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Warm Dense Matter (WDM):

complex and almost unexplored regime
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Warm Dense Matter (WDM):
complex and almost unexplored regime
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Inner structure of the Earth

Subduction Zona

Scenario of Earth = Light elements
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Exoplanets

37727 confirmed exoplanets (Kepler) (10.01.2017)
1 discovery / 2 days

> 70 habitable planets (Dec 2017)

Internal pressures up to 10s TPa
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Exoplanets Interiors and properties

7.5 Mg

Upper Mantle: olivine

Lower Mantle: perovskite e
+ N N

Fe ar Fegs(FeS)az

Dry planet

Valencia 2007

Big inner core, entirely solid?
Tectonic?

Geodynamo?

Liquid core?

Ocean planet

Core-Mantle Boundary
P=1100 GPa
T=15000 K

Center of the planet
P =3400 GPa
T=7000 K

temperature (K) (x 103)
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Hyper-velocity impacts on Earth

Meteor Crater (USA)

50 000 years

1200m diameter

Meteorite of 50m 300 000 tons
10-20km/s

Popigai Crater (Russie) converted
to a Diamond mine
35 millions years

Understanding crater
shapes and projectile

left overs?
Cheyabinsky Formation of diamond,
Meteorite stichovite?

10000Tons, > 15m,
~19km/s (Russia)

Preventing impacts?




Planet formation and accretion process

Disk of gas and dust
spinning around young Sun

Dust grains

=iy " _~»  Whatare the
Ny — .
/ \ properties of the
A & initial materials?
Presence of
Planetesimals collide
and collect into planets wate r?

Dust grains clump
info planetesimals

~200m ~10km



Moon formation — Giant Impacts

Collision between a proto-Earth and a Mars size body, 4.5Gy ago
Many debris from the collision and accretion to form the Moon ?
How much is left from the external body in the Earth?




Laser process

Opaque Overlay
(Tape)

Laser Pulse

Laser welding

Laser drilling

T800/M21 UD

Back face
damage

Shock deformations and
microstructures?
Change of absorption
during drilling and welding

Ehrhart et al 2014

Laser shock adhesion Test



Fundamental and unknown physics

At high pressures and high temperature, electron ion interaction can play a major role
- Orbital hybridation

- Interstitial, localized electron bonding
- Gap changes...
- bond hardening
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Few important challenges for WDM

Phase diagrams and EOS at extreme pressures and temperatures
(Inner structure of Earth and Exoplanets)

Fundamental physical properties at extreme conditions (Liquid
densities, metalisation, conductivity for planet modeling...)

Phase transition during hyper-veloce impact (origin of water on
Earth)

Crater formation and debris production in space
Exotic state of matter at high pressure

Laser absorption and optimisation of laser cutting
Deformation mechanisms under high strain rates (Laser peening)

Needs experimental measures in
laboratory



How to produce WDM in laboratory
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Isochoric heating

Ultrafast heating produces non thermal equilibrium Te # Ti

Laser heating only on the skin depth (<100nm)

X-ray heating in volume but produces energetic photoelectrons
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FIG. 9. Calculated electron temperature profiles in a 1-mm-thick

bulk Si target with transport of energetic photoelectrons. Irradiation
conditions of Fig. 8.
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FIG. 8, Calculated ion temperature profiles in a 1-mm-thick bulk
Si target with transport of energetic photoelectrons. The intensity is of
3.1 x 10" W/cm?, the pulse (Gaussian) duration is 20 fs (FWHM),

and the photon energy is 10 keV. XFEL radiation comes from the
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Static compression (LH-DAC)
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Dynamic compression

! | ! ! ! ! ! !
Cold ke P
target _ Liquide
> <10 - -
S - B.a'mf.ﬁ anvil cell -
: 6 : _t-g Ab initio :
] - —-(0 —- (1) -
E 4 - _0“55;% :%gﬂ Liquid B
j A% 3 - Shock (14) N
g 7
S
Shock wave 1 - u
] e-Fe T?a%?%%ﬁi%%ﬁtmsho|d p : E -
i § ] : O Stixrude
Ablation pressure S i 2 e
Y, 43k 0.1 1 10 100 1000
P - 12(1 /}\') 3 Pression [Mbar]
L
I S 10 W/em?2 Earth Fe 3.5Mbar | 6000K
L
A= um Super-Earth | Fe 40Mbar | 8000K
P = Mbar Jupiter H-He | 40Mbar | 20000K




