Laser Induced Plasma

Dynamique de la creation d’'un plasma d’aluminium induit par laser

—
€

\ Flux(laser /

| Plasma en expansion |

| Vapeur éjectée |

Cible )

Flux laser .
Parameétres laser :

Densité de flux laser _
Energie: E — 65 mJ

| t—1.27\°
A~ — (pMAT o . ;
Plas(t) = Plas . €XP [ (2 - ) ] Longueur d’'onde : Ajus = 532 nm
Densité de flux maximale : Durée de I'impulsion : 7=4 ns.
max 4E c . ; Dlamétre de I,|m UIS|On d = 1 min.
Plas = Py = 2101 W m—2 p
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Laser Induced Plasma

Température de la surface de I’échantillon

_<2t—1,2r>2
T

Température des électrons

T¢** Température maximale atteinte par la surface

Ts(t) = (Tg"" — Ty) exp + Ty

Ty ~ 950 K. Température de fusion de I'aluminium

Pee Flux d’évaporation des électrons a la surface.

dT, 1 P 3 dn
e , (Pee+ Yee _ ZksT ne)

dt 3 Z@t) 277 dt

2k P Terme de production volumique d’énergie au sein du
2 ‘BNe ee

gaz électronique

Température des lourds
weq Flux d’évaporation des lourds

dT—l . 1 PeA 3 R d [funiv] d[“‘/‘univ]
it~ 3, 3 (Al (P"A 70 gkl Z dt Z Eni =51 p., Terme de production volumique
9 B ‘niv v e € d’énel’gle deS |0UrdS

niv

Transport de densités d’espéces (électrons + lourds)
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Laser Induced Plasma

L’évaporation (loi de Herz-Knudsen) :

La densité de flux de particules

La densité de flux d’énergie

Loi des gaz parfaits

Flux des particules lourdes
et des électrons.

Flux d’énergies des lourdes
et des électrons.
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Laser Induced Plasma

Implementation of source terms and jacobian subroutines plasma chemistry :

Multi-photon ionization (MPI)

* |nverse Bremsstrahlung

» Thermal Bremsstrahlung

= Spontaneous emission

= Excitation by electronic impact

:”;ZH_ + k h’/la,s 2} (‘4[2Z1+)L = rl[JZZ_'_ T (ZQ N Zl)g_

AL 4 e (2) + hijge = AP 4 e (¢) &' = & + hijgs
Alf,zﬂ +e (g) = A[,EZJF) +e () + hw g+ hy=c¢
‘4[-§Z+) —)‘4[§Z+)—{-hl/ h’/:Ej—Ei

AP 4o (e LZR AIE-ZH + e (&) e =e— Ej

. . ~ k ~ )
= lonization by electronic impact AlZt 4 e (e) -2 AZ§Z+1)+ +2e (&) g'=e—Ej
= Elastic collisions A[_Z(Z“L) te(e) = A[§Z+) Le () e e
= Evaporation (Herz-Knudsen law)
* add an ablation method
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Laser Induced Plasma

Température des électrons :

1T, 2(khy — AE;; , e
C :Z (khv ji) (1\'1).(MPI] [fufﬂ — kyupn) [Al;/ﬂ).] 7?(,-)

dt , 3kpne
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O.(MPI)
Olas en + hl/las
+ gl.; (1 T [Al *Z {I‘m [41/ }}) [1 — exp <_/f1;Tc->]
2 Z
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32 ¢ [Al]5 0 2kpT2 + o 2 ZZ" [A17F]
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Laser Induced Plasma

Température des lourds :
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Laser Induced Plasma

Densité des électrons :

d;;e :Z Z (kD,(MPI) [All(z_l)-*-] — k-]q(ij) [A[]Z+] 'ne)
j i
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Laser Induced Plasma

La variation de densité de population de Al

= Z (krepry [AlF] ne — kp,aapr [AlL))

