimulated radiative recombination 𝐴+ + 𝑒− + 𝑛ℎ𝜈 → 𝐴𝑖 + 𝑛 + 1 ℎ𝜈

Photo-ionization 𝐴+ + 𝑒− + 𝑛ℎ𝜈 ← 𝐴𝑖 + 𝑛 + 1 ℎ𝜈

Multiphoton ionization MPI 𝐴+ + 𝑒− + 𝑛ℎ𝜈 ← 𝐴𝑖 + 𝑛 +𝒎 ≥ 2 ℎ𝜈

Bremsstrahlung

Bremsstrahlung 𝑒−
1

2
𝑚𝑒𝑣𝑒

2 + 𝑨,𝑨+ → 𝑒−
1

2
𝑚𝑒𝑣𝑒

′2 + 𝑨,𝑨+ + ℎ𝜈

Stimulated Bremsstrahlung 𝑒−
1

2
𝑚𝑒𝑣𝑒

2 + 𝑨,𝑨+ + 𝑛ℎ𝜈 → 𝑒−
1

2
𝑚𝑒𝑣𝑒

′2 + 𝑨,𝑨+ + 𝑛 + 1 ℎ𝜈

Inverse Bremsstrahlung IB 𝑒−
1

2
𝑚𝑒𝑣𝑒

2 + 𝑨,𝑨+ + 𝑛ℎ𝜈 ← 𝑒−
1

2
𝑚𝑒𝑣𝑒

′2 + 𝑨,𝑨+ + 𝑛 + 1 ℎ𝜈

 Increase in the volumic electron energy 𝒆𝒆 …

Photon-particle interaction within the sample… Photons are bosons!!!

If the sample
is dielectric

All these processes are 
governed by the Planck’s law
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𝝏𝒆𝒆
𝝏𝒕

𝑰𝑩

=
𝟑

𝟐
𝒏𝒆 𝒌𝑩

𝝏𝑻𝒆
𝝏𝒕

𝑰𝑩

= 𝑲𝑨+ 𝒙, 𝒕 𝒏𝒆 𝑨+ 𝝋𝑳 𝒙, 𝒕 𝑊 𝑚−3

𝑲𝑨+ 𝒙, 𝒕 =
𝟒

𝟑

𝒆𝟐

𝟒𝝅 𝜺𝟎

𝟑
𝟐𝝅

𝟑𝒎𝒆𝒌𝑩𝑻𝒆 𝒙, 𝒕

𝑮

𝒎𝒆 𝒉 𝒄𝟒
𝝀𝒑
𝟑 𝑚5

Inverse Bremsstrahlung…
Since 𝑇𝑒 is locally defined (𝜏𝑝 ≫ 𝜏𝑒𝑒 ≈ 10−14𝑠)…

Photons disappear…

𝑨+

𝒆−

𝒗𝒆

𝒗′𝒆 > 𝒗𝒆

𝒆−

𝟏

𝒄

𝝏𝑳𝑳

𝝏𝒕
+ 𝛀 𝒈𝒓𝒂𝒅 𝑳𝑳 =

ሶ𝑳𝑳

𝒄
𝑊𝑚−4 𝑠𝑟−1 𝑤𝑖𝑡ℎ ሶ𝑳𝑳 < 𝟎 (𝑎𝑙𝑠𝑜 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔…)

