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Laser-sample interaction...

values

E,(mJ) 10
Tp(ns) 5
Ay (nm) 532,1064
D(mm) 4
f(cm) 10
wo(um) 100
Ao(cm™1) 0.01
o, (Wm~2) 10" — 10
Ly 16 17
S f > (Wm™2sr~Im™1) 107 =10
E, 1 4f*
SR
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Laser-sample interaction...

values

Ep(m)) 10
Tp(ns) 5
Ap(nm) 532,1064
D(mm) 4
f(cm) 10
wo(um) 100
Ao(cm™1) 0.01
o, (Wm™2) 1013 — 1014
(Wm‘zl:r‘lm‘l) 10 —10%7
E, 1 4f?
Radiative transfer LNr_p n-—w(z) W o
within the sample... \ J
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Radiation within the sample... |
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Comparison Laser-Black body spectral radiance

Strong Matter-radiation
non equilibrium...

300K

9S00 1000

values

Ep(m)) 10
Tp(ns) 5
Ap(nm) 532,1064
D(mm) 4
f(cm) 10
wo(um) 100
Ao(cm™1) 0.01
o, (Wm™2) 1013 — 1014
(Wm‘zl:r‘lm‘l) 10 —10%7
E, 1 4f?
S
PL
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Photon-particle interaction within the sample... Photons are bosons!!!
All these processes are
Radiative recombination governed by the Planck’s law
Radiative recombination At + e~ - A; + hv
Stimulated radiative recombination AT + e~ 4+ nhv - A; + (n+ Dhv
Photo-ionization AT+ e” +nhv < A + (n+ 1)hv > If the sample
Multiphoton ionization MPI At + e"+nhv < A;+ (n+m = 2)hv » isdielectric
Bremsstrahlung
Bremsstrahlung e” (%mevez) +(4,A%) —e” (%mevéz) +(4,A%) + hv

Stimulated Bremsstrahlung e~ Gmevez) + (A, A7) + nhv > e~ Gmevéz) +(4,AT) + (n+ Dhv

Inverse Bremsstrahlung IB e~ Gmevez) + (A, A7) + nhv < e~ Gmevéz) +(4,AT) + (n+ Dhv

= Increase in the volumic electron energy e,, ...
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Inverse Bremsstrahlung...
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Since T, is locally defined (7, > T, = 107'*s)...

ad 3 aT
o) kg =t) =KpGOn A e () (Wm)
ot IB 2 ot B

3
4 ( e* 2m G
— 3 5
Since T+ is locally defined (1, > T4+,4+ = 1071%s)...

de 3 oT 3 T,-T
( a‘t”) =>[a"] k3< ‘”) =Sk =2 (W m™)
EC EC

at 2 Tat+t—e
2 -1
n V 277.' < eZ ) ln(AA+—B) 10_12
Tp+_p, = =~ S
AT-e ¢ me my+ i €o (kBTe + kBTA+>3/2
m, my+

Tpt_e K Tp If NS, Ty+_o D Tpif fs
Photons disappear...

% % +Q gradL; = L—CL (W m™* sr=Y) with L; < 0 (also scattering ...)
- LL(OI t) A
d Ly = — .{2 = p ~ -8 1
grad L, 3o Osd 2 kg 107°m  (skin depth)
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Laser-sample interaction...

Heat
4—
transfer

Laser E

p TpAp

Vaporization

—PE ;4— 6sd
xs(t+dt) ixs(®)
<« dxg

—

—

S

d(ph) d(ph) 9

ot 'r"ax  ox

aTs 6(pL . dxs
ax | " ox Vrec =~ "¢
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Very fast vaporization...

Heat
4—
transfer

T, <0.9T, T much higher than the temperature in the gas phase...