J
N >y
v

=41, (MPI)
+ > (kren [AL] ne — kp,er) [Ah]) ne

J
A s
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EAZI (ET)
+ > (k1o [AL] — kp.ep) [AL]) ne
J

NS s
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EAll (EE)
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Laser Induced Plasma

Conditions initiales

Vecteur d’états:

Température de la surface : Ts(0) = 950K
Tsmax = 2900K

Ta:y(1)
Température électrons :  Te : y(2,0) = 950 K Te:y(2)
) eplasma: }’(3)
Température lourds:  Ta : y(1,0) = 950 K Netectrons: Y(4)
Epaisseur plasma:  €pasmq: ¥(3,0) = 0m Al; 1 y(5) ...y(47)[43 niveaux]

Al : y(48) ...y(89)[42 niveaux]
AlZ* : y(90) ...y(110) [21 niveaux]
A 1 y(111D)[1 niveaux]

Densité des particules : loi des gaz parfaits
Parameétres laser :

« Energie:E — 65 mJ
 Longueurdonde: A, = 532 nm

* Durée de l'impulsion : 7=4 ns.

» Diamétre de lI'impulsion: d = 1 mm
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Laser Induced Plasma

Températures : Densités :
» Plaque [Ts] = Electrons [ne]
» Electrons [Te] = Aluminium [AI*]

= Gaz|[Ta]

8000 o

1022 e
7000 - — AhL
—~ 108 4 o
6000 A '?E === Al
= ~ 1014 4 =" Al;
(o) 2 =
g 5000 N AI%J'
g E 1010 o ==--- Al%"'
£ 4000 °
= £ 1064
= =]
3000 - <
o
S 1024
2000 -
1072
1000 -V—I_ T T T T T T T
1012 10711 10~ 10  10-%¢ 107 1076 105 1074 1072 10-6 | - I | | | | |
Time (s) 1012 1071 10710 10-° 10-8 1077 1076 10-° 1074 10-3
Time (s)
r [
Durée du calcul : 5 minutes
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Laser Induced Plasma

Termes sources Te :
lonisation Multi-photonique (MPI)
Excitation électronique (EE)
lonisation électronique (EI)

Les collisions élastiques (EC)
Evaporation (VAP)
Bremsstrahlung inverse (IB)
Bremsstrahlung Thermique (TB)
* Transport (u1)

15
[ — o.0MPD)
— ©.(EF)
109 — e.mp
— 0.(EC)
—_ 5 O.(VAP)
' — 0.(B)
% l— eurp)
& — O.(w)
o))
g
5
~10 4
_15 T T T T T T T T
10712 10-11 10-10 1079 108 1077 106 10-5 104

Time (s)
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log ©4 (Ks™1)

Termes sources Ta:
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109 — @4(ED

lonisation Multi-photonique (MPI)
Excitation électronique (EE)
lonisation électronique (EI)

Les collisions élastiques (EC)
Evaporation (VAP)

Emission spontanée (SE)
Transport (u1)

Transport (u2)
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Laser Induced Plasma

Conditions initiales

Vecteur d’états:

Tempeérature de la surface : T5(0) = 950K
Tsmax = 6700K

Ta:y(1)
Température électrons : Te : y(2,0) = 950 K Te:y(2)
i eplasma: }’(3)
Température lourds :  Ta : y(1,0) =950 K Notectrons: ¥(4)
Epaisseur plasma : €piasma:Y(3,0) = 0m Al; : y(5) ...y(47)[43 niveaux]

Al : y(48) ...y(89)[42 niveaux]
AlZ* : y(90) ...y(110) [21 niveaux]
A 1 y(111D)[1 niveaux]

Densité des particules : loi des gaz parfaits
Parameétres laser :

« Energie:E — 65 mJ

* Longueur donde : Aws = 532 nm

» Durée de l'impulsion ; 7=4 ns.