Since 𝑇𝐴+ is locally defined (𝜏𝑝 ≫ 𝜏𝐴+𝐴+ ≈ 10−14𝑠)…

𝝏𝒆𝑨+

𝝏𝒕
𝑬𝑪

=
𝟑

𝟐
𝑨+ 𝒌𝑩

𝝏𝑻𝑨+

𝝏𝒕
𝑬𝑪

=
𝟑

𝟐
𝑨+ 𝒌𝑩

𝑻𝒆 − 𝑻𝑨+

𝝉𝑨+−𝒆
𝑊𝑚−3

𝝉𝑨+−𝒆 = 𝒏𝒆
𝟐𝝅

𝒎𝒆𝒎𝑨+

𝒆𝟐

𝟒𝝅 𝜺𝟎

𝟐
𝒍𝒏 𝚲𝑨+−𝒆

𝒌𝑩𝑻𝒆
𝒎𝒆

+
𝒌𝑩𝑻𝑨+
𝒎𝑨+

𝟑/𝟐

−𝟏

≈ 10−12 𝑠

𝜏𝐴+−𝑒 ≪ 𝜏𝑝 𝑖𝑓 𝑛𝑠, 𝜏𝐴+−𝑒 ≫ 𝜏𝑝 𝑖𝑓 𝑓𝑠

𝒈𝒓𝒂𝒅 𝑳𝑳 = − 𝜴
𝑳𝑳 𝟎, 𝒕

𝜹𝒔𝒅
𝜹𝒔𝒅 =

𝝀𝒑

𝟐𝝅 𝒌𝑹𝑰
≈ 10−8 𝑚 𝑠𝑘𝑖𝑛 𝑑𝑒𝑝𝑡ℎ
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2 2 ω0

2 ω0

2 ZR = 2
πω0

2

λ
(2×Rayleigh length)

Laser 𝐄𝐩, 𝛕𝐩, 𝝀𝒑Lens

Laser-sample interaction…

𝑥′ 𝑥

f

D

𝝏 𝝆𝒉

𝝏𝒕
− 𝒗𝒓𝒆𝒄

𝝏 𝝆𝒉

𝝏𝒙
=

𝝏

𝝏𝒙
𝒌
𝝏𝑻𝒔
𝝏𝒙

+
𝝏𝝋𝑳

𝝏𝒙
𝒗𝒓𝒆𝒄 = −

𝒅𝒙𝒔
𝒅𝒕

> 𝟎

𝒙𝒔 𝒕 + 𝒅𝒕 𝒙𝒔 𝒕

𝒅𝒙𝒔

𝜹𝒔𝒅

Melting
Vaporization

Heat
transfer Increase in T

𝑥′ 𝑥0

Sample
𝝋𝑳
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𝒗𝒙/
𝟐 𝒌𝑩 𝑻𝒔 𝟎, 𝒕

𝒎
A.V. Gusarov et al

Phys. Fluids 14 (2002) 4242

𝑻𝒔 much higher than the temperature in the gas phase…

Very fast vaporization…

𝜹𝒔𝒅

Melting
Vaporization

Heat
transfer Increase in T

𝑥′ 𝑥0

Sample

𝟎

10 to 20 𝝀

Gas phase

Knudsen
layer

𝒙𝑲𝑳 𝒕

𝑻𝒔 < 𝟎. 𝟗 𝑻𝒄

https://doi.org/10.1063/1.1516211
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Phase change…

Relationship between S and KL conditions→Mach ℳ𝑲𝑳

ℳ𝑲𝑳 𝝆𝑲𝑳/𝝆𝒔 𝑻𝑲𝑳/𝑻𝒔 𝒑𝑲𝑳/𝒑𝒔

0 1 1 1

0.05 0.927 0.980 0.908

0.1 0.861 0.960 0.827

0.2 0.748 0.922 0.690

0.4 0.576 0.851 0.490

0.6 0.457 0.785 0.358

0.8 0.371 0.725 0.269

1.0 0.308 0.669 0.206

𝒑𝒔 𝑻𝒔 = 𝒑𝒂𝒕𝒎 𝒆𝒙𝒑
𝚫𝒉𝒃 𝒎

𝒌𝑩

𝟏

𝑻𝒃
−
𝟏

𝑻𝒔

Clausius-Clapeyron equation

𝟎. 𝟗 𝑻𝒄 < 𝑻𝒔 < 𝑻𝒄

Formation of µ-bubbles within the liquid

→ Explosive boiling lasting more than the laser pulse

𝑻𝒔 > 𝑻𝒄 ?

Not phase change anymore→ Supercritical fluid

This supercritical fluid can be overheated…

Sample

𝒙𝒔 𝒕

𝑻 𝒙, 𝒕

𝑻 𝒙, 𝒕 + 𝒅𝒕

𝒙𝒔 𝒕 + 𝒅𝒕

𝑇0

𝑻𝒄

𝒗𝒓𝒆𝒄 = −
𝒅𝒙𝒔
𝒅𝒕

Non-equilibrium on the surface…

𝑻𝒔 < 𝟎. 𝟗 𝑻𝒄

Phase non-equilibrium

Laser 𝐄𝐩, 𝛕𝐩, 𝝀𝒑
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Screening of the laser pulse by the vapor-plasma produced…

