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Plan of the lesson

-Compressing stuff

-Then think ...




120 km
4 GPa, 2500 °C

750 km
25 GPa, 2700 °C

6300 km
350 GPa, 6000 °C

Laser ~ Intérieur des exoplanetes
| — 1 TPa, T>10 000 °C
S— Mais sur 1-2 ns
Target



Internal structure of the Earth

Subduction Zona
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50 GPa Mars

5 GPa Moon
1500 K

Venus 300 Gpa
6000 K

Earth
360 Gpa

6000 K



Neptune

Earth

500 GPa

m etallic

Uranus T8 hydrogen

© Jupiter
| 1 500 GPa

Saturn

1 000 GPa




Mars Earth Super-Earth

~20 GPa

136 GPa
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Cellule a
enclumes de ~1000 GPa
diamants
11
Presse multi- CHOCS Il
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After D.Shim



Hydraulic press - Piston cylinder

Pressure is directly derived from
The size of the piston @
BUT friction loss

end load ram
end load
thermocouple spacer
spacer
\ | stack top
T WE > blate
pressure \{vc W’(
» vessel —~ | )
bridge
main hydraulic
ram
Base Plug
Pyrophyllite
Sleeve
Thermocouple
Pressure medium/cell —— R Wall
| B
Pyrex Sleeve ——J Sanép:ﬁ dCup
Graphite Furnace A'““g';:’g;rm!lo




Hydraulic press - Piston cylinder

High T assemblies

fp—— 1272y — fp—— 12702y ——
. . T T T
Mo foil ,
BaCO, :
D MgO 2800 !
1 ALO, LaCrO;—<3 2400
B Sample Cadoped % 3 2000
TypeD N 3 —. 1600
th le 8 =
ermocoup I T
= —
P 800
Graphite—=» Graphite -
furnace X furnace
G5 -‘ 1‘5 20 25 30 35
g Y OP (OA))
2100 K £ 3000 K ;
5 v

Resistive furnace
Temperature measured using thermocouple



Hydraulic press — Multi-anvil press

Working range

* Pressure : 3 - 26 GPa (carbides); 80-100 GPa
(sintered diamonds)

e Temperature : RT to 2500°C
 Duration : several days at T<1600°C



PRESSE MULTIENCLUMES
Assemblage cubique

Enclumes supérieures
en carbure de tungsténe

/ Thermocouple
‘:M Octaedre

Joint de pyrophyllite

Presse 1000T
Enclumes inférieures

en carbure de tungsténe
I Octaddre de magnésie

3 Céramique en Al, O

=27 Ciment

[ MgO |:| Capsule de Re ouAu
B Charge

B Molybdene Spirale de cuivre
EE [aCrOg

1 Oxyde de zirconium Thermocouple

S mm
mammmmmmm = Coupe de l'assemblage octaedrique

Pierre Boivin 1998




Forces

Action du vérin
principal

Enclumes
primaires

Enclumes
secondaires

Octaedre

_} mvt enclumes |

=) mvtenclumes II



Press 5000 tons, Misasa, Japon

g~ ) |

= |

i

Press BARS, Novossibirsk, Russie
Press 6000 tons, Ehime, Japon
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1 mim

1: Lid; 2: Heater; 3: Pressure medium;
4: Themal insulator; 5: Sample;

6: Electric insulator; 7: Tharmocouple;
8: Caoil



g thermocouple

5 mm

|
I Octacdre de magnésie
[ Céramique en mullite
Z7 Ciment
1 MgO
B Charge [ ] Capsule de Re ouAu
I Molybdéne s Spirale de cuivre
—_— |/ Thermocouple

[ Oxyde de zirconium


















Sintered diamond anvils

Pressure(GPa)
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Other large volume presses

End load ram
(2000-5000 kN)

Master ram
(induces pressure
on the sample)

Opposed anvils press

beam

Paris-Edinburgh Press
Developped for in-situ experiments
Pressure up to ~15 Gpa Piston cylinder apparatus
Temperature up to 2300 K For ex situ synthesis
Pressure up to 4 Gpa
Temperature up to 2500 K



Diamond Anvil Cells



Membrane type cell

Diamond anvil cell

Compression chamber

Membrane

Tungsten
= carbide
seats

1 cm

Guide pieces



Mao-Type cell

piston

cylinder

WC seat

cBN seat with
gasket support mounted diamond

Re gasket “

steel gasket support

left- and right-handed screws

Belleville washers



Pressure
transmitting




ruby fluorescence
— P=10GPa

5000 5050 5100 5150 5200

wavenumber (cm‘l)







Spectre d'émission
thermique

= T

Intensité

Longueur donde

-

P Laser infrarouge



Double Sided Laser Heating DAC Experimental Set up

4 —— Laser beam path
'\ —— X-ray beam path
—— Image path

\ \\ I

Sample size : 20 microns

‘ 3

’1*"’

X-ray spot size :
microns (at 46 keV)

........
........
''''''''

Exposurc [Ss
time : 20 s Pgi-— KR N - A T e ———

-------------
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.............

.............

