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OUTLINE

v" Introduction: The Warm Dense Matter
Why its characterization is important ?
What is planetology in laboratory? How to do it?
What is a laser shock?
How to measure the equation of state!?

v" Recent developments: some examples on silicates

v' Conclusions




The Warm Dense Matter

Temperature (eV)

Classical plasma

Density (g/cm3)

103
102}
1
1 density
matter
10}
Condensed
0, ! matter P, ol
104 102 1 102 104

0.1 Psolide < P < 100 Psolide

0.1eV<T<100eV




The Warm Dense Matter M

2
;

S
J

I'=100

S
2
)
é 101
O High
o 10 density
= matter
)
= 10
Condensed
lO_j . matter ) .
104 102 1 102 104
Density (g/cm3)

-

WDM is the state at the intersection
between plasma physics and condensed
matter physics.

WDM is correlated and degenerate
Correlated I'=E_/E,,>1

Coulomb energy E.

Thermal energy E,,

Degenerate T, >T

Difficult to simulate theoretically -> Quantum Molecular Dynamics calculations ->
need of experimental data to validate them



The Warm Dense Matter

Temperature (eV)

103}

102

101

High
10 density
matter
10} !
Condensed
lO_j . matter ) "
104 102 1 102 104

Density (g/cm3)

Conditions found in inertial
confinement fusion path
compression and inside
planets

In the last tens years ->
new topic

“planetology in laboratory”



An important motivation to study WDM :
planetary science

<> Study of Formation and evolution of planets

Iron/nickel Iron/nickel
core core

Iron/nickel

e Rock =

4 . (silicates)

fis

N i
Mercury Ven

<~ Study of planet interiors L

FAST GROWING SCIENCE DUE TO EXOPLANETS DISCOVERY

Cumulotive Detections Per Year

Planet Types

v

-4
~
Vv

40D

From 1988 to today

l

4009 planets discovered

3000

mulotive Number of Detection
O

=
“u

Discavery Year

)

Neptune-like
Super Earth
Gas Giant
Terrestrial
Unknown



Key questions about planets inside and outside the/ ./
Solar System % Y

eWhat is the nature of the iron core at the center of Earth
and other terrestrial planets? -> Dynamo effect

eWhat is the interior structure of Jupiter and the other
giant planets? Why is Saturn luminosity not compatible

with its age?

The internal structure is inferred indireclty from their global
properties: M mass, the radius and gravitationnal moments
(few observables)

For exoplanets -> only mass and radius

To progress in the planetology:

We have to know the equation of state, the conductivity, structural properties
etc...of the matter existing in the planet interiors.




. . e
How create this planetary matter in a laboratory? /// ,’g

Static way

Diamond cell == Isothermal Compression
P =0 - afew Mbar

Dynamic way

Chemical explosions, gas guns, ions beams

High power lasers

mm) Shock Compression

P =~ 0 - several tens of Mbar /£




What is a shock ? /

S

Pressure,
Density,
Energy

Rankine Hugoniot relations

“7  Shock velocity D :
o> Shockveloclty Conservation of the
Fluid > .
velocity U™, =) mass

v
3
o
3
@
=
c
3



Laser driven shock

Laser

Cold
target




Laser driven shock (e/,}a

Laser

Ablation pressure
P~ 12(I /0

Today

Cold
target

I

Shock Thickness = 100 um

I, (10* W/ecm?) Typically E = 100 -1000 J
A (pum) Duration = nanosecond
P (Mbar) Focal spot = 500-1000pum

“=2 Pressures of several tens of Mbar



g ®
EOS measurements using a shock (E/,}ﬂ

Rankine-Hugoniot

I PoD =p (D-U)  mass

1 poDU =P-P, momentum

poD(E-E;+U?/2)=PU  energy Piston Compressed Uncompressed
: S

5 unknown parameters (D,U,P,E,p)

To have a pointon f(P, E, p) =0

v'2 parameters - absolute measurement
2 velocities D and U — time and distance

v'1 parameter - relative measurement
shock velocity D in 2 different materials (one used as

reference)



g ©
EOS measurements using a shock (E/%

Rankine-Hugoniot

I PoD =p (D-U)  mass

1 poDU =P-P, momentum

_pOD(E-E0+U2/2)=PU energy

5 unknown parameters (D,U,P,E,p)

To have a pointon f(P, E, p) =0

v'2 parameters - absolute measurement
2 velocities D and U — time and distance

v'1 parameter - relative measurement

> —

Liquid y ‘

ﬂid

blanetary isentroPe:

>

P

shock velocity D in 2 different materials (one used as

reference)



J ®
The requirements and challenges (E/,}g

The shock must be uniform, well controlled -> without preheating

. |

Laser To Complex multilayer targets

Shock] P4

To measure parameters with required precision ( #qq % ) for a
target < | mm within = [0 s

C High resolution for the detectors
<|10um et=10'%s



/s
How do we measure shock parameters!? //@J

Usual diagnostics

Velocity Interferometer System for Any Reflector (VISAR)

>

target streak Velocities (D or U) by
A g\/}ﬂ\ Doppler effect & reflectivity
1]
7\'O

t
—>

DorU
V=) F/2t I

X

1

Shift of F fringes at t



7
How do we measure shock parameters!? //@J

Usual diagnostics

Velocity Interferometer System for Any Reflector (VISAR)
target streak Velocities (D or U) by
Doppler effect & reflectivity
(]
D orU 1

Self-emission

Temperature T
target

NS> streak Kirchoff law: I(T,\) = a(A) Io(T, A)
A A e p— Planckian
a()=1-R(\) radiation
X ‘ T