—
] Melting
0.151 izati
. sample Gas phase Vaporization
i )
Zon Knudsen 4 i+ Osa
— ’ 4 i :
= layer
1
_ 1 10t0204 |
0.05- ) !
0 X ()
Ol :

-1.5 -1 0.5 0 05 1 L5

A.V. Gusarov et al v / 2 kB TS(O, t)
Phys. Fluids 14 (2002) 4242 x m
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Non-equilibrium on the surface...

T, <0.9T,

Relationship between S and KL conditions - Mach M,

0 1 1 1

0.05
0.1
0.2
0.4
0.6
0.8
1.0

Clausius-Clapeyron equation

Ahb m
ps(Ts) = Patm €Xp l

0.927
0.861
0.748
0.576
0.457
0.371
0.308

0.980
0.960
0.922
0.851
0.785
0.725
0.669

kg
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0.908
0.827
0.690
0.490
0.358
0.269
0.206

7|

v

0.9T,<T,<T,

Formation of p-bubbles within the liquid

— Explosive boiling lasting more than the laser pulse

T, >T,?

Not phase change anymore — Supercritical fluid

This supercritical fluid can be overheated...

A
Sample T(x, 1)
Laser E, T, Ap
T(x,t + dt) y 9
¥ I «—e
TO /

dxg
xs(t +dt) xs(t) Vrec = ~ ¢

Phase non-equilibrium
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Screening of the laser pulse by the vapor-plasma produced... |

@(0,t) < @ (1)

) o, PELLE IB & MPI
PL
“K:) DL
A
Sample T(x,1)
, (1 - aK:) QL Laser E, T_p), Ay

Q
------------------------ «—e
Absorption laye¢r
Knudsen layer: -
Vapor-plasma (VPYproduced > dx;

Laser E, Ty, ).p

Background gas xs(t + dt) xs(t) Vrec = — dt
y
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Ablation process...

T; > 0.9 T, during the time of p-bubbles growth

T; # 0.9T, during the time-___
of p-bubbles growth
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25

N
o

-
(&)

pth(um)

10

Ablation De

Si

{ =266 nm
0532 nm
| + 1064 nm

Q. Luetal. J. Appl. Phys. 104 (2008) 083301

Laser Irradiance(W/ch)

Ts > 0.9 T, during the time of pu-bubbles growth

-

T; # 0.9T,.during the time
of pu-bubbles growth

No explosive boiling for

1064 nm because of IB efficiency
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Interaction with a background gas...

. 532 nm Laser shadowgraphy
15mJ
30 ps
Microscope

Objective L)

2f \Knife edge

. . a
Schlieren Imagery @ Sensitive to a_:

- ’n
Sensitive to —
0z

Shockwave

Contact surface

@CORIA



Interaction with a background gas...

External air at p i1,
Shockwave

Shock layer
Contact surface
Ablated aluminum

Expanding dense
aluminum

2 mm
Al =25 mJ - 150 mm —11.2 ps @CORIA Air —80 mJ - 150 mm — 4.2 ps @CORIA
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Induced expansion...

Distribution of the plasma local speed with time

dx
=" _30000ms?
dt

--—-10ns
—-—-— 20ns

velocity (m/s)

300 ms~1 Speed > vy

0 0.5 1
X (mm)

CuinHe (pgem), @1 = 1013 W m™2, 1, = 266 nm, 1, = 5ns
A. Bogaerts et al. Spectrochim. Acta Part B 60 (2005) 1280
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1x10%6
O —_——
0 0.02 0.04
X (mm)
50000 —
A 10 ns
< 40000 —{20ns
> . ‘ ‘fi40 ns
£ 30000 f | »’\9}”? 0ns
E T
@ 20000
Q.
e
£ 10000
0

Shorter times:
screening by inverse

Bremsstrahlung

~ 1x10%°
L 8x10%
- 6x10%
- 4x102

Distribution of densities aqu temperature with time
u

m-3)

HeC dens (

High temperature
= ionization kinetics

1

1.5
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Structure...

,5;835,, N. Zhang et al.