𝝋 𝟎, 𝒕 ≤ 𝝋𝑳 𝒕

IB & MPI

Sample

𝒙𝒔 𝒕

𝑻 𝒙, 𝒕

𝑻 𝒙, 𝒕 + 𝒅𝒕

𝒙𝒔 𝒕 + 𝒅𝒕

𝑇0

𝑻𝒄

𝒗𝒓𝒆𝒄 = −
𝒅𝒙𝒔
𝒅𝒕

Laser 𝐄𝐩, 𝛕𝐩, 𝝀𝒑

Sample S
Absorption layer
Knudsen layer
Vapor-plasma (VP) produced
Background gas

Laser 𝐄𝐩, 𝛕𝐩, 𝝀𝒑

𝝋𝑳

𝜶𝝀𝒑
𝑽𝑷𝝋𝑳

𝟏 − 𝜶𝝀𝒑
𝑽𝑷 𝝋𝑳

𝝆𝝀𝒑
𝑺 𝟏 − 𝜶𝝀𝒑

𝑽𝑷 𝝋𝑳

𝟏 − 𝝆𝝀𝒑
𝑺 𝟏 − 𝜶𝝀𝒑

𝑽𝑷 𝝋𝑳

𝜶𝝀𝒑
𝑽𝑷𝝆𝝀𝒑

𝑺 𝟏 − 𝜶𝝀𝒑
𝑽𝑷 𝝋𝑳
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Ablation process…

Q. Lu et al. J. Appl. Phys. 104 (2008) 083301

266 nm

532 nm

+ 1064 nm

Si

3 ns,  35 µm

𝑻𝒔 ≯ 𝟎. 𝟗 𝑻𝒄 during the time 
of µ-bubbles growth 𝑻𝒔 ≯ 𝟎. 𝟗 𝑻𝒄 during the time 

of µ-bubbles growth

𝑻𝒔 > 𝟎. 𝟗 𝑻𝒄 during the time of µ-bubbles growth 𝑻𝒔 > 𝟎. 𝟗 𝑻𝒄 during the time of µ-bubbles growth

No explosive boiling for 
𝟏𝟎𝟔𝟒 𝒏𝒎 because of IB efficiency

https://doi.org/10.1063/1.2978369
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Outline

1. Laser-Sample Interaction

2. Dynamics of the Expansion – Shockwave

3. Departure from Equilibrium (McWhirter and Co.)
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Interaction with a background gas…

Schlieren Imagery

@CORIA

W

Sensitive to 
𝝏𝒏

𝝏𝒛

Shockwave

Contact surface

532 nm
10 mJ

6 ns

532 nm
15 mJ
30 ps

𝑊

2 f 2 f

Microscope
Objective

Camera

Knife edge

Air

W
Laser shadowgraphy Sensitive to

𝝏𝟐𝒏

𝝏𝒛𝟐

@CORIAW

1
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Al – 25 mJ – 150 mm – 11.2 µs @CORIA

2 mm

16

Air – 80 mJ – 150 mm – 4.2 µs @CORIA

External air at 𝒑𝒂𝒕𝒎

Shockwave

Shock layer

Contact surface

Ablated aluminum

Expanding dense 
aluminum

Interaction with a background gas…

2 mm
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Induced expansion…

Distribution of the plasma local speed with time Distribution of densities and temperature with time

Speed  ≫ 𝒗𝒕𝒉

Cu in He (𝑝𝑎𝑡𝑚), 𝜑𝐿 = 1013 𝑊𝑚−2, 𝜆𝐿 = 266 𝑛𝑚, 𝜏𝐿 = 5 𝑛𝑠

A. Bogaerts et al. Spectrochim. Acta Part B 60 (2005) 1280

Shorter times: 
screening by inverse 

Bremsstrahlung

𝒗𝒕𝒉 = 𝟏𝟑𝟎𝟎 𝒎 𝒔−𝟏

𝑣𝑆𝑊 =
𝑑𝑥𝑆𝑊
𝑑𝑡

= 30 000 𝑚 𝑠−1

Successive position 
of the shock front

High temperature
 ionization kinetics

https://doi.org/10.1016/j.sab.2005.06.009
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S.S. Mao et al.
Appl. Phys. Lett. 77 (2000) 2464