We obtained reliable EOS data (method tested on standard materials) Koenig et al. PRL 94



Laser compression experiments for planetology at LU LI/I/¢ >

o Three main challenges

-

To perform microscopic study to progress in the\
knowledge of phase diagrams of the main planetary
components

v Coupling X-ray diagnostics (X-ray diffraction, X-ray
absorption near edge spectroscopy ...) with a laser shock

o /

Principal Hugonio . A
R Vi /To achieve planetary conditions (dense and cold <\
Sold lev) Shock—— Too hot
v" Alternative compression techniques (quasi-
Samatary Isentropes isentropic compression, double choc, DAC+

= \_ shock) )

To investigate complex compounds typical of planetary
interiors




Main planetary compounds M O

6300-6800 K \ ' ! ' Helumrain \ 135-145 K
2 Mbar 1 bar
Molecular H,
(Y~0.20?) .
-hydrogen and helium
0-6100 K
bar
-mixtures of H,0, NH,, CH,
8500-10000 K
15000-21000 K b
40 Mb Ices + Rg’cks or. .
core ? -Silicates and oxides:
Jupiter Saturn (Mg,Fe)2SiO,, (Mg,Fe)SiO,, (Mg,Fe)O
~T5K - i
1 bar HMe?iISgluLafcg% ;7&5_( Iron and Iron a||0yS
53000K 3 e

Ices
Mixed with hydrogen?
Mixed with'rocks?

6000~6500 K Rocks? 5000~5500 K
~8 Mb 10~16 Mbar
Uranus Neptune
T. Guillot 2014
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Main planetary compounds

165170 T Molecular H, (Y~0.23)
A\
6300-6800 K \ | | | Helumrain 135-145 K
2 Mbar 1 bar
Molecular H,
(Y~0.20?)
0-6100 K
bar
8500-10000 K
15000-21000 K b
40 Mb Ices + Rocks
core ?
Jupiter Saturn
~75 K
~70 K
1bar HMe?iISr%luLafcg% 1 bar
~2000 K
~2000 K
0.1 Mbar 1 Mbar

Ices
Mixed with hydrogen?
Mixed with'rocks?

5000~5500 K
10~16 Mbar

Neptune

6000~6500 K Rocks?
~8 Mb

T. Guillot 2014

-hydrogen and helium

|-mixtures of H,0, NH;, CH,

-Silicates and oxides:
(Mg,Fe)2Si0,, (Mg,Fe)SiO,;, (Mg,Fe)O

[—Iron and iron aIons]

19



The study of silicates : the context M’-’

T (K)

Silicates (MgSiO;, Mg,SiO,, ...) are expected to be inside 7 _gua

» cores of giant planets
» deep mantles of terrestrial ones

How do these compounds melt, dissociate or turn

metallic?
- Evolution and characteristics of these planets
20,000 ‘e“’f'
- o ' Ab initio calculations predict the
16,000 e A dlssocu'?\tlon |
- - of MgSiO; > (SiO, + MgO)
5565 We need experimental data in high pressure regime
to validate theory
04 6 8 110 12 40

P (Mbar)
K. Umemoto et al., Science, 311 (2006)

20



The study of silicates : the context M’r‘

Silicates (MgSiO;, Mg,SiO,, ...) are expected to be inside 7 _gua

» cores of giant planets
» deep mantles of terrestrial ones

How do these compounds melt, dissociate or turn

metallic?
- Evolution and characteristics of these planets

20,000 ,ﬂ‘j '
I Ab initio calculations predict the
dissociation

Jupiter’
of MgSiO; > (SiO, + MgO)

We need experimental data in high pressure regime to validate

theory

8 16 12 40
) P (Mbar)

K. Umemoto et al., Science, 311 (2006)Different experimental CampaignS:
Detection of phase transitions using decaying shock (LULI and GEKKO)

Electronic and ionic structural changes using XANES (LULI)
Phases transitions using X-ray diffraction (recent experiment at LCLS)



Detection of phase transitions in MgO-SiO, systemS/,/ O
using decaying shock

inci i Hugoniot
The principle . Hugoniot R To . Po
P’T Mg(l\)/l’g':/é?giloa’ BE; To, P /
/ , /
E =800 / Decaying shock
t=1525ns 4| o
P = 600 um

No transition Phase transition

22



Detection of phase transitions in MgO-SiO, systemS/,/, O
using decaying shock

inci i Hugoniot
The principle PT _ Hugoniot N To Po
MgO, MgSiOs, )
’ gMgZS?OL Ik To, P
E =~ 800 y | /
t=1.5-2.5ns /D/ecavmg shock
® = 600 pm g p

No transition Phase transition

10 ns

23



Detection of phase transitions in MgO-SiO, systems
(LULI and GEKKO experiments)

The principle

P,T wmeo, mgsio,,

Mg,Sio,
£ =500 4 Decaying shock
t=1.5-2.5ns L ying
~ /
® = 600 um +—
80000 -Experimental P-Tc M go
ool - Shot 88 .
Shot 91 LiQuip
* McWilliams
20000+ Experimental melting points: °
* McWilliams
© This experiment °

Temperature [K]
@
8
o

10000F ez ¢
2555 D A
/"" .74’ %’KS RT X > SA: Svendson and Ahrens, 1987
L B2 £ 3
5000} . MeW: McWiliams et al., 2012
SA RT: Root et al., 2015
0 dKS: De Koker and Stixrude, 2009
0.2 04 0.6 0.8 1.0

Pressure [TPa]

R. Bolis et al. GRL 2016

Hugoniot

No transitions

Hugoniot
p o To, Po
liquid

solid

» P

Phase transition

Melting feature at 4.7 Mbar
No other phase transitions
Existence of a low conducting liquid layer at the mantle

Repercussions for super earth B field

24



SiO, and MgO microscopic study using X-rays Absorption Near/
Edge Spectroscopy (experiments at LULI)

CELIA .