20 ) em2 | Phys. Rev. Lett. 99 (2007) 167602
Al

ANF LIBS — 15 nov. 2021 — A. BULTEL

35 ps
1064 nm
~50Jcm?2
Cu

S.S. Mao et al.
Appl. Phys. Lett. 77 (2000) 2464

€ 45my () 65mJ
1,2 ns

,2 NS

1300 ns

6 ns
1064 nm,
6,5J) cm
Polymeére

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

Structure... |

X.Zen

- ﬁet_ al.
Si (air) Lawrence Berkeley National Lab. (2004)
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Kinetics of ionization — Example

E(eV)

30

28

26

24

22

20

18

16

14

ki
O+e-20"+2e-
k

r

Eioni= 13.618 eV
12

10

n(t=0)<n’ n,(t=0)> n,’
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25 2p* 4':‘5/2,3,[2,11'2

2s? 2p* lp“a/z,uz
257 2p° 2Dos/z,a/z

282 2p°45°y,
2p*3p 5P1,2,a

2p? 3535°,%5°,

2pt s,

2p* 1D,
2p* aPz,l,o

o+

Individual X,, variation rate

1 dNxp [Xn]
v d); = - Zn>m kmon (1 - [Xm]K‘E,m) [Xm]ne
[Xm]
+ Zn<m kn—>m <1 - [Xn]K#L,n) [Xn]ne

(X ]ne

Lm

Individual X;* variation rate

1 M [x/]
v a = Zisikio 1_[X;f K%, [

o I

k(1 o

mlne

Sk (1 _ xilne ) Xpulne

Global X variation rate

idﬂ_z 1dNx, _ —k;[X]n,
vat  “Myoar | +k[Xt]n2
Global X* variation rate

1 dNy+ ) ldNXZr _ ) tkilXIn,
v oat v oat T |-k [Xt]nZ

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

21
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Kinetics of ionization — Example

0D simulation

]Ozoil \IHIII T II\III| IIIHHI T IIHHII T IIIIII| T IIHIIII T IIIHHI T TTTTI T IIHIIII ILARLL T IIIIE Te=6000K
= 3 3 3 1 E
1018 %‘O( PE) O( Pl) O( I)“J O( DQ) E n.(t=0)=101m3 p=103Pa
10'° , \ \ \\’ \ - : T.,.(t=0) = 6000 K
= 3 \ B
A 1014 - 1 . k
E7 ¥ 0('S,)
2107k E
A d | —
g w0f S E
ERL: 7
.S 3 + 4.0 - E
= 3 E
£ 10°k —— Quasi
T S = Quasi Steady State QSS
104 ;—_.—.".- .-&4_—_:—1:*: "-‘-—‘»\_‘_‘_‘:‘_ R A
> %:Olher \::}‘5\::-_:H-‘;\?-.:.::_T:‘:"_.:::._:::::__:_;_:__:::__:_;_:__— :% J. Annaloro, V. Morel, A. Bultel et al.
10 = excited states of O ~-\_T_‘_‘_‘_-_* R Phys. Plasmas 19 (2012) 073515
l E 1 \IHIII 1 IIHII| IIIHHI 1 IIHHII 1 IIIIII| 1 IIHIIII Il IIIHHI 1 IIHIII| 1 IIHIIII Il IIIHII 1 IIII\?
107 107 100 1 10 100 100 10t 107 100 107 10

t[s]
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Kinetics of recombination — Example

