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Generation of high pressure/temperature in sub-micron volume
Confined in a bulk of transparent and opaque solids
Imitating conditions in the cores of stars and planets

Formation of new super-dense phases
Observation, understanding and control of material behaviour

in laboratory table-top experiments

“To see a world in a grain of sand...” William Blake
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High energy density states in the Universe

TEMPERATURE (K)

R. P. Drake, Physics Today, June 2010

10 \
| High ener
10 - . otSe 8 gy
a garly wnive density
|
108+ TP \1‘]0 =
\ i Warm Dense Matter <
. . by confined micro-explosion
X
106 - Sta Spot size <1 m
| ’4 Pulse duration ~ 100 fs
Plasma . Pulse energy ~ 200 nJ
WDM
1044 Gas .
Liquid plane’
~ Solid 4 I
102.| —: :ﬂ - - )
il w* 107! 10? 10° 10°
DENSITY (g/cm3)

/7
E.G. Gamaly, A. Vailionis, V. Mizeikis, W. Yang, A.V. Rode, S. Juodkazis,
High Energy Density Physics 8 (2012) 13-17
Warm dense matter at the bench-top: Fs-laser-induced confined micro-explosion
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Beam propagation in a medium with intensity modified optical properties

lonization, pressure/temperature conditions in the energy absorbing volume

Shock wave formation and structure: light/heavy ions spatial separation

Rarefaction wave and void formation

Experiments: confined micro-explosion

at the boundary of transparent (silica) and opaque (Si) solids

Future directions
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P

Laser

Absorbed energy shared between Internal energy and
expansion

P~ P°

max

Confined interaction

Whole absorbed energy is in the Internal energy

Pmax ~ I X tpulse/ Iabs

) aN

Energy carriers are massless
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microscope

Beam delivery to the focal volume

Focal volurkreergy absorbing plasma

Laser

Fs-laser

Shock wave

Laser radiation

Rarefaction wave and Void formation
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Laser beam Optical properties
10 ymin 50 fs are intensity-dependent
lonisation: Intensity modified dielectric function,
Avalanche + multi-photon < 100nm breakdown, ionization front motion

Energy transfer <1 puym ectrons to ions

: . Shock wave formation Spatial separation
AR UEEERLE e <1pum Of light and heavy ions
Rarefaction wave Formation of void; <1 pm

Shock wave
Shock wave energy dissipation stops; <1 ym

Relaxation to ambient conditions Lattice re-
solidification

fs ps ns MS

1016 10> 10" 103 1012 10-M 10-1° 10° 108 107 106
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lonisation by electron impact

Number of phonons, n,,

Multi-photon ionisation Avalanche ->Electron gains energy > band gap

Wi I /Dgap

Wi =
D For silica and 800 nm (1.55eV) n_, = 5
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P <P =0032/(2p nyn,)
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19°D
OxOxE=-—-——-; D=eE .
c” Tt 3D Maxwell equations
divD =0
_ Aps _ : intensity/temperature dependent
€= epol t 1 - ere(ne) + Ieim(ne) . . .
W dielectric function
in, _ .
=W(I(r,z,t)) - R(r,z,}) Rate equation for electrons:
it ionization minus recombination
E. _
qt - Qabs - Qe- ph
1E. _ . .
— = Qe_ oh Electron and lattice (ions) temperature equations

1t
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Number density of electrons in conduction band ne‘breakdown =n,= ny(l(zr,t))dt

e —
Electronic rate equation q Winple + Wi (N, - Ne) - R

Breakdown time, t,_, is time for accumulation electron density equal to the critical one

10 fs <t <100

w
Critical electron number density n. = e 5
4pe

At breakdown spot v, =0; €, = 0; wave becomes evanescent
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< 10 microns >

Pristine silica
—

Focal area
>

Laser beam

lonisation front
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N

S. Juodkazis, et.al., Phys. Rev. Lett. 96, 166101 (2006)

E. G. Gamaly, et al., Phys. Rev. B, 73, 214101 (2006).
2. S. Juodkazis, et al., Appl. Phys. Lett. 88, 201909 (2006).
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t
Total deposited energy 2A Fp p

(hot electrons, cold ions) |ab ; Fp(l‘,Z,t) = . IO(F,Z,t)dt
S

Maximum pressure driving a shock wave in sapphire

E
P = Vdep » (3 4)TPa>>strength of any material

max
abs
2
Vabs » pl’ focI abs
(E...=107J,F, =70.4J/cm? S,,=0.142 m? |,,=65nm;

V,=102 m*;A=0.62)

A. Vailionis, E. G. Gamaly, V. Mizeikis, Wenge Yang, A. V. Rode & S. Juodkazis, Nature communications (2011) | DOI: 10.1038/ncomms1449
“Evidence of super-dense aluminium synthesized by ultrafast micro-explosion
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Shock converted to sound wave, r
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fcc-Al  hcp-Al (120-360 GPa) bec-Al (200-560 GPa)

Ubce = ajfcc/\/§ = 28069 A

Size of bcc-Al crystallite: 18 £ 2 nm

Spatial separation of Aluminium and Oxygen (?)