The principle Dt

Backlighter target
Dy 125 pm

Backlighter beam
50J, 3.5ps

@ A snapshot of the plasma

REFERENCE
X-RAY
SPECTROMETER

Main target

&

. Many probed conditions of

SiO, and MgO phase
\ TRANSMISSION diagram
X-RAY g
SPECTROMETER —_ _»
EMISSION Eamas

25

VISAR



r Edge g ©

SiO, and MgO microscopic study using X-rays Absorption Nea /,
Spectroscopy (experiments at LULI) W
" 2

The principle
T
}.. X-RAY /7 -\ §',\/
Ae Energy levels for a metal \/\/\/\/\/ﬂW 1)
’ l':l ECTRON ~—
3s-3p Multiple Scattering
band
03
2p 00
2s
03
Absorption . FEE
X K-edge J
o0} / ——K,Fe'(CN), 3H,0
wa ...... KaFe"(CN).
12 720 7160 7200 7240
EleV
H s
> I

TYPICAL SPECTRUM CARACTERIZED by:

= Absorption edge corresponds to the transition of the photoelectron from the 1s level to the
first unoccupied level above the Fermi energy

= Qscillations due to the scattering of the phtoelectron on the neighbouring atoms
26



SiO, and MgO microscopic study using X-rays Absorption Near Edge /,

Spectroscopy (experiments at LULI)

CELIA

e

The principle

3s-3p
band

2p
2s

Absorption
X K-edge

e Probe the valence
H 1s electrons and the
) r
1s level

A ELECTRON

Multiple Scattering

03 -

00|

03|

A

o8k -7 7 ~—XAN
gy /f i ——K,Fe'(CN), 3H,0
T KFs"(cn),

EXAFS ———=

7120 | 7160 7200 7240
EfeV

Probe the local atomic order

Powerful diagnostic to study both electronic and ionic structure changes, phase
transitions and to test directly approximations used in theories




SiO, and MgO microscopic study using X-rays Absorption Near Edge /,/ @)
Spectroscopy (experiments at LULI)

CELIA,
Some data Experimental and ab initio spectra along isochores at p = p,
p~3.3glcc Mgo p=3.59 glcc 15— 15— - SIOZ
= cold (B1) I
== 2000K (B1) -
_ == 8000K (L) 5 4 4 1
3 EY I et Calculations are in ‘: -
g o - agreement @ 0 | [=m o N ) E |
£ — 9000K = . . I —asiavll | et 228V
= 2000K with experiment Lo —
b k30 1840 1850 1860 1870 {330 1840 1850 1860 1870
13 Energy [keV] 14 1.3 Energy [keV] 1.36 Energy (¢V) Energy (V)

A. Denoeud et al PRL 2014, A. Denoeud et al. PRE 2016, Bolis et al submitted

v' We were able to get information on the gap closure mechanism and on liquid structures
Sio,

ctured

334, Liquid with

<% «.“an angular order

pseudo-gap

2%
PN f“:u

W@PC &, ¢

Energie

Energie

28



X-ray diffraction at

LCLS free-electron laser

« hard X-rays at 9 keV (A = 1.3753 A)
» 50 um focal spot

« 30 fs pulse
S50um 50um
( CH(PS) | Silicate
. \ \

Drive lasers 03umF—  03um Ti
» 4 drive lasers combined in 2 arms olue Jormvar
« Upto 70 Jontarget (A =532 nm)
« 350 um focal spot with phase plates 50um 50um i
» 10 ns pulses, temporal shaping (PS) || Silicate

1shot/ 7 min/arm
0,3um Ti 0,3um Ti 0,3um TilAl

29



Results on fused silica SiO,

Fused-SiO, initially in 4-fold Si-O coordination

Vo

20 30 40 50 60 70 _ .30
29 angle (degree) J.A. Hernandez et al. in preparation



Results on fused SiO, //,¢

Formation of amorphous phase with 6-fold coordination — 23 GPa — 3.3 ns

Up measurement from VISAR

Us from Us-Up relation

e Literature
10 ® Tracy et &,
SESAME 7361
T T Keriey model
¢ ¢ 8l ® ourdata '5:‘ . 3
—~ e °
_;’_’ .:‘
-g 6 mixed phase * o2
2 - region
- a ¥ 2t
elastc ool
4 WAE o
P plastic
wave
.
2 L I L Il !
0 1 2 3 4 5 6
Up(km/s)

T~
~— — —— 11J/23GPa
R —— ——

20 10 40 50 0 70

26 angle (degree)

. . 31
J.A. Hernandez et al. in preparation



Results on fused SiO, /// (y’

Crystallization of stishovite (TiO,-type structure) — 55 GPa — 4.6 ns

Up measurement from VISAR

Us from Us-Up relation

e |jterature

10F = Tracy et al.
SESAME 7361
Kerley model '
n n ® ourdata ‘:‘ °
L ¢ 8 & 3
$:°
B

@ .
E “q
56 mixr%glggase iej .2

o a .;",’. S

elastic Lo o
4% wav§ -~ ) .
. /" plastic
wave
L]
2

0 1 2 3 4 5 6
B aha Up(km/s)

~— — e 11J/23GPa
——

Vo

20 30 40 50 60 70 32
26 angle (degree) J.A. Hernandez et al. in preparation




Results on fused SiO, /// ‘Iy'

Melt — 102 GPa — 3.3 ns

Us measurement from VISAR
consistent with timing

to teo

Up from Us-Up relation

T
® |iterature
10 B Tracyetal,

SESAME 736

Kerley model
65J/102GPa gk ® our data 5:‘. 30

. L J
48 )/ 80 GPa = ";
E 3
=) nixed phas ° e
47 )/ 67 GPa 36 o o
o . a -.:;’. o,
elastic Lo o
4. wave -~ .