Behaviour of the excited states

24 -wmmmmmwwm
107 o L E
= T =
] P .
10% Ny .
— 3| ——1:Ar fundamental - . NN 3
< gy | 2 Ar 11548350V /1 \\ 131
2 _ a. 10 .
E oy ) A ~-1";1 1 Quasi Steady State QSS
> 5 4| —5:Ar11.82807ev /// = 3
= 107" 5 : Ar 15.75509eV 7 Vi =
2 3| — 7 Ar 15755288V Y . E
) ]| —8:Ar15.75544ev i S 3
o 10%° o | ——9:Ar15.75558ev / S =
E q| — 10: Ar fundamental S 3
O o 1| —11:Ar 0177498y b
c 10 + 121 Ar 13.4797eV / ayd ‘ 3 Patm> 10 000 K
=1 E 13 : electrons y ya N \-\5 3
[ 10 8 s
- 10 hY I
o 3 7\ 3
© 10" E LN 3
E] ; T
a ] _— 1
‘e ‘\\.
DC.’ 10 3 ‘\_12 T
v ] S ] J. Annaloro, P. Teulet, A. Bultel et al.
1077 E Eur. Phys. J. D 71 (2017) 342
10" -

10™10"10™ 10™10™10™ 10™10™ 10™ 10° 10® 107 10° 10° 10" 10°
Time {(s)
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The ECHREM* code *Eulerian CHemically REactive BE /a\ () Ceml“"lﬁ
Multi-component plasma code FR FCM

lean “ombustion ~enter

Assumptions
Rare g'as Hypersonic hemispherical expansion Bi-layer model
E : q
(0)External gas (rare gas: Ne, Ar, Kr or Xe) Propagation of the shockwave
(1)Shock layer (shocked rare gas) X . X
(2)Central plasma (ablated W ou Al) Rankine-Hugoniot assumption

Ablated material
191 shock front radius
r1, contact surface radius Electrons... atT,

vsr  shock front speed

Atoms and ions... atT,

Balance equations

Collisionnal-radiative source term
(1) Shock layer

dp({Rg}¥?h) pP(RIZ) a
Mass PoVUsf = P1 [st Uy (7“01)] T] = ({R }Z+) — :tl
Po sf p1 [”sf u1(’“01)]
E = Lspm—iviol l
—— €0 + + “1 + + 2 X (2) Central plasma
Momentum + V2 =p; + pqlver —uq (1 7 dp{aLwiéty
Po T PoVsy = P1 P1[ sf 1( 01)] Mass M, = ?npzrfz — i) _ P({Al, W}]-Z+) — 3p({AL W}]Z-J’) uzr(17”212)

V. Morel, A. Bultel et al. _ ALW dE _ 2 M, ,
’ Ener E, =M,(e +e)+E., & — = py€gVerlnt§y — — (AtEpp + 4dTETR + €
Spectrochim. Acta B 103-104 (2015) 112 gy z 2( 2) c2 T g = Po€oVsfellor = (4merp TB sE)
[uz(r12)] 8 r12 (

d
ANF LIBS — 15 nov. 2021 — A. BULTEL Momentum ——2 == = =22 (p; — p1)
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Ar-W...
Shock layer - Argon
X A3 (X*z))
16 T . Art
15 Excited
states &
12 ¥ Rydberg
. /2%;2%2 Ar*
\ £ 2[5/2]5 L
13 ¥ | 13.076 At
! [1/2]
Ll odEe
: 11.723;;:2%;%
1 | 11.624 1
1 | 11.548 \2[3/2]2_
i
0 1 ! 1 Ar
1 0
: > r (nm)
1,(0.24) ~ 100 states
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Central plasma - Tungsten

vV
A

25
24.236
20

15 T

10 T

7.864 1

= [l

W2+

5
DO 1,2,3,4

6 4 4
65%/2» F3p0, "Fipp
1/2 “en

~ 250 states

25
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The ECHREM* code

Shock layer - Argon

* Eulerian CHemically REactive
Multi-component plasma code FRFCM®%

Collisional-Radiative model CoRaM-RG

Ar+ e 2 Ar* + e~
Ar + Ar 2 Ar* + Ar

Ar+ e 2 Art +2e”
Ar*+ e 2 Art +2e”
Ar + Ar 2 Art + e” + Ar
Ar*+ Ar 2 Art + e + Ar
Ar*+ Ar* 2 Art + e™ + Ar
Ary + e~ 2 Arfou Ar + Ar
Art +e” - Ar*ouAr + hv
Arj - Aricj + hv