» Diamétre de lI'impulsion: d = 1 mm
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Laser Induced Plasma

Températures : Densités :
» Plaque [Ts] = Electrons [ne]
» Electrons [Te] = Aluminium [AI*]

= Gaz|[Ta]

8000 4 =— TA 1026
— Te
7000 4 Ts 1022 <
g 6000 T, 108
) g
£ 2
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)
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e
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Time (s)
Durée du calcul : 22
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Laser Induced Plasma

Termes sources Te :
* lonisation Multi-photonique (MPI)
Excitation électronique (EE)

* lonisation électronique (El)
* Les collisions élastiques (EC)
« Evaporation (VAP)
* Bremsstrahlung inverse (IB)
* Bremsstrahlung Thermique (TB)
* Transport (u1)
15
L —— ©(MPI)
— O.(EE)
109 oD —
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~ 5+ ©e(VAP)
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¥ L~ ©TB)
(D(D — Oe(uy)
g
S 5.
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-15 T ' ' " . . . .
10712 10711 10710 1079 1078 1077 1076 107 1074 1073
Time (s)

log ©4 (Ks™)

Termes sources Ta :
lonisation Multi-photonique (MPI)
Excitation électronique (EE)
lonisation électronique (EI)

Les collisions élastiques (EC)
Evaporation (VAP)

Emission spontanée (SE)
Transport (u1)

* Transport (u2)
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Laser Induced Plasma

Two-temperature model

Two-fluid equations

dps . )
L2 LV - (pnitn) = ps
ot
dpnip - . - o
| S+ V- (pniiniin) + Vpn = fien + nieZi(E + i, x B)
Heavy species ot

oL . | .
Up - “h)] +V- [mz Up (E h + 5Uh th)] + V - (tdnpn)

DN | -

0 N
— ) g
It Ph h

— - ‘ . - = -CR
= Up - flen — nieZiup - E -V - (K VT}) — g,

dpe
ot

+ V- (petie) = pe

) + V- (/)(:"I_l“(sﬁ(r:) + Vpe - /_jh('.‘ + 71(,_»(.’.(5 + ﬁ({ X E)
Electrons ot

SRS

| — |
hS

S
0]
4

(RV] |_ —
:1
=1

~—

—
_+_

| —
i
£

/r—\
-

B | =

(T ﬁ()] + V- (‘1—[651)(:‘)

—
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Laser Induced Plasma

Two-temperature model

Two-fluid equations

dps . .
D2 LV - (pniin) = ps
ot
dppn iy, oL . -, =
. l,.}) } + V - (priinin) + Vpn = fien + njeZ;(E + i x B)
Heavy species ot

0 | . 1., .
— |pn | En+ =tp-Up || +V - |prtin | en + =tUp - Up || + V- (Unpr)
ot 2 2

- = — n 7 (ST :CR
= Up * Heh — ni(-'-Zi“‘h -E -V (thTh) — gy,

The eigenvalues of the system are : u;, u, + ¢, up, — cp,

For perfect gases c;, is the sound speed ¢;, = vy, *Py, /py,

The system is solved with explicit schemes for compressible flows (ECS)
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Laser Induced Plasma

Two-temperature model

Two-fluid equations

dpe
(‘;fv + V- (petic) = pe
) e We - — — — — =
¢ /T)f“ + V - (petictic) + Vpe = fine + nee(E + . X B)
C
19, 1 1
EIeCtronS 5 [p(' (5(' + ;r( ’ ﬁ()] + V- |'/)(' ﬁ( (Er + ;1—’( ’ ﬁ()] + V- ("7(:1)«)

—

- ‘1_[(: ’ /_[h(—: — Ne€ l_[(:' -E-V - (E(Vﬂ) - (}:_-.R

The eigenvalues of the system are : u,, u, + c., u, — c,

c. is the electrons sound speed ¢, =y, *P. /p,

Consequence of charge neutrality and is valid when Uy = Uy,
considering length scales greater than the Debye length

TTTTTTTTTTTTTTTT
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Laser Induced Plasma