Y plastic

11J/23GPa . e
° L ]
2 1 ! . .
0 1 2 3 4 5 6
Up(km/s)
70

. . 33
J.A. Hernandez et al. in preparation

26 angle (degree)



Conclusions

Reliable equation of state measurements using a laser shock

Studying phase transition is mandatory : Coupling with X-ray
diagnostics -> complex, but very interesting results

Free electron lasers or synchrotron facilities coupled with a
nanosecond laser open an opportunity
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High energy density physics definition %ﬁ.'.

Extreme matter states HEDP P > 1 Mbar (i.e p/py>1)

2 log N(H)O[md]

35 40

A wide range of physics areel

log T [°K]
log kT [eV]

P(total)=1Mbar s
o @ﬂ\@ g {2
oni
ioni

| ACCESSIBLE
by NIF & LMJ

+5

0
log p [g/cm’]

HEDP Energy density input = energy density at room T

Typically: 10°- 10" J/m3

volume involved in laser target = 109 m3

Easily accessible with a high laser power of a few hundreds J



Experimental state of the art

1993 The pressure record of 0.75 Gbar Cauble et al PRL (1993)

1994 High quality laser driven shocks

Lower et al PRL (1994) Koenig et al PRE (1994) Koenig <)?t al.
PRE (94

Bradely et al.
PRL (2004)

Pressure (GPa)

1995 First Equation of State measurements
Koenig et al PRL (1995) , Da Silva et al. PRL (1997)

Knudson et al.
PRL (2009)

6

Density Compression, 7

1996 — today - Reliable Hugoniot data of interest for planetology

- Macroscopic characterization of WDM (EOS,
reflectivity, conductivity, etc...)



RESULTS FOR JUPITER

S — S R /

20 _ Jupiter _ T
15 L .
® i ]
=2 £ i
\g 1 O:- SESAME—-p _
= I LM-SOCP |
5[ .
0L o P oy

0 30 40

Mz/ Mg

M., is earth mass, M, envelop mass with heavy elements
Sophisticated EOS models -> # answers

Core «Accretion around solid mass

No core

Or very small egravitationnal collapse due to condensation



DETECTION OF EXOPLANETS ///, 74

1/ Radial velocity

|

Mass

A star with a planet will move in its own small orbit in response
to the planet's gravity. The radial velocity can be deduced from
the displacement in the parent star's spectral lines due to the
Doppler effect.

2/ Transit photometry Radius

Star

| <::::::Pkm1et._<::;;::> >

Brighti

~— Light curve

Time
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LEw

Saturn Is too bright

185-170 K
100 kPa

6300-8800C K
200 GPa

15000-21000 K
4000

/”’, """'loo'
Molecular H, (Y~{.23)

7R,

. — = L

— —~—
[nhomegencous 7
gLl
- —~

e, 135-145 K
"/ 100 kPa

Molecular H,

Meteallic H

{Y~0.27) 5850-8100 K
7 200

GPa

grv
0.33%)/86500—10000 K
1000 GPa

GPa Ices + Rocks

core ?

Jupiter Saturn

*Problem of miscibility of He-H?

Age estimated using a
homogenous model 2.4 MA

Solar system: 4.56 MA

Saturn could generate some of its heat through the "raining out" of droplets of helium
deep in its interior. As the droplets descend through the lower-density hydrogen, the
process releases heat.



Our comprehension of the Earth's interior depends upon ?e g ©®

EOS of iron ,{/,}g

Mantle
Core’s thermodynamics

AH x M,

inner core

Emitted power by
the inner core P ~1-) P =

4 TW R T
Earth’s age
T =4.5 Gyr

_ then.t heat of — M
Cr'ISta||IsatlﬁS ~1- 2 MJ/ m dT /dP

QOuter core
Liquid Fe

? 1,,(P)
@the vicinity P = 3.3 Mbar

Inner core
solid Fe




Pourquoi la transition se manifeste t-elle par un plateau?

Fe phase a Ktﬂ
- Mixture de phases » - S
Fe phase ¢ g"‘ =
C =
-

(transition de phase

Contrainte, ¢
Plateau => mixed phase



[z
MODIEICATION Of THE DENSITY of STATES for the L|QU|D-Q/}¢

SiO2 along the isotherm at 1 eV

20

DOS

Total DOS ol

DOS occupee

Occupied DOS

o=

~40

Relocalization of electron

around the Si-O units

Less free electrons = conductivity

Energie (eV)

20

More states with E < EF

A



To create an FEL, a beam of electrons is accelerated to almost the speed of light.
The beam passes through an undulator, a side to side magnetic field produced by a
periodic arrangement of magnets with alternating poles across the beam path.