35 ps
1064 nm
 50 J cm-2

Cu50 fs
800 nm
40 J cm-2

Al

6 ns
1064 nm
6,5 J cm-2

Polymère

N. Zhang et al.
Phys. Rev. Lett. 99 (2007) 167602

20 ps 20 ps 20 ps

1,2 ns 1,2 ns 1,2 ns

100 µm

1 mm

M. Hauer et al.
Opt. Las. Eng. 43 (2005) 545

50 µm

Structure…

https://doi.org/10.1063/1.1318239
https://doi.org/10.1103/PhysRevLett.99.167602
https://doi.org/10.1016/j.optlaseng.2004.03.013
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X. Zeng et al.
Lawrence Berkeley National Lab. (2004)

3 ns
266 nm
11 J cm-2

Si (air)

100 fs
266 nm
11 J cm-2

Si (air)

10 ns10 ns

Structure…
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Outline

1. Laser-Sample Interaction

2. Dynamics of the Expansion – Shockwave

3. Departure from Equilibrium (McWhirter and Co.)
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Kinetics of ionization – Example 1

𝑉

𝑑𝑁𝑋𝑚
𝑑𝑡

= − σ𝑛>𝑚𝑘𝑚→𝑛 1 −
𝑋𝑛

𝑋𝑚 𝐾𝑛,𝑚
𝐵 𝑋𝑚 𝑛𝑒

+σ𝑛<𝑚 𝑘𝑛→𝑚 1 −
𝑋𝑚

𝑋𝑛 𝐾𝑚,𝑛
𝐵 𝑋𝑛 𝑛𝑒

−σ𝑖 𝑘𝑚→𝑖
+ 1 −

𝑋𝑖
+ 𝑛𝑒

𝑋𝑚 𝐾𝑖,𝑚
𝑆 𝑋𝑚 𝑛𝑒

1

𝑉

𝑑𝑁
𝑋𝑖
+

𝑑𝑡
= − σ𝑗>𝑖 𝑘𝑖→𝑗 1 −

𝑋𝑗
+

𝑋𝑖
+ 𝐾𝑗,𝑖

𝐵 𝑋𝑖
+ 𝑛𝑒

+σ𝑗<𝑖 𝑘𝑗→𝑖 1 −
𝑋𝑖
+

𝑋𝑗
+ 𝐾𝑖,𝑗

𝐵
𝑋𝑗
+ 𝑛𝑒

+σ𝑚 𝑘𝑚→𝑖
+ 1 −

𝑋𝑖
+ 𝑛𝑒

𝑋𝑚 𝐾𝑖,𝑚
𝑆 𝑋𝑚 𝑛𝑒

1

𝑉

𝑑𝑁𝑋

𝑑𝑡
= σ𝑚

1

𝑉

𝑑𝑁𝑋𝑚
𝑑𝑡

= ൝
−𝒌𝒊 𝑿 𝒏𝒆
+𝒌𝒓 𝑿

+ 𝒏𝒆
𝟐

1

𝑉

𝑑𝑁𝑋+

𝑑𝑡
= σ𝑖

1

𝑉

𝑑𝑁
𝑋𝑖
+

𝑑𝑡
= ൝

+𝒌𝒊 𝑿 𝒏𝒆
−𝒌𝒓 𝑿

+ 𝒏𝒆
𝟐

Individual Xm variation rate 

Individual Xi
+ variation rate 

Global X variation rate 

Global X+ variation rate 

O + e- ⇄ O+ + 2e-
ki

kr

J. Annaloro, V. Morel, A. Bultel et al.
Phys. Plasmas 19 (2012) 073515

https://doi.org/10.1063/1.4737147
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Te = 6000 K

ne(t=0) = 1010 m-3 p = 10-3 Pa

Texc(t=0) = 6000 K

Quasi Steady State QSS

0D simulation

Kinetics of ionization – Example

J. Annaloro, V. Morel, A. Bultel et al.
Phys. Plasmas 19 (2012) 073515

https://doi.org/10.1063/1.4737147
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Kinetics of recombination – Example

Behaviour of the excited states

Quasi Steady State QSS

𝒑𝒂𝒕𝒎, 𝟏𝟎 𝟎𝟎𝟎 𝑲

J. Annaloro, P. Teulet, A. Bultel et al.
Eur. Phys. J. D 71 (2017) 342

https://doi.org/10.1140/epjd/e2017-80284-5
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The ECHREM* code