Sl . aser spot size ;15 microns
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Fiquet et al, PEPI, 1998 X-ray 1998
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ESRF upgrade : new ID27 beamline

5 200 * 300 nm beam

Planned in September
Experimental Hall 2021

Chartreuse Hall

! Double-stage diamond anvil cell |

Secondary Pressure
28 - anvil medium

Over 1 000 Gpa using “ ,-L LA
L Wl’ X \:mme

Diamond Anvil Cell -
) !ED Se'ml-ba\ll\\w

18 & r - :
0 100 200 300 400 500 600

Pressure, GPa
Dubrovinsky et al., Nat. Comm., 2013

Unit cell volume, A3

N
N




Dynamic compression
experiments



Different ways to generate a shock

Explosive set-up




Different ways to generate a shock

Gas-gun experiments

/ Brasch Pump ibe
(a) / Impactor / Barrel Target
Hot

gasear:’ > Hydrogen gas

—
Hupture vahe closed
(b Rupturs valve apen
— f,H!.--:ﬂr::gen gas Targel
Haot

(1 Cx Prston ] i
gases ?z
Impactor

From Lawrence
Livermore National
Laboratory website




Different ways to generate a shock

Z-pinch experiments

v Vv \%




Different ways to generate a shock

Laser shock experiments

=g - @

Téfg?t | Ablation Shock generated by
Laser irradiation expansion of the plasma

One example : MegalJoule laser, under construction, Bordeaux, France



Different ways to generate a shock

Laser shock experiments

;""”*"ﬁ'ﬁ / ‘ ;ﬂe | q ', | ‘W
- - - L

-Tﬁfg?t _ Ablation Shock generated by
Laser irradiation expansion of the plasma

LULI 2000, Ecole
Polytechnique,
Palaiseau, France




Casual diagnostic in shock experiments

\elocity Interferometer for Any Reflector (VISAR)

Gap 200 pm

-
Polyimide Gold

Drive Laser
VISARs

c"“‘.

BAEM 320U S
kw3

Expanding

plasma

Time (ns
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T : E 75
o ] @ 0
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E ] Subsequent accerelation \%ﬁ
4 x
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Free-surface
velocity (km/s)

20 25 30 g | ,:;f Small bump
Time [ns] i
0 ;.552‘:';";“1”/% I ' ' |
From Miyanishi et al, J. App. Phys., 2014 18 20 25 30 3
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Casual diagnostic in shock experiments

Shock

“‘ reakout

11

1111

il

Image of interferometry of the rear
face (VISAR)

Related to the pressure

VISAR + SOP +....

Streaked Optical Pyrometer
Related to the temperature

X-ray diagnostics !!!



The conservation laws for a single shock

Initial state

After a unit of time

Piston Shock U, : Piston
velocity
U : Shock front
| -t :| A : Piston surface
Ug

From Henderson, Handbook of shock waves, 2001



The conservation laws for a single shock

The Rankine-Hugoniot equations

Initial state

Shock

Piston
Up Us-Up
N
Ug

Shock fixed coordinates

* Conservation of mass

pu = Pyl

e Conservation of momentum

p + pu? = po + poig

» Conservation of enerqy

—E )
I.‘ Up-Us=u !_}+E+EH2 :g+€ﬂ+5“%
-Us=mup

From Henderson, Handbook of shock waves, 2001



The Hugoniot equation

By removing velocities from the Rankine-Hugoniot equations,
we obtain the Hugoniot equation

1 1 1 1
3_30:§(P+P0)<p_0_;>:E(P+P0)(V0_V)

1- In the (P,p) space, the Hugoniot equation defines a line of possible state during the shock

2- Thermodynamic of the shock strongly depends on initial conditions (P,,V,)
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P, V, T path during shock experiments



Shock experiments on iron

iﬂcoldjj
6000 Hugoniot p

g “Hﬂt"’ P-T condifions of
L Hugoniot Earth's inrler core
= 4000
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= 2000

o
300 . . .
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Pressure (GPa)



[ron phase diagram under exoplanets'
core conditions

20000

10000

Temperature (K)

Hugoniot

4 8
Pression (Mbar)

12




A complementary technique to probe iron
under extreme conditions

Experiments Calculations




Molecular dynamics calculations

Molecular dynamics calculations
performed using ABINIT code

PAW method for calculation of
electronic structure

The electrons are treated

quantum mechanically
using the DFT

GGA method for the exchange-
correlation energy and potential

NVT method Pure Fe melting temperature
calculated using the
236 atoms coexistence method




Density Functional Theory (DFT)
the system> [/;4\

“Easy” problem to solve

/&

Hard problem to solve

Schrodmger view DFT vnew
B 39 I i I
o b2\ Formally &
o< £ equivalen . o
e electron o Koh.n-.s-ham particle

(non-interacting)

« » interaction
------ effective potential

external potential

LDA, GGA,
Y = n(r’) P SFE..|n(r)) Meta-GGA,
YR EPEVR +j ¥ doan? 28 “ on(r) Hybrids, ...

Mattsson, et al., Simulation in Materials Science and
Engineering, 13 (20095)

University of Florida

MATERIALS 8¢t






