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Non-equilibrium on the surface...
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Classical heating driven by the generalized Fourier equation
& ytheg 9 110 to 20/
1 /7

X t) 7/ x¢(t .
a(ph) d(ph) @ [ aTS] P ias K ) s p, higher
k o ' / than in the

+v =
at rec ox dx| o0x dx
gas phase...

0.154

with @, depending on the local laser conditions << o1
and v, the recession speed .

A.V. Gusarov et al.
Phys. Fluids 14 (2002) 4242
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Non-equilibrium on the surface...

T, <09T, 09T . <T,<T,
Relationship between S and KL conditions Formation of p-bubbles within the liquid
— Mach My, — Explosive boiling lasting more than the laser pulse
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Non-equilibrium on the surface...

T, > 0.9T,during the
time of p-bubbles growth
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Q. Lu et al. J. Appl. Phys. 104 (2008) 083301 (
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Non-equilibrium in the gas...

The ECHREM* code Eulerian CHemically REactive /a\ (‘) c™MMG

Multi-component plasma code FR FCM " oo o

lean “ombustion “enter

Assumptions
P Bi-layer model

Propagation of the shockwave
Hypersonic hemispherical expansion Rankine-Hugoniot assumption
(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 Electrons... atT,
191 shock front radius
1, contact surface radius

Rare gas

Atoms and ions... atTy,

vss  shock front speed Collisionnal-radiative source term
Balance equations
(1) Shock layer
dp({Rg}7 ") Rg7Y) a
Mass PoVsf = P1 [st U (r01)] TJ ({RH}Z+) 1] dptl
14 sf [st u1(7‘o1)]
Energy €o + - + S + + 2 (2) Central plasma
2 dp({aLwy?*
Momentum  p, + vasf =P1tpP [vsf —uy (ro1)] Mass M, = 2—”p2r132 & % = p({ALW}F*) — 3p({A4L W}“)M
Energy E, = M, (6 LW 4 62) +E., Andrn 2 — poeovszm‘Ol = —(47T£RR aF 47T£TB + &'sg)
dluy ()] _ 8
Momentum% :EZ (p, — p1)
° RUNIVERSTTE V. Morel, A. Bultel et al. AixMarsgille
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Non-equilibrium in the gas...

Ar-W..‘
Shock layer - Argon Central plasma - Tungsten
eV
A 114 W+ 5W2+
25 :_____________________E_=_E_=_E_=_E__ DO 1 2,3'4
24.236 mEmmmms Hydrogen-like
! pJ0 N
i 15 T ———————
i 10 T -
1 —_—— 6 4 4
5 N4I3/2t°r S~ AL - 552; F32; F12
E 7.864 Excited states 6Df52 / /
i & Rydberg
: 5
E ;/753
: — /s ~ 250 states
0 L i 1S Ar 0 ! - é 531
i > 7 (nm) v 0 . )
+
7,(0.24) ~ 100 states w w w
V. Morel, A. Bultel, I.F. Schneider, C. Grisolia
® ¢ Spectrochim. Acta Part B 127 (2017) 7-19 : ;
Copal (1 g (1 st




@COHR

EMILI

Non-equilibrium in the gas...

*Eulerian CHemically REactive = :
nergy aterials &
Multi-component plasma code mssewre FR FCM GfSY clean combuson center R —

AL Fene

The ECHREM* code \

Shock layer - Argon Central plasma - Tungsten
Collisional-Radiative model CoRaM-RG

Collisional-Radiative model CoRaM-W/

Ar+ e~ 2 Ar* + e~ Exc. Elec. Impact
Ar + Ar 2 Ar® +Ar Exc. Elec. Impact W+ = e Wffl e
Ar+ e~ 2 Art +2 loni. Elec. Impact Wit eme Wit e

r+ e 2 Ar e” oni. Elec. Impac W+, WZ+—> Wi+ 3, W7
Ar*+ e 2 Art +2e” loni. Elec. Impact W+ L3 ZWZ+ N W+>l+ 5 ZWZ+
Ar+Ar 2 Art + e~ + Ar loni. Heavy Impact 14 j>i ALz

W, + e 2 W+ 2e”
W+ -—>W++2-
W + 3 WE 2 W+ e + 3, WA

Ar*+Ar 2 Art + e” + Ar loni. Heavy Impact
Ar* + Ar* 2 Ar* + e~ + Ar  Penningloni.