Assumptions

Bi-layer model

Propagation of the shockwave
Rankine-Hugoniot assumption

𝑨𝒍,𝑾

𝑅𝑎𝑟𝑒 𝑔𝑎𝑠 t = 4 ns

50 µm

r01

r12

Balance equations

*Eulerian CHemically REactive
Multi-component plasma code

Hypersonic hemispherical expansion

(0)External gas (rare gas: Ne, Ar, Kr or Xe)
(1)Shock layer (shocked rare gas)
(2)Central plasma (ablated W ou Al)

Ablated material
𝑟01 shock front radius
𝑟12 contact surface radius
𝑣𝑠𝑓 shock front speed

(1) Shock layer

Mass 𝜌0𝑣𝑠𝑓 = 𝜌1 𝑣𝑠𝑓 − 𝑢1(𝑟01) ⇔
𝑑𝜌( 𝑅𝑔 𝑗

𝑍+)

𝑑𝑡
= ሶ𝝆 𝑹𝒈 𝒋

𝒁+ −
𝜌(𝑅𝑔𝑗

𝑍+)

𝜌1

𝑑𝜌1

𝑑𝑡

Energy 𝜖0 +
𝑝0

𝜌0
+

𝑣𝑠𝑓
2

2
= 𝜖1 +

𝑝1

𝜌1
+

𝑣𝑠𝑓−𝑢1(𝑟01)
2

2

Momentum 𝑝0 + 𝜌0𝑣𝑠𝑓
2 = 𝑝1 + 𝜌1 𝑣𝑠𝑓 − 𝑢1(𝑟01)

2
(2) Central plasma

Mass 𝑀2 =
2𝜋

3
𝜌2𝑟12

3 ⇔
𝑑𝜌( 𝐴𝑙,𝑊 𝑗

𝑍+)

𝑑𝑡
= ሶ𝝆 𝑨𝒍,𝑾 𝒋

𝒁+ − 3𝜌( 𝐴𝑙,𝑊 𝑗
𝑍+)

𝑢2(𝑟12)

𝑟12

Energy 𝐸2 = 𝑀2 𝜖𝐴𝑙,𝑊 + 𝜖2 + 𝐸𝑐,2 ⇔
𝑑𝐸

𝑑𝑡
= 𝜌0𝜖0𝑣𝑠𝑓2𝜋𝑟01

2 −
𝑀2

𝜌2
4𝜋𝜀𝑅𝑅 + 4𝜋𝜀𝑇𝐵 + 𝜀′𝑆𝐸

Momentum
𝑑 𝑢2(𝑟12)

𝑑𝑡
=

8𝜋

3

𝑟12
2

𝑀2
𝑝2 − 𝑝1

Collisionnal-radiative source term

Atoms and ions… at 𝑻𝑨
Electrons… at 𝑻𝒆

V. Morel, A. Bultel et al.
Spectrochim. Acta B 103-104 (2015) 112

https://doi.org/10.1016/j.sab.2014.11.014
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Shock layer - Argon

15.760

11.828
11.723
11.624
11.548

𝑨𝒓𝟐
+ 𝑿𝟐𝚺𝒖

+

𝑨𝒓∗

𝑨𝒓+

13.095
13.076
12.907

1𝑆0

2 3/2 2
𝑜

2 3/2 1
𝑜

2 1/2 0
𝑜

2 1/2 1
𝑜

2 1/2 1

2 5/2 3

2 5/2 2

Excited 
states & 
Rydberg

0

eV

11

12

13

14

15

16

𝑟 (𝑛𝑚)
𝑟𝑒(0.24)

14.430

𝑨𝒓

 100 states

Central plasma - Tungsten

0

eV

5

10

15

20

25

𝑾 𝑾+ 𝑾𝟐+

5𝐷0

Excited states
& Rydberg

6𝑆5/2,
4𝐹3/2,

4𝐹1/2

5𝐷0,1,2,3,4

 250 states

𝑾 𝑾+ 𝑾𝟐+

6𝐷1/2
𝑜 …

5𝐷1

7𝑆3

7.864

24.236
Hydrogen-like

Ar-W…
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Shock layer - Argon
Collisional-Radiative model CoRaM-𝑅𝐺