Two-temperature model

Two-fluid equations

dpe LV (podi.) =
ot /- (Pelle) = Pe
0 ’f;‘f“" +V - (peiloil) + Vpe = fine + nee(E + i, x B)
C
) 1 1
EIeCtronS (()_f [p(: <€(' + ;‘I_"(: : ﬁ()] + V ’ [/)('l_[(: (5(: + _)l_’( : ﬁ()jl + V- (ﬁ(:p(')
- I_’( Hhe — ’2(5(?7ﬁ(' : E -V (E( V':r() qt :
Electrons thermodynamic properties
me = 9.1 10731 kg W, = 5.48 « 1077 kg/mol

r, = 1.5 % 107 J/K/Kg Ye = 5/3

Ce = /Yelele

T, € [300 K, 10000 K] = ¢, € [85000 m/s, 500000 m/s]

The low-Mach assumption is verified for electrons equations.

A prediction-correction method for low Mach Flows is used to
solved the system (VDS)
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Laser Induced Plasma

Two-temperature model

Two-fluid equations

dps . )
L2 LV - (pnitn) = ps
ot
dpnip - . - o
| S+ V- (pniiniin) + Vpn = fien + nieZi(E + i, x B)
Heavy species ot

oL . | .
Up - “h)] +V- [mz Up (E h + 5Uh th)] + V - (tdnpn)

DN | -

0 N
— ) g
It Ph h

— - ‘ . - = -CR
= Up - flen — nieZiup - E -V - (K VT}) — g,

dpe
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+ V- (petie) = pe

) + V- (/)(:"I_l“(sﬁ(r:) + Vpe - /_jh('.‘ + 71(,_»(.’.(5 + ﬁ({ X E)
Electrons o
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Laser Induced Plasma

Two-temperature model
One-fluid equations

U A U A U Consequence of charge neutrality and is valid when considering length
scales greater than the Debye length

dp ' .

()_f -+ V . (/)l.l) = ()

dpit » L.

7 + V- (pud) + Vp = QF + j. x B,

O } 2 _ _ . L i@
U_f + V- (U'IIC) + V]) = Je- E-V. (HIIVTh) - V- (va:r() — (cr E= En t+ Ee t+ ipu U

0 1 1
(()_f [p(. (E(- + 517- ﬁ)} + V- [p(; (5(3 + 517 17) IT} + V - (up.)

— ‘l_l"}l(i' . ,_i o v : (1_;:' - ()(’H

The system have 4 eigenvalues : u and 3 complex others values
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Laser Induced Plasma

Two-temperature model
One-fluid equations

dp

o+ V- (pid) = 0

dpil . L.
-7 T V- (piid) + Vp = QE + je x B,

Opetie
ot
oFE

-7 + Vo (@Ho) + Vp=jo- E =V - (&VTy) = V- (ReVTe) = der

) 1
(()_I‘ [pe (Ee + 51_[- f[)] + V- [p(. (S(\ +

+ V- (p(:'ﬁ(fﬁ(f) + V])(: - /_jhe + n(:‘(-)'(E + Ue X E)

1
E=ep+ect spi-i

i - 'z_.') l_1i| + V - (upe)

| =

= Upe - /7 -V- (1.-; ~ qer

: 2,2 2 ¢
The system have 5 eigenvalues : u, u + co, u — c,, Y Ye 8> +4¢* + (Yo + 2)u

2
VY. 2u? 4 4c? + (=Y, — 2)u
2
p*c2:Pe('yh_l)/(’ye_1)+P*(7h—1)+Ph pe*cgzlje*"/e
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Laser Induced Plasma

Two-temperature model
One-fluid equations

dp
By + V- (pi) = (
dpi . L.
T +V - (pii) + Vp = QF + j. x B,
oF L | B o ) | 1
57 T V- (@H) +Vp=j.-E—=V-(RnVTH) = V- (ReVT.) — Gox E=enteo+ spi-a
d = o
w(pefe) + V- (/)(1‘5('_“11‘) - _])(;v U+ W
ot