30 000 elementary processes

Collisional Database

Exc. Elec. Impact
Exc. Elec. Impact
loni. Elec. Impact
loni. Elec. Impact
loni. Heavy Impact
loni. Heavy Impact
Penning loni.
Disso. Recomb.
Rad. Recomb.
Spont. Emiss.

ki(Tae) = i e [F% x e=* g;(x) dx with

T U Xo

*oi(x) . collisional cross section and
. =

kpTae

Backward rate coefficient deduced from the Detailed Balance

ANF LIBS TTAI 11UV, LVUZLZ 1L T M. DULICL

reduced collision energy

eEMG

nergy ~aterials &
lean “ombustion —enter

/@\f)

Central plasma - Tungsten

Collisional-Radiative model CoRaM-W/

W + e 2 W>l + e

W+ +e 2 W; + e~

w; +ZLZWZ+ e Wiy, + 5 ;W

W+ 1 ZLZWZJ’ = W]; 1 ZLZWZJ’

W, + e 2 W'+ 2e”

W+ + e 2 W + 2e”

W +leWZ+ W+ e” + 3, W5
W+ +ZLZWZ+ 2 W2t + e +Zl,ZWZ+
WZJr e 2 W' +hv

W*+e 2 W, +hv

W+ - WL+ h

W - Wi.j+hv

Thermal Bremsstrahlung

520 000 elementary processes

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

26
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The ECHREM* code

*Eulerian C

Multi-component plasma code FRFCM%

1000000

Hemically REactive

— T
p=105Pa — (DT

A

— (DT,
— T,
) T
....... QT
..... T

100000

10000

Temperature (K)

1000

A
T,

eXC

e CORIA experiments

T IIIIIII| T TTTTTH

@CORIA

W)
(W)

10" 10" 107 10° 10
V. Morel, A. Bultel et al. Time (s)
Spectrochim. Acta B 103-104 (2015) 112
ANF LIBS — 15 nov. 2021 — A. BULTEL

710° 107

W (Ar) 10ps

e g o
L T |||||||| T |||||||| T TTTITI T TTTTI T TTTITI T |||||Il
p = 10° Pa
10°F
- o CORIA experiments
—_ N To1
e —m
2 | |
3
& 4
10 £ E
i @CORIA
10'5 L 11 1 |||||||| 1 |||||||| 1 |||||||| 1 |||||||| L1 1aiinl
0" 10" 107 10° 107 10° 107
Time (s)
532nm 10Jcm??
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The ECHREM* code

*Eulerian C

Hemically REactive

1000000: T T IIIIII| T T IIIIII| T T IIIIIII T IIIIIII| T T IIIIII| T Illllli

s — OT,  @CORIA 7

C - 105 — (DT .

B p =10° Pa ___.(1)TAA ]

L )T, i

L — 2 T _

100000 — o1 E

o) E Nl e ) Texc(w) ;

2 e )T (W) .

= 2 e CORIA experiments
<

5 10000 =

g C 3

M) - -

= L i

1000 & e

1 IIIIIII| 1 IIIIIII| 1 IIIIIIII 1 IIIIIII| 1 IIIIIII| 1 1111111

10"

10

-10

10

-9

10

-8

10

7

10

-6

V. Morel, A. Bultel et al. Time (s)

Spectrochim. Acta B 103-104 (2015) 112
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W (Ar) 10ps

Multi-component plasma code FR FCM 4

FrME

nergy ~aterials &
lean “ombustion —enter

p =10°Pa @CORIA
1014i-llll‘1lllll]\II]IIIII]]ILi 1024i_III[IIIIIIIIIIII""""Li
n & 200ns | d 5y I 300ns | o
107K ‘\\ 2 10 5
g 102‘)k . 1 107 E
= 18 \ = 18 -
10 10 =
=, 6 E L 16 a |
= L 5 = 10 “%E
= 10K el 10" 5
10 F 5 10” :
IOIOE-IIIJ1 ||||\|I|||I||||-E 1010 ||||||_g
0 5 100 15 20 25 20 25