𝐴𝑟 + 𝑒− ⇄ 𝐴𝑟∗ + 𝑒− Exc. Elec. Impact
𝐴𝑟 + 𝐴𝑟 ⇄ 𝐴𝑟∗ + 𝐴𝑟 Exc. Elec. Impact
𝐴𝑟 + 𝑒− ⇄ 𝐴𝑟+ + 2 𝑒− Ioni. Elec. Impact 
𝐴𝑟∗ + 𝑒− ⇄ 𝐴𝑟+ + 2 𝑒− Ioni. Elec. Impact 
𝐴𝑟 + 𝐴𝑟 ⇄ 𝐴𝑟+ + 𝑒− + 𝐴𝑟 Ioni. Heavy Impact
𝐴𝑟∗ + 𝐴𝑟 ⇄ 𝐴𝑟+ + 𝑒− + 𝐴𝑟 Ioni. Heavy Impact
𝐴𝑟∗ + 𝐴𝑟∗ ⇄ 𝐴𝑟+ + 𝑒− + 𝐴𝑟 Penning Ioni.
𝐴𝑟2

+ + 𝑒− ⇄ 𝐴𝑟∗𝑜𝑢 𝐴𝑟 + 𝐴𝑟 Disso. Recomb.
𝐴𝑟+ + 𝑒− → 𝐴𝑟∗𝑜𝑢 𝐴𝑟 + ℎ𝜈 Rad. Recomb.
𝐴𝑟𝑗 → 𝐴𝑟𝑖<𝑗 + ℎ𝜈 Spont. Emiss. 

30 000 elementary processes

Central plasma - Tungsten

Collisional-Radiative model CoRaM-𝑊

𝑊𝑖 + 𝑒− ⇄ 𝑊𝑗>𝑖 + 𝑒−

𝑊𝑖
+ + 𝑒− ⇄ 𝑊𝑗>𝑖

+ + 𝑒−

𝑊𝑖 + Σ𝑖,𝑍𝑊𝑖
𝑍+ ⇄ 𝑊𝑗>𝑖 + Σ𝑖,𝑍𝑊𝑖

𝑍+

𝑊𝑖
+ + Σ𝑖,𝑍𝑊𝑖

𝑍+ ⇄ 𝑊𝑗>𝑖
+ + Σ𝑖,𝑍𝑊𝑖

𝑍+

𝑊𝑖 + 𝑒− ⇄ 𝑊𝑗
+ + 2𝑒−

𝑊𝑗
+ + 𝑒− ⇄ 𝑊2+ + 2𝑒−

𝑊𝑖 + Σ𝑖,𝑍𝑊𝑖
𝑍+ ⇄ 𝑊𝑗

+ + 𝑒− + Σ𝑖,𝑍𝑊𝑖
𝑍+

𝑊𝑗
+ + Σ𝑖,𝑍𝑊𝑖

𝑍+ ⇄ 𝑊2+ + 𝑒− + Σ𝑖,𝑍𝑊𝑖
𝑍+

𝑊2+ + 𝑒− ⇄ 𝑊𝑗
+ + ℎ𝜈

𝑊𝑗
+ + 𝑒− ⇄ 𝑊𝑖 + ℎ𝜈

𝑊𝑗
+ → 𝑊𝑖<𝑗

+ + ℎ𝜈
𝑊𝑗 → 𝑊𝑖<𝑗 + ℎ𝜈
Thermal Bremsstrahlung

520 000 elementary processes

Collisional Database

𝑘𝑖 𝑇𝐴,𝑒 =
8 𝑘𝐵 𝑇𝐴,𝑒

𝜋 𝜇
׬
𝑥0

+∞
𝑥 𝑒− 𝑥 𝜎𝑖 𝑥 𝑑𝑥 with

• 𝜎𝑖(𝑥) collisional cross section and
• 𝑥 =

𝜀

𝑘𝐵 𝑇𝐴,𝑒
reduced collision energy

Backward rate coefficient deduced from the Detailed Balance

Radiative Database
NIST, Atomic Line List, ADAS, HULLAC…

*Eulerian CHemically REactive
Multi-component plasma code

The ECHREM* code
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@CORIA

*Eulerian CHemically REactive
Multi-component plasma code

The ECHREM* code

@CORIA

p = 105 Pa

W (Ar) 10 ps 532 nm 10 J cm-2

p = 105 Pa

V. Morel, A. Bultel et al.
Spectrochim. Acta B 103-104 (2015) 112

https://doi.org/10.1016/j.sab.2014.11.014
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p = 105 Pa