The eigenvalues of the systemare : u, u + c,u—c

prc® =Px(y" = 1)+ P+ Pox (y* +1-2x4")/(y* - 1)

p.V - isin non-conservative form, and may present severe numerical difficulties where the flow
gradients are not resolved, degrading solutions at shocks and other discontinuities.

codia @ L INSA
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Laser Induced Plasma

Two-temperature model
One-fluid equations

dp
pT + V - (pti)
dpu L - - =
e + V- (put) + Vp = QF + j. x B,
oE L , - = — R . 1
ot + V- (iH,)+Vp=j.-E -V - (kpVTy) — V- (EVT.) — qen E=c¢,+¢e.+ SPiL- i
JpeSe . 1 . _ , .
/ -+ V- (,0(;‘8(:'“') - _(W' - /)(;'h'(:') + PeSe Se = ]i( he = e + pf://)(—f
ot Tf} . Pe’

The eigenvalues of the systemare : u, u + c,u—c
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Laser Induced Plasma

Two-temperature model

One-fluid equations

dp

5 + V- (pu) =0
dpu L o o
e + V- (putd) + Vp = QFE + j. X B,
oF L , - = N = o . 1
ot + V- (iH,)+Vp=j.-E -V - (kpVTy) — V- (EVT.) — qen E=c¢p, +¢. + 5'0[[. i
Opeh d
he 9 rhognid) = 1 8 b=t miln

The eigenvalues of the systemare : u, u+c,u—c

23
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Laser Induced Plasma

Plasma Reactor Solver (PRS)

> Implementation of Multi-temperatures EOS (Ts, Tv, Trot, Te)
» Implementation of new species properties (charge, Energy-level ...)

> Implementation of ms_electrons

» Implementation of new types of reactions :

- one-temperature-Arrhenius
- two-temperature-Arrhenius
- molecular-excitation
- molecular-ionization
- electronic-excitation
- electronic-ionization
- electron-ion-recombination
- dissociative-recombination

<!—— reaction 0003 —-—>
<reaction reversible="no" type="electronic-ionisation" id="0003">
<equation>AR + e- =] AR+ + 2e-</equation>
<rateCoeff>
<Arrhenius type="two-temperatures" >
<A>4.7850E+09</A>
<b>0.0</b>
<E units="K">0.0</E>
<b_Te>0.735000</b_Te>
<Ee units="K">183270.00</Ee>
</Arrhenius>
</rateCoeff>
<reactants>AR:1.0 e-:1.0</reactants>
<products>AR+:1.0 e-:2.0</products>

<!-— electrons definitions -—>
<electronsData id="electrons_data">

<!-— electrons e- —-—>
<electrons name="e-">
</electrons>
</electronsData>
<!-- species AR+ —-—>

<species name="AR+">
<atomArray>Ar:1 </atomArray>
<charge>1</charge>
<thermo>
<MULTIPLE_TEMPERATURES>
<Energy_level>2.52475000E-18 </Energy_level>
<Statistical_weight>6.000000000E+00 </Statistical_weight>
<Quantum_number>0.000000000E+00 </Quantum_number>
<Angular_momentum>0.000000000E+00 </Angular_momentum>
</MULTIPLE_TEMPERATURES>
</thermo>
<transport model="gas_transport">
<string title="geometry">linear</string>
<LJ_welldepth units="K">38.000</LJ_welldepth>
<LJ_diameter units="A">2.920</LJ_diameter>
<dipoleMoment units="Debye">0.000</dipoleMoment>
<polarizability units="A3">0.790</polarizability>
<rotRelax>280.000</rotRelax>

</reaction> </transport>
</species>
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Laser Induced Plasma

Argon-plasma simulation with PRS
Species : (Ar, Ar*, Ar+, Ar2+, e-)

Initial conditions:
 Ar:0.9Ar+:0.1

« T=300K

« Te =50000K

» Electroneutrality

Without elastic collision

With elastic collision
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