Self Amplified Spontaneous Emission -  Stochastic process > spectral fluctuations
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LY

0.81

0.61

041

021

Signature of melting at using X-ray Absorption

Near Edge Spectroscopy
(Harmand et al PRB 2015)

Calculations

High Pressure
Liquid (2)

High Pressure
Solid HCP (13

1

Experiment
0.81
High Pressure

Experiment at LCLS

0.6 2) .
0.4}
N High Pressurg
02t ¢ (1)
Solid AC (C
0 '
R
—
et
=
<
St
)
o
=
()
F.

We were able to give a
constrain on the melting
curve

1,210*

110*

o]
(=
(=
(=]

6000

N
=
S
S

2000

Dynamic X-ray diffraction
observation of shocked solid iron up

to 170 Gpa
(Denoeud et al PNAS 2016)
bee (011)
A _ ) cc B |
I’v ® 300 ~ = = Unshocked sample
I “;Jd,\' 3 = } e Shocked (~100 :Pn)
i £ 250 $ = Shocked (~170 GPa)
Unshocked sample e
> z
e . ~hcp (101) @ 200
] .I = \: E
DAC Phase Boun¢ .§ ~- -
+ DAC Phase Bounc £ Shocked (100 GPa) | X
_ ==== Melting Curve Bel . hcp (101) .§ ol
==m==Melting Curve Alf - | &
====== Melting Curve Bo ! a %o ]
v Melting point JM. 5hocked(-1;0 ;Pa) r” i‘”?rN‘ |
- A Melt!ng po;nt Q. V Diffraction angle . ’ 50 55 60 68
A Melt}ng po;nt C.S. Diffraction angle [degree]
V| Meltlng point J.H. INZUYTLL CL al., LUU-t
¢ Melting point G. Huser et al., 2005
L o HCP from Y. Ping et al 2013 H L
B This work (liquid Fe) [
O  This work ( HCP Fe) e e

0 100

3 Anzellini et al.

Tateno et al.

200
Pressure (GPa)

300




8¢ 100 1200 140 160°

Short Pulse =11to 4 kJ 1
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N

0 50 i Il' 0 ” P73 60
O
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= e

Nanosecond pulses (10

Up to MJ energy
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SiO2band gap closure mechanism

20 0 20 40
Energy -E¢[eV]




Why do we need to develop quasi-isentropic i,

. .(Sa
compression!?

To get closer to planetary isentropes

e.g. : the case of iron

Earth structure

| \ 6 garth isedrOP T
. 0 =} D)
Core: 80% Iron _\80 ) \_\Q
‘i | Melting line
) (Morard et al HEDP 2011)
E o
53
g,
E N .
== 0\\6
S -
N\ °
i (
[
o

T T T T T 1
0 1 2 3 Il\
Inner-Outer core

Pressure (Mbar)
ooundary P =3. 3Mbar

T, ===== » important repercussions: convection, B....

The melting curve T (P) has been recently calculated ----= » Experimental validation

»



Shock compression versus quasi isentropic compression,/{}gf'

| aser

+
)
0.0
s

I_

Intensity

Time

SHOCK
o lIrreversible processus => dS # 0 =>
o the heating is strong

o Compression is limited (~ 4p,)

)
S |
— 3
s
°,
0}
gg |
59
8.
g |
o o
3 =} ;//
N
L quasi —isentropic
N ® e ST S .
o* e compression
o Qe
| I I I I I |
0 100 200 300

Pression [GPa]
QUASI-ISENTROPIC COMPRESSION

o Reversible processus =>
o dS=0=>lowT

o High compression



The critical points for quasi-isentropic compression /C{fa

Generation of a sequence of small compressions waves but
multi Mbar pressures must be reached

b

________ % Very smooth and long laser profile
..... ¢’

Shock
Long compression time to maintain P

— v

Thick sample, large focal spot

ound velocity Ct

A multi-kJ laser is necessary to achieve P > 10 Mbar



Experiments at LIL in Bordeaux on iron and SiO,

(the most energetic European laser)

Iron Phase Diagram

Lo

SiO,Phase Diagram

L 12000 N

- ':" .':" : Hugoniot
;g LiquideHUgonIOtllll c ‘ I 10000 \)QO\O A(t;/:n'z ger:zltt;r;‘ 3
8 10 E ! g . 8000 Saturne ubmitted)
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| bee |\ 2 : = Pressure (Mbai) | ; 0 P (Mbar)
P O0—=2 4 6 8 10 12 14
Ll 0.1 1 10 100 1000

Phase diagrams based on ab initio simulations (Morard 2011, Mazevet submitted, Sitxrude 2012)

The main goal: to reach Super-Earth and giant planets conditions and to investigate region
around the melting
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SECHEL



Novel technique coupling a well-controlled shock followed by a quasi-isentropic
compression.

I, [10%W/cm?]

