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Ultrashort laser pulse focused inside sapphire/glass
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Microexplosions
S. Juodkazis, Phys. Rev. Lett.,. -
Vol. 96, 166101 (2006).

E=100nJ,A =800 nm,7=200fs, NA=1.35
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Modelling challenges
* 3D Maxwell solver (few pum-size)3
* Tight non-paraxial focusing conditions (NA=1.35)
* Model for electronic response: ionization mechanisms

(Wp;, wy;) & cold plasma fluid dynamics (175,]?, N, T, W)
* Model for nonlinear optical response (/y1, Pni)
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uations & beyond

Maxwell equations coupled to electron plasma fluid equations

Intraband current ], = eN, 7,

) ( a(SE)):VXﬁ_fe _fKerr_jPI
Nonlinear ot €0 Kerr effect N, — N, =/ =2
Maxwell equations 0H  VXE S - N, ElEl )
at U Jkerr = €0X ot
7 2
Momentum equation {%e _ _7 Nee” = - 5V _ T (les)_ tv L :
q ar = Jeve t o (E+ T x H) =V (J.®%) — VP, Photo-ionization depletion
e e

H aN N _N — - -

Rate equation ate = “N £ (Wpy+wy,) =V - (N,B,) + D,AN, iPI = Wp, _E Ng—Ng
a - D=2
. aE - - - — — — |E| Na
Energy equation k ate =(Je+Jp1) E=V-([Ee+ P.]U,) + V- (kVT,)

(1) Beyond single-band representation?
(2) Interband polarization? Beyond dipolar?
(3) Non-perturbative nonlinearities of higher order?

OFT 3T e
Band structure Dynamics 3



ations & beyond

Maxwell equations coupled to electron plasma fluid equations

Collision frequency

o . S R Ve = Ve—pn t Ven(Te) + Vei(Ne, Te), Ve < Vinax (Ve, Te)
a(SE) _ VXH _]e _]Kerr —Jpi

Nonlinear
Maxwell equations ot €o Reduced electron mass (mg)
o0H _ VxE
. % ot Ho Electron pressure P, = NokgT,
Momentum equation 4/, .  N.e?,, . o e L. e o
5 = Jeve+t— (E+vexH+---)—V-(]e®ve)—WVPe .
Rat ‘i ON. N.—N . ¢ Electron energy density
ate equation = aNa = (Wertwar) = V- (NeB) + DaAN, (thermal+kinetic+bandgap)
Energy equation 6Ee_(_,+_, )E')_V([E +P]4)+V-(k VT) 3 m;vez
gY €q at Je +Jpr e T Felle eVle Ee — (EkBTe + > + Ip)Ne
(1) Validity of continuum representation? (1) Beyond single-band ?
(2) How to evaluate collisions ? (2) Electron pressure beyond the ideal gas ?
Kinetic Boltzmann DFT

Electron/phonon sub-systems Band structure 4



uations & beyond

Maxwell equations coupled to electron plasma fluid equations

Photo-ionization rate

( a(SE)) VXﬁ_ie _fKerr_jPI
Nonlinear 9t £ .
Maxwell equations oH VxE WPI(lEl»mZ'Ip» W, €)
R lanch
. 7 2
Momentum equation % - .t N;le (E + 5, x H) - (,®5,) —%V’Pe Avalanche ionization rate
_ IN. N.—N - ¢ Wy (U, T,) from Maxwellian distribution
Rate equation ate = “N ® (Wp+way) — V - (N,3,) + D,AN,
a
0E, _

Energy equation

\ ot (fe +fPI)'E‘)_v)°([Ee'l'Pe]ﬁe)'l'v)'(keVTe)

(1) Beyond static e-field single-wavelength single-parabolic band ionization?
(2) Towards dynamic band structure?
(3) Beyond Maxwellian velocity distribution?

TD-DFT Kinetic Boltzmann
Band structure Electron sub-system 5



5ing in transparent solids ‘

Microexplosions in bulk sapphire
S. Juodkazis, Phys. Rev. Lett.,
Vol. 96, 166101 (2006)
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A. Rudenko et al.,
Phys. Rev. Appl. (2023)
Dynamic modeling

E. Gamaly et al.,
Phys. Rev. B (2007)
Point explosion
static estimate

J Clamping
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No full ionization
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Universal phenomenon: ionization clamping prevails
within (0.1-10)-(E,, Wpy, Wy, Ve) and in UV/visible/near-IR



Photo-induced plasma inside Si NP

Mie R=75nm R=115mm Far-field: backward-to-forward optical switching
100 ' S. Makarov et al., Nano Letters, 2015
. - Si
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How the photo-induced plasma affects: 0 0
= Directional scattering 1IN SRS - '502 [r?m]So 10
= Resonant mode excitation > PN ' _ U
. Nomlocal antical SHG] s | 7 | . (1) low-QED e'xutatlon,
Non-perturbative harmonic generation [HHG] £°, «f| (3) high-Q Mie pattern;
. . . . . > ,
= |rreversible reshaping at high intensity Z (4) homogenization
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‘ PIasma-ln ear effects in metasurfaces |

Nano Lett., 21, 20, 8848 (2021) Sci. Adv., 9, 7, eadg2655 (2023) ,
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Strategies for laser-induced nanostructuring

Light

Near-field
(Mie-, plasmon, ...)

SN

Spatio-temporal
control of laser beam
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Summary

" Plasma confinement by tight focusing: challenges due to ionization
clamping, spatial nonlinearity, laser damage

= Revisiting thesmodels for ultrashort laser-induced electron plasma
dynamics: beyond classical approaches

= Plasma confinement in nanostructures: tunable control of (non)linear,
(non)local near(far)-field optical properties avoiding irreversible damage

» Could this strategy help to nanostructure with ultimate precision?