Preserved stochiometry of Al,O,;

all laser-affected material confined inside a crystal

A. Vailionis, E. G. Gamaly, V. Mizeikis, Wenge Yang, A. V. Rode & S. Juodkazis, Nature communications (2011) | DOI: 10.1038/ncomms1449
“Evidence of super-dense aluminium synthesized by ultrafast micro-explosion
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Electrons, oxygen and aluminium ions start moving in different time with different velocities Ve >> VO > VAI

p energy —
L _ I\/Iion /mene-i

- * 5 e- ion

v \ Absorbed energy in electrons
N

e

energy
t< te- AlLO

Electronic heat wave <

energy Electrons transferred energy
t
to oxygen

I e

Electrons  OxygenAluminium Electrons transferred energy

N to Aluminium

\

DX M{2T?(M,, /M, - 1)

separation
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A. Vailionis, E. G. Gamaly, V. Mizeikis, Wenge Yang, A. V. Rode & S. Juodkazis
Nature communications (2011) | DOI: 10.1038/ncomms1449
“Evidence of super-dense aluminium synthesized by ultrafast micro-explosion

Bcc Al formation

Shock stopping
and phases freezing
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silicon silica

FSOZ — F
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Laser beam

Ltransp 1/3
shock » opaque
opaque

I—shock Ytransp

Conditions for the maximum energy deposition
in the opaque medium:

F..<F Yoo = Y

las ion transp? " transp opaque
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radius = 0.368 ym radius = 3.127 ym
Fluence =95 J/cm2

Fluence = 2.6 J/cm2
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Olivine — separation of iron

Diamond - search for C8

High pressure phases of Silicon

High pressure phases of metals in metal/oxide combinations

Transparent oxides of heavy metals

Femtosecond pump-probe

micro-explosion in transparent crystals: stishovite — high pressure phase of silica,
BaF,, CaF,...
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Separation of iron from the other elements in olivine
By micro-explosion

Iron + Nickel core of Earth exists at pressure 330 Gpa

= sum of thermal and gravitational pressure

Speculation: Modelling Formation of Earth iron core from Olivine?
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Reflection of seismic waves occurs
il ot 410, 520, and 660 km.

Mantle
Core

0 km/ 10°Pa olivine (Mg,Fe-silicate)
410 km/ 14 GPa  wadsleyite
520 km/ 18 GPa  ringowoodite

660 km/ 23 GPa  perovskite or
magnesiowustite

Diamond/100km

EARTH

27
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shock wave compression and expansion
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Melting temperature of diamond at ultrahigh pressure

J. H. Eggert, D. G. Hicks, P. M. Celliers, D. K. Bradley, R. S. McWilliams, R. Jeanloz, J. E. Miller, T. R. Boehly and G.W. Collins
NATURE PHYSICS VOL 6, JANUARY 2010
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Search for formation of new high pressure phases of Silicon By confined micro-
explosion

Si-tHt > 250 GPa

fcc—>bec ?7??
[McMahan, PRB 27, 3235 (1983)]

Phase transitions in Si at £ 100 GPa

Si-Il (B-Sn)
10-11 GP

29
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Generation of pressure in excess 200 GPa by micro-explosion in opaque Silicon
buried under transparent silica layer

Observation of amorphous Si of unknown structure
evidenced by the unconventional Raman peaks

Establishing optimum conditions for maximizing
the energy deposition in opaque medium

Effects of ion front motion in direction opposite to the laser beam
on the energy density

Increase in the Coulomb interactions enhances light/heavy ion separation effect

Future studies: new materials; in situ diagnostics
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-Quartz and silica convertsto stishovite (4.29 g/cm?)
- in the range between ~30 Gpa-110 Gpa.

Silica and stishovite meltsat P> 110 GPa >> shear modulusfor liquid silica ~ 10 GPa

-New phases formed inside the bulk SiO, (probably -stishovite 4.29 g/cm? in
the range between ~30 -110 Gpa, 5-7% of the shell mass)
-Dense phase: Nano-crystallites, nano-clusters?

-The heating rate by powerful short pulse laser ~50 eV/200 fs = 3x10*’K elvin/s

--The cooling rate ~ 50 eV/2ns ~ 3x10%K /s
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