Quasi-isentropic

12000

10000 -

\

compression 8000

Matevet et al.

preparation |

v Achieve planetary conditions

Firstweak ~ °00° LIL experiment and the melting region
shock “0on ¢ (Mazevet et al. submitted to PRL)
Supep-Earths
Cotunnite
2000 |
Preparatory P (Mbar)
experiments %02 4 6 & 10 12 14
0.6 2 umAu 0.1 ym Ta or Al
08 04 =
0.2 i sl B
0.6 L
0 Laser g «© =
0.4 0 2 4 6 8/, 5 ©
t
\
e \L.. 10 ym 60 um 1 mm
0 — f{R PLANETLAB
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VISAR images

Weak
intensity

1 kJ

>
Zay

High
intensity

4 kJ

> 25ns
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Results: the thermodynamical path (BT) 57

Self-emission + R

v

T

15000
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g ®

I z PLANETLAB
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I I I I

Hugoniot

Saturne

| Melting
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Neptune, Uranus
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S— : COWUnNI
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Modéles théoriques //’W

température T [K]
)

3
X

densité massique (H) [g.cm3
15 10 0

10 10° 10

Plasmas idéaux

classiques
<<l

Plasmas non-idéaux

V>XK

[A2] L @4mesodwan

1
10" 10"

densité n [cm3]

Activity Expansion

Thomas-Fermi
Kirzhnits

10
o \
2 \
© 1
g '° 1
Es
S

Electrons , comme systeme de fermions qui
interagissent par un potentiel (champ moyen)

1
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densité [g.cm™]
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g ®
A scenario for SiO, (Hicks et al. PRL 2006) ({/%

Specific heat capacity
deduced by the slope of Hugoniot T

Temperature (K)

C, increases above melting

C, shows a broad peak (yellow region)

100 1000 1
Pracaiira (CPn)

Energy required to break all chemical bonds

For higher T (blue region) : bond breaking is essentially complete

Yellow region: « bonded liquid »= liquid containing a mixture of variously sized
polymerized structural units

Blue region: « atomic fluid » = no anymore chemical bonds



CONDUCTION BAND STRUCTURE for a METAL and SEMIMETAL

\

k —»
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DENSITY FUNCTIONAL THEORY (DFT) & QUANTUM >
—MOLECULAR DYNAMICS CALCULATIONS (QMD)

O DFT is a formally exact representation of the N electron Schrédinger Equation

o’ - s“ . ° 'c e
‘;':{?‘. " e o
“' K ' O ,'
.~ '0
® Electrons === .
. . _ . .
<-% |nteraction equivalence - nggstisgamtgi?;?es (non interacting)
— External potential po

©Desjarlais

o QMD:
O Born-Oppenheimer separation of electrons and ions
* Electrons are treated using DFT (quantum or Ab initio)

* lons are advanced solving Newton equations and using the quantum forces
created by the electrons (Molecular dynamics)

O Periodic simulation cell with N (162) atoms
o Constant volume and temperature o
O Use of pseudo-potentials (e.g. PAW)



Density Functional Theory

Any property of a system of many interacting
particles can be viewed as a functional of the ground
state density n,y(r)

"Kohn-Sham" theory

It replaces the original many body problem by an
auxiliary independent particle problem, which evolves

in an external potential
V depends on the

system stateonr

LDA
External effectif potential Vee (n(r))

V depends also on
GGA the gradient on n(r)



XANES as a melting diagnostic for Fe

(experiment at LCLS)

(o |
: : : : : P e AN
Context Detection of iron melting at high pressures (geophysics) i i
R PLANETLAB
&
IRONFEL
* Ab initio calculations suggest XANES as a R L B e
structural diagnostic for iron at planet s absorpﬂm”QUID O el !
—_— a a . 22X L . — Lig-5000K f
cores conditions, including melting : max.mum, oK |
* Disappearance of the deep absorption =z | v\\

minimum

1.5x10" N

absorption { Arb. units)

S. Mazevet et al.
PRB (2014)

1Lox10" [

5.0x10 : N ;'( minimum

00_1 L J"’" TR | PSR RS S T |-

1
7120 7130 7140 7150
energy (eV)

Requirements -> Fe K-edge @ ~ 7.1 keV

* Need a broad band, intense, short source = 7 keV = not achieved with UHI lasers

* need a huge amount of energy to create the X-ray source (Yaakobi et al. 2003, Ping et al. PRL
2013).

e Alternative approach = XFEL



Some results

16000

® DatalLCLS /
Melting curve (Anzellini et al.) ,/
14000 Hugoniot BLF "/ 7
=====Extrapolation of the Melting curve 1’2 } } } }
12000 - 74'? il ——— 11.25g/cc 2780K 143GPa
y 4 2 10000 - =91 1 —— 12.6g/cc 5800K 260GPa
Laser 14J’ 3ns g 4000 +++?:H %ﬁ Liquid Fe 4 | ====1lron at ambient conditions |
§ = _;_ : 4{;* en u
5 6000 | iﬁﬁaq o 1 N
[ %; = . l|||||||||
4000 ¢ 7 Solid hep 4 08 ‘l\|,||||
FEL Y. A g Experiment
7.1keV, Fe solide oo : s a5 & 0.6 i
SOfS, SmJ Pressure (Mbar) <
0,4 -
Good agreement between experiments and
calculations for the evolution of the spectra 02 |
(cold bcc/compressed hcp/compressed liquid) Calculations
O | 712 ‘7,13 714
. . 7,12 7,12 7,14
Data confirm that XANES is a good

diagnostic to constrain the melting
(Harmand & Ravasio et al in preparation)

I z PLANETLAB

&
IRONFEL




DENSITY FUNCTIONAL THEORY (DFT) & QUANTUM >
—MOLECULAR DYNAMICS CALCULATIONS (QMD)

O DFT is a formally exact representation of the N electron Schrédinger Equation

o’ - s“ . ° 'c e
‘;':{?‘. " e o
“' K ' O ,'
.~ '0
® Electrons === .
. . _ . .
<-% |nteraction equivalence - nggstisgamtgi?;?es (non interacting)
— External potential po

©Desjarlais

o QMD:
O Born-Oppenheimer separation of electrons and ions
* Electrons are treated using DFT (quantum or Ab initio)