Dynamic compression
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High Energy Lasers
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WDM 1n laboratory : Time scales
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WDM 1n laboratory : Time scales
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« Traditional » diagnostics

Traditional diagnostics for WDM Optical diagnostics are limited
- Pyrometry (SOP) to surface only and do not

- Surface movements (VISAR and FDI) give structural informations
- Reflectivity —> Last decades developments

with plasma based X-ray

- Arrival times (velocities) .
sources and particules

- Recovery
target jg\ streak
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X-rays to probe WDM

X-ray diagnostics to probe in the bulk volume
- Access to equation of states (density, temperature)
- Access to microscopic structural informations

- Access to electronic and atomic populations

Absorption

Diffusion, Diffraction

X




Intensity (arbitrary units)

X-ray diagnostics for WDM
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X-ray Scattering

X-ray diffraction resolved in angle
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X-ray Scattering

S(k,w) = Z;See(k, w) + [fi(k) + q(K)[*Si(k,

e- feature Ion feature

Low scattering cross section

—> Brilliant sources : 10'>13 ph/pulse
Small spectral shift

—> fine Bandwith : <0.5% for seeded FEL

Chihara et al., Journal of Physics: Condensed Matter 12, 231 (200
Holl et al.,, HEDP 3, 120 (2007)
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X-ray Scattering at ultrafast time scales

electrons
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XAS tor WDM

XANES-EXAFS gives access to: A
- Crystallographic phases 5s- 30
- Melting diagnostic | band
- Unoccupied DOS (valence e-) 2p
- Band structures
) . . Absorption
Hybridation proces§es | Keedge
- Temperature (Te, Ti)
- Screening effects ...
oo
Needs simulations: P
- Ab-initio - | | | | | | Pair distribution
- FEFF 215 /, function, solid
g . phases
< 1
<
§O.5 Edge gives
Z informations on Te,
0 valence, DOS
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XANES to measure the temperature

Fermi Golden rule :
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XANES and EXAFS to access DOS and
cristallographic phases

Fermi Golden rule :
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XAS at ultrafast time scales
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Facilities

Lasers FEL

(LULL CELIA, Apollon, ELL..) (LCLS, SACLA, PSI, Eu-XFEL...)
- Isochoric heating - Isochoric Ultrafast heating

- Compression . - Ultrafast brillant X-ray or XUV probe
- Secondary sources (X, particules)

MEC @ LCLS

EH5 @ SACLA

HED @ Eu-XFEL

+ PSI, FLASH, FERMI
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electrons
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“Transparent Aluminium” (pulse < S01s)

B

FEL heating and Al saturation
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. Nagler et al., Nature Phys. 5, 693 (2009).
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Saturable absorption of Iron
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2-Stage focusing system
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Self Heating FEL at FLASH
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Electron — 1on coupling
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Electron — 1on coupling
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XANES to detect melting at LCLS

Quartz thick spectrometer

Transmitted spectrometer
Si thin crystals

Incident spectrometer
Si thin crystals

Laser 532 nm
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Probed conditions from optical
diagnostics (VISAR & SOP)
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XANES spectra at 5 P-T conditions
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XANES spectra in good agreement
with ab-initio simulations
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Summary of the most recent melting

experiments
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Production of nm-size stichovite under shock
as example of an ultrafast reconstructive PT
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Spallation process under shock
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Spallation process under shock
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Spallation process under shock
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Conclusion and Perspectives

FEL are offering unique new diagnostics and aproaches to

understand WDM

- Access to structural diagnostics, in the bulk of the material

- Access to a full understanding of the dynamic processes from fs
tons

The applications for WDM studies in geoscience, laser processes,

fundamental undestanding still need developements

- Close collaboration with theory groups for modeling

- Instrumental developments for multiple diagnostics and for high
precision measurements

- Effort towards the application has to be pursued
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