Arzlr te 2 Ar:ou Ar + Ar  Disso. Recomb. W+ L3 ZWZ+ W2t & o 3 ZWZ+
ArT +e” - Arfou Ar + hv Rad. Recomb. Joy 2 N
Ar; = Ari.; + hv Spont. Emiss. W+ e = W el
J J W™+e 2 W + hv
30 000 elementary processes W-Jr - W;;] + hv
W’ i Wl<] + hV
Collisional Database Thermal Bremsstrahlung
k: (TA e) _ (8 kB Tae fx:oo x e~ * g;(x) dx with 520 000 elementary processes
. al(x) e coIIisionaI cross section and ..
C K5 Tas reduced collision energy Radiative Database
Backward rate coefficient deduced from the Detailed Balance NIST, Atomic Line List, ADAS, HULLAC...
V. Morel, A. Bultel, I.F. Schneider, C. Grisolia
® RUNIVERSTTE Spectrochim. Acta Part B 127 (2017) 7-19 : ; ==
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Non-equilibrium in the gas...

The ECHREM* code

*Eulerian CHemically REactive
Multi-component plasma code FR FCM
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V. Morel, A. Bultel, I.F. Schneider, C. Grisolia
Spectrochim. Acta Part B 127 (2017) 7-19 : :
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Non-equilibrium in the gas...

*Euleri

The ECHREM* code

Multi-component plasma code FR FCM
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Non-equilibrium in the gas...

*Eulerian CHemically REactive m /@\ () CMC

%
The ECHREM*™ code Multi-component plasma code FRFCM®%

t="75ns t=125ns
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Matter-radiation non-equilibrium...

D 2w
Matter-radiation non-equilibrium A L

1,E+17 v
f

.................. »

2

1,E+16 Ep 1 4f

las™ _ — 2 "2 o

Spectral radiance ( W/m#%sr/m)

1,E+15 Ep (m]) 10
7p (ns) 5
20000 K 0y (um) 100
1,E+14
10 000 K f (em) 10
D (mm) 4
-1
1,E+13 Ao (cm™) 0.01
0 100 200 300 400 500 600 700 800 900 1000 P W2 sr—1 m-1 5 5 1016
Wavelength (nm) las Wm™=sr™-m™")

LP3
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Matter-radiation non-equilibrium...

Radiative recombination

Radiative recombination At + e~ - A; + hv
Stimulated radiative recombination A* + e~ + nhv - A; + (n+ 1hv
Photo-ionization At + e” +nhv « A; + (n+ 1Dhv
Multi-photon ionization At + e +nhv« A;+(n+m = 2)hv

Bremsstrahlung

Bremsstrahlung e Gmevez) +(4,4") —>e” Gmevéz) + (4,47 + hv
Stimulated Bremsstrahlung e” (%mevez) + (4,AY) + nhv » e~ Gmeve’z) +(4,AN) +(n+ Dhv
Inverse Bremsstrahlung e~ (%mevez) + (A, A") + nhv < e~ Gmeve’z) + A, AN+ (n+ Dhv

=> Absorption of the laser pulse by Inverse Bremsstrahlung and multi-photon ionization
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Matter-radiation non-equilibrium...

Multi-photon ionization Inverse Bremsstrahlung
E(eV) , " S
o c 01 B B N
%Z [ =lmn = (m—1)! (h cZ) AT @l (57 Ty
13 |1 \\\\
1 — k \
%%E W+ n+4) hv—>w+ 6 nhv

10 T
9t — w+ F
Egoni(w) 8 ""'[:l .!)!gberg v’e > Ve
= 7.86 elV7 | === states t de
1 l _
g ] t —9.32 eV detec - KW,W+ n (W, w+] Pras Wm 3)
g : m=4 1 e2 |2 (hc 3 3kpT, ) s
24 '5D 4 KW:Smenc3 4m g, E(T-}-EkBTe)(l-l_ hc l)ae_wl (m*)
11 =757 |2-33)eV(1=5321m) .
01t —J — 4 [ e? 2m G
5pl Ky+ =< 22 (m%)
1,4 DO W™ 3 \4m g 3 m,kgT, m, h c*

Pip > Pyp;
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Advantages from the spectroscopic point of view...