p = 100 Pa

@CORIA

@CORIA

*Eulerian CHemically REactive
Multi-component plasma code

The ECHREM* code

@CORIA
p = 105 Pa

W (Ar) 10 ps 532 nm 10 J cm-2

V. Morel, A. Bultel et al.
Spectrochim. Acta B 103-104 (2015) 112

https://doi.org/10.1016/j.sab.2014.11.014


ANF LIBS – 15 nov. 2021 – A. BULTEL 29

McWhirter criterion (1965)
𝑛𝑒,𝑚−3 > 1,6 × 1018 𝑇𝑒,𝐾 ∆𝐸𝑗𝑖,𝑒𝑉 𝑚𝑎𝑥

3

Drawin criterion (1969)

𝑛𝑒,𝑚−3 > 9,1 × 1016 𝑇𝑒,𝐾 ∆𝐸𝑗𝑖,𝑒𝑉 𝑚𝑎𝑥

3 𝑔𝑚𝑎𝑥

𝑔𝑚𝑖𝑛
×

3
∆𝐸𝑗𝑖,𝑒𝑉 𝑚𝑎𝑥

𝑇𝑒,𝑒𝑉

0,483

𝑛𝑒𝑢𝑡𝑟𝑒𝑠

∆𝐸𝑗𝑖,𝑒𝑉 𝑚𝑎𝑥

𝑇𝑒,𝑒𝑉

0,269

𝑖𝑜𝑛𝑠

Griem criterion (1963)
𝑛𝑒,𝑚−3 > 1017 𝑇𝑒,𝐾 ∆𝐸𝑗𝑖,𝑒𝑉 𝑟é𝑠

3
𝑍7

Competition collisions (e-) ↔ radiation

0

5

2𝑃1/2
𝑜

Rydberg states

2𝑃3/2
𝑜

2𝑆1/2

Eioni =5,99 eV

1

3

2

4

6

E(eV)

396.152 nm
9.85 107 s–1

𝑨𝒍

4𝑃1/2,3/2,5/2

2𝐷3/2,5/2

1

3

5

E(eV) Eioni = 11,26 eV

0

2

4

6
165.692 nm
1.16 108 s–1

7

9

11

8

10
Rydberg states

𝑪

3𝑃0,1,2
𝑜

1𝐷2

1𝑆0

5𝑆2

3𝑃0,1,2

1𝑃1

3𝐷3,1,2
McWhirter criterion and other…
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Optically thick
Optically thin

1. Some 𝟏𝟎−𝟗𝒔: steady state

2. No radiation influence: final equilibrium state

𝑝 = 106𝑃𝑎, 𝑇𝑒 = 15000 𝐾

McWhirter criterion and other…

30
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1. Some 𝟏𝟎−𝟔𝒔: steady state

2. Strong radiation influence: final non
equilibrium state

𝑝 = 104𝑃𝑎, 𝑇𝑒 = 15000 𝐾

McWhirter criterion and other…

31
Optically thick
Optically thin
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𝑛𝑒 > 6,01 × 1021𝑚−3 for 𝐴𝑙

𝑛𝑒 > 1,96 × 1022𝑚−3 for 𝐴𝑙+

Criterion seems to be wrong
𝑻𝒆𝒙𝒄 ≠ 𝑻𝒆

McWhirter criterion
𝑛𝑒,𝑚−3 > 1.6 × 1018 𝑇𝑒,𝐾 ∆𝐸𝑗𝑖,𝑒𝑉 𝑚𝑎𝑥

3

Limite de 2ème

ionisation 
(24.815 𝑒𝑉)

Limite de 1ère

ionisation 
(5.986 𝑒𝑉)

𝑝 = 104𝑃𝑎, 𝑇𝑒 = 15000 𝐾, 𝑡 = 1 𝜇𝑠

McWhirter criterion and other…

𝒏𝒆 = 𝟐, 𝟖 × 𝟏𝟎𝟐𝟐𝒎−𝟑

32
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Al – 25 mJ – 150 mm – 11.2 µs @CORIA

2 mm

Laser-Induced Plasmas: 
beautiful physics…