E, (eV)
p= 100 Pa @COR'A
.j TT T " L L I TT T 71 T T IIIIII]]I1=
E— 300ns
: &,% E
Y ; -
Y E
RN LY E
: \\ N\ L
- | .
- | -
- y =
- \ .
3 5
l()l(.)IIIIIIIIIIIIJJJIIIIIIIIII-‘ l()lo!_IIIJJIIIIIIII\“\IIIIIIIII"
0 5 0 15 20 25 0 5 0 15 20 25

532 10 J cm? e
nm cm-
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McWhirter criterion and other...

McWhirter criterion (1965)
Mg m-2 > 1,6 X 108/ T, (MEjier).

Griem criterion (1963)

3
Ny m-3 > 1017, /T, ¢ (BEjiev) , 27
Drawin criterion (1969)

Nem-3 > 9,1 X 1016 /_Te,K (A leV) gmax

max gml

ANF LIBS — 15 nov. 2021 — A. BULTEL

Competition collisions (e-) < radiation

|

E(eV)
1Ein=5,99 eV
6
5T =— 2y
1 = D35y
4 E.-A’P / /
1 = ,r1/23/25/2
3 1/2
2T 396.152 nm
9.85 107 571
1T
v 2P3? 2
0T 2Pf
/2
Al
Te (K)
0,483
(8Ejiev) z
’ max 1]
_ neutres Deji,eV_max
Teev Deji.eV_res
0,269 g_max
(A leV) ' g_min
——_Max ions
Teev MecWhirter
Griem

Drawin

E(ev) r 3 |on| 11 26 eV
11 Rydberg states
10 |
9 7 3
1 . 1D3,1 2
8 — _: P1
4 3p
7 0,1,2
A1 165.692 nm
6 1.16 108 s
5 sg
A4 2
4
31 4 1S,
2 T 1
_| D,
1 3
0 0,1,2
15000
Al Al+ C C+
1 2 1 2
3.13 4.64 3.30 5.32
3.14 7.42 7.48 9.29
2 1 1 2
4 1 5 4
6.01E+21  1.96E+22  7.04E+21  2.95E+22
3.79E+20 B.40E+23  5.13E+21  1.26E+24
7.B6E+20  1.57E+21  3.78E+20  1.23E+21
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McWhirter criterion and other...

25
O T T — p = 105Pa, T, = 15000 K
10% — 3 — A
e AI(D)
23

—_
o

(&)
b2

pod il s

—
=]

(&
iy

—_

(e}
[*]
<

Population density (m'3)
=

Te (K)

_.
)
>
=]
>
\
X
X
!

Illlu.ul Illllml Ll Ll

z
Deji,eV_max
Deji.eV_rés
g_max
g_min

18 4
10 E

\

l

100" 100 107 10° 10
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McWhirter criterion and other...
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p = 10*Pa,T, = 15000 K

{ 1. Some 107 %s: steady state

2. Strong radiation influence: final non
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McWhirter criterion and other...
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p = 10*Pa,T, = 15000 K,t = 1 us
McWhirter criterion

Ngm-3 > 1.6 X 1018\/ Te,K(AEﬁ»eV)fnax

N > 6,01 x 1021m=3 for Al
ne > 1,96 x 1022m=3 for Al*

Criterion seems to be wrong
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Te (K) 15000

Al Al+
z 1 2
Deji,eV_max 3.13 4.64
Deji,eV_rés 3.14 7.42
g_max 2 1
g_min 4 -
McWhirter 6.01E+21  1.96E+22
Griem 3.79E+20  6.40E+23

Drawin

7.86E+20 1.57E+21
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Laser-Induced Plasmas:
beautiful physics...
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