* lons are advanced solving Newton equations and using the quantum forces
created by the electrons (Molecular dynamics)

O Periodic simulation cell with N (162) atoms
o Constant volume and temperature o
O Use of pseudo-potentials (e.g. PAW)



(A

Quantum Molecular Dynamics calculations .{/ﬂ

e Principle: a9

— atoms are set in a cubic box with periodic limit conditions. R

Given a ionic configuration — electronic structure
which will induce a rearrangement of ions by
guantum forces. The electrons interact with a
pseudo potential

Valence
electrons

. . Quantum Abinit Pseudo-
Electronic density of D, forces otential
@ 1g/cc and 29.000 K code P

* Electrons are treated quatum mechanically using

DFT = ab initio

* lons are moving solving Newton equations and

using the quantum forces created by the electrons lons

- Molecular Dynamics
S. Mazevet et al., Phys. Rev Lett. 101 (2009) 155001

66 /20



Quantum Molecular Dynamics calculations (2)

llllll

Assumptions :
the number of atoms is fixed.
the simulation box size is calculated o
in order to reproduced the density. ¢ o ¢
the number of energy level calculated is fixed. h}\/\{“ Py .
electrons are treated by quantum mechanics using o © ()

the Density Functional Theory (DFT).

P

LEw

€S9

the ions motion is deduced from Newton equations using quantum forces created

by electrons.

finite temperature DFT : occupations are given by Fermi-Dirac distribution.

PAW (Projector Augmented Wave) formalism : interaction between the valence

electrons and core electrons + nucleus

absorption spectra are calculated applying the linear response theory(Kubo-

Grenwhood formulation) and with the impurity model : the absorbing atom is in
an excited configuration with 1 hole in the 1s level (the core hole has an infinite

life time).
Frozen core approximation: the core electrons are frozen



PAW method

2 types of electrons :

-core electrons - the core electronic wavefunctions ¢.(7)
(isolated atomic wavefunction) are obtained using DFT -
valence electrons - the true wavefunctions are replaced by
pseudo-wavefunctions for r < Rp,y

- the pseudo-wavefunction satisfy @,(7) = ¢.(7) for r > Rpay

The real valence wavefunction is known, even in the core
region, and related to the pseudo-wavefunction by a linear

operator | \ ] )
+ E(‘¢Rn> <pR,n
R.n

Do)
\®@ Q@ . @@ _ Q@

PAW calculations are equivalent to all-electrons calculations




Variations in density... //’,y

Effects of the density " Blue shift with the density as in the experiment

Isotherm 3eV
n I | I | I | I | I

= [ike in the solid : blue shift with increasing coordination

= Jo/cc

1 we Sgfce |
= 8o/CC

k: The shift is a signature
O .
Z o5l of the coordinance

Absorption (Arbitrary Units)

Appearance of new o=
- ‘structures’ in XANES
spectra Stisholvite

1840 1850 1860 1870
Energy (eV)

o | 1 1o 1 u
P 830 1840 1850 1860 1870 1880
Energy (eV)

Synchrotron data : Li et al, American Mineralogist 79, 622-632 (1994)



» An explanation : the structuring of the liquid

Liquid seems to follow the coordinance of the solid phases

Pair correlation function g(r) Si-O Coordinance vs density
- T T T T T T T = 10

L B
- cotunnite

L5

PDF
Coordinance
wn
[

0,5 —

o —
|55
=N
n

(i]'= L 1 1 | 1 1 —=3 Og L 1

0 5
r density (g/cc)
* Pair correlation function shows a * Coordination increases with density.
highly structured liquid for higher Up to... highly structured liquid

densities



Typical image and methodology /’,¢

3

transmitted/reference spectrum

L{‘

I’:"f‘*

- .:' B P I ',' . 0 i P T T P

N N
by 4o __5

o PO L

4 Cold region => cold K-edge Al

He S s "\M o -

v “\;to"*.’ ‘

J.‘anf ’f I => Smooth K-edge

P Shocked region (= 400 um)