W energy diagram H energy diagram
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5 | High velocity e impact 3
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MultiElemental Radiative

Consequences on spectra... o o
equiLibrlum emissioN

= P

T, =10 000 K T, =13 000 K
4X1013 _I T T T | T T 1 | T T T | T T 1 | T T 1 LI I_ 7><1012 _I T T 1 | T T T 1 I T T 11 I T T 11 | T T T T T T I_
i —— 10%H ] N —— 10%H -
e | —— 1%H 1 12 —— 1%H 7
g i 1 g 6x10 " F .
- 13 o - ]
Nm 3x10 | i Ncn leolz_— ]
= 178k :
= 1 1 B ax10°F .
3 2x10" T I - -
g _ 1 B 3xi0”F i
= 13 ] 1 = 2x10"h E
:‘:3 1x10 I § ) E
_I 11 1 | 1 1 | 1 11 L1 1 1 11 1 1 1 1 B 11 1~1 1 1 11 1 1 1 1 | E

840 645 650 655 660 665 670 840 645 650 655 660 665 670
Wavelength (nm) Wavelength (nm)

A. Favre, M. Lesage, V. Morel, A. Bultel, P. Boubert
International Workshop on LIBS, Dec. 1-2, 2020, Szeged, Hungary
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« Double pulse » experiments...

First pulse
optical axis

1%t laser pulse
(44,71, Eq)

First pulse laser-
induced plasma

—

i >
-

-

2" |aser pulse
(A2, T2, Ez, Aty_3) M

Second pulse
optical axis

A. Favre, V. Morel, A. Bultel, G. Godard, S. Idlahcen, C. Grisolia
Spectrochim. Acta Part B 175 (2021) 106011

, |
Copial (1 16

ot =
—
——
—

Ma X (H + 620 um)

Time delay At _,

First pulse
optical axis
Sensor

i
'l
---=H

,
¥

Spectral axis
(A'2)
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« Double pulse » experiments... Time delay At;_, = 350 ns

1012

s S S TN I MY SN TN MUY [N ST S S S |

]

SAMPLE

NII
391.900 nm 395.585 nm 399.500 nm

J/\w

NII NII

Spectral radiance (W m? sr' m™)

Wavelength (nm)

t=40ns
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390 392.5 395 397.5

400

1013
MWW‘ AlT
394.401 nm 396.152 nm W
4

1012
T | 1 | o B o p o | L T [ S TR |
402.5 390 392.5 395 397.5 400 402.5 390 392 5 395 397_5 0() 402 5
Wavelength (nm) Wavelength (nm)
t=380ns t=480 ns

A. Favre, V. Morel, A. Bultel, G. Godard, S. Idlahcen, C. Grisolia
Spectrochim. Acta Part B 175 (2021) 106011
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« Double pulse » experiments... Different time delay At,_-

s ps only Al IT 358.707
e psonly Al II 466.306 — —
i (H, Aty) = (0 mm, 150 ns) Al I 394.401 Alt1—z 150 ns !
¥  (H, At,;) = (0 mm, 150 ns) Al 1396.152 !
T (H, At;,) = (0 mm, 150 ns) N II 391.900 i Aty =250 [
¥ (H, At;,) = (0 mm, 150 ns) N II 399.500 1 ! 1 !
% (H, At,,) = (0 mm, 250 ns) N II 399.500 i i Aty ¥ 35q ns -;
% (H, At;5) = (0 mm, 350 ns) N II 399.500 : 1 1 H 1 i
e T T T S T TE T 20 (g) _"0)% _'_',,,b S TN
L Qn Q’ Q' éi‘:» é.
Ll I Aty =150ns I A ‘ é'//‘ A
[ : II At,_, =250 ns ] i § * :
l’l e I
'l:' u‘\: {\ i :
- ! :“ A }f\ " b Atl 2 = = 350 ns i
] '\ 1
g ‘\‘ It :I{ e :
b '\“ ' \' L) :
7 X s g I
& 1 pulse \t I |
g Sl Bt LY
=} B i Q
o = 10F
4:"_)7 o f\‘! ~~~~~~~ 64}
2 T i . S
o 1 I
102} ] |
5 =
i i i k i " " 1 " L n 1 n L i L f f I L | L L ' L | L L I L | |
0 200 400 600 800 Experiment number
Time (ns) A. Favre, V. Morel, A. Bultel, G. Godard, S. Idlahcen, C. Grisolia
Spectrochim. Acta Part B 175 (2021) 106011
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atelier

Plasma laser : diagnostic et modélisation

seconde partie

Plasmas en déséquilibre

* Situation de déséquilibre possible a la surface, dans I’échantillon, dans le plasma

* Déséquilibre de phase, de translation, d’excitation, d’ionisation, chimique, entre la
matiére et le rayonnement

* Nécessite des études spectroscopiques en émission, absorption, diffusion
(Thomson), LIF, etc. résolues en temps et en espace

* Modélisation possible a condition... de disposer de bases de données pertinentes !
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