g ~.M ..... '-.? .“ ~‘

" A..("'-c ‘“"-‘J
D w‘b*‘t' e, LB S 4
m‘ 73 r .—‘Gf*"-* : -_ﬂ "“l\ -

Spatial resolution 35 pm

Spectral resolution 2.5 eV FWMH

T .o = IT/Iref— T T ouT o :> T , is extracted :> T , = exp (-udp)

~~~~~~~

oo -

Y

06/07/19 u (E)

measured Tabulated Absorption Q
=-1/dp log (Ty)

N\

71



o
Method for X-ray Absorption Spectroscopy C‘/’(g

e Two X-ray spectrometers (KAP conical crystals)

— Spectral & spatial resolution KAPHT
— Free of shot-to-shot X-ray fluctuations Imlg?ee
— Monitoring & correction of the emission sgmple P
from the ablator | I
Indeed we had spatial resolution by x-ray focal
using a point projection geometry, by Souree lines
putting the Image plate away from the | KAP#2 |
focal plane = , Image
o 7 > plate

The ratio of these images leads to the
absorption spectra free of shot-to-shot 72

fluctuations
06/07/19 A. Lévy, RSI (2010); F. Dorchies, APL (2008)

Image plateAP#1 Image‘plate



What does this re-localization correspond to?

It corresponds to the onset of the metal/nonmetal transition

This is consistent with previous conductivity calculations
(Dejarlais et al. PRE (2002) & Mazevet et al. PRE (2005) )

—_— s L e,
T =10.000 K : 35 -
— p=1g/cc
1 ¥ BwpatT=30.000€1 ‘l' s 3a F. Perrot PRE 1995
3 A Expat T=10.000K E |
o~ f £ 25 A > Exp
S oal | a 2
El: i o 1.5
t)8 : 'w - O
I o = 1
L v | B 0 5 10 ‘I_? (szc)) 25 30 35

Density p(g/cm3)

At = 1 g/cc, the ab initio conductivity behavior switches from metal to non-metal.
For temperatures in the range up to 30.000 K

At p < 1 gr/cc conductivity increases with T
At p > 1 gr/cc conductivity decreases with T
06/07/19 73
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One scenario for SiO, (Hicks et al. PRL 2006)

o
»

Specific heat capacity
deduced by the slope of Hugoniot T

Temperature (K)
o
>

C, increases above melting

o
[

C, shows a broad peak (yellow region)

100 1000 t
Praceaiira (CPa)

Energy required to break all chemical bonds

For higher T (blue region) : bond breaking is essentially complete

Yellow region: « bonded liquid »= liquid containing a mixture of variously sized
polymerized structural units

Blue region: « atomic fluid » = no anymore chemical bonds
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Diamond

5i02

We can follow the
emission of the 4 layers SOP image

Hydrodynamic simulations pressure
shock timing > Density
shock velocity

Equations of state Temperature




Al plasma parameters deduced from rear side diagnﬂ!’r‘

VISAR diagnostic

Shock >
front in

Diamond

diamond

Shock
breakout
from Al

Shock
breakout
from the

free surface

sd 09¢

Fringe shift »
(Doppler effect)

Shock velocity in

Emissivity diagnostic

Very flat
shock

Diamond U, (t)

At o>

Mean shock
velocity in
Diamond U,

06/07/19

» MULTI

code

Shock >
front in

diamond

<—
sd oSt

g
?

400

—

Diamond

Shock breakout
from Al

Shock breakout
from the free
surface

Al conditions
are known

A. Benuzzi-Mounaix, submitted for publication’6



Generalities

X-ray scattering
cross section

Two regimes

IfA is<Ai.e.a<l

If A is>Ai.e.a>1

3 contributions:

Free e- Weak bound e- Thightly bound e-

Inelastic features broadened Elastic feature
by thermal motions (Rayleigh peak)

Scattering parameter o, = A /A, A, = Ay [(2sin(6/2))
A is screening length
A, is probe wavelength

Non Collective regime  Scattering on electrons T—> T,

Collective regime  Also scattering on electronicwave ) n,



Principle of the VISAR

Target U\U U\ streak
h
e VISAR etalon
etalont=2h (n-1/n

Laser v=2hn-1h)

sonde At rest : k= 2h/A, (n-1/n)
At a time t : k= 2h/\ (n-1/n)
Order of interference variation : k-k,=F

(MM =2V/c == V=)\,F/2t
D =
21N,
n{ Ny A P
P2 = P




g ®
T measurement (g/,}ﬂ

Temperature T, is is corrected to a grey body with the absorption coefficient

a=1-R, (R measured at 532 nm). a (A) = a (M0) (AO/A)12

A filter

/ T

M > CCD
v

Streak camera
Target Image relaying system
Q = Solid angle _ SQA¢

N=Counts on CCD

B = blackbody radiance
T= spectral reponse of the optycal system We measure r,K and T by using a spectral
r=spectral reponse of the photocatode Lamp (Optics Lab OL5500)

K(J/counts) = energy response (streak+CCD)

At = pixell exposure time

N TiB()L,Tb)T()L)r()L)d)\,

We know N=f(T,)



Principe de la mesure

Régime collectif: a=1/kho=1

Diffusion a lieu sur les ondes du plasma
(plasmon)

spectre diffusé est représentatif

des propriétés collectives du

plasma

diffusion
élastique

—

Ne

- == = =)

diffusion

inélastique
|

Intensité

IS

ko ] -
|

Ap~1/k Ap

O AE de la composante inélastique
= Densité électronique

OForme et intensité de |la
composante inélastique
= Température électronique

‘J\) \_,;Energie

Eo-AE Eo



Effets des corrélations

nA=2dsins o |e solide a une structure ionique | Diffusion

. spe - élastique
bien définie (réseaux) rii->e=

- diffusion est déterminée par la loi de Bragg

ggggooggo - il n’y a pas de diffusion en dehors de | 'angle c
Oggogggog de Bragg >
Ooogé)
I
OO O \ V4 N
5 0 Oogo - o un ordre a longue portée apparait
o 20 . iffusi
0000 20°8 dans le plasma rii>1 Pl
0 0 . e ,
06° 0500 - il y a diffusion en dehors de | "angle de
090 o Oo . . .
000 Bragg mais moins intense E
o | Diffusion
& 4 ’ , .
° 0,00 o plasma non corrélé n a pas de élastique
(@] @) s L. e ..
° 00 °, 009, structure définie rii<1
@) @)
% Ooo %o 90 - diffusion est possible aussi en dehors de
© © "o I’angle de Bragg E




Some results

Study of electronic structure changes in a large

tomain-usineXANES

Low compression regime

— p=2.1g/cm?;T=5.1eV
— p=lb6g/em?®;T=4.1eV
p=1.1g/cm?;T=36eV

Dense plasma

Atomic state

€

— p=0.8g/cm*;T=32eV A €
— p=0.5g/cm?; T=2.0eV

\

Absorplion

density j r
1 1s =

0 A i A
154 155 156 157 158 159 16 161 1,62 > 7 >

Energie (keV)

The pre-edge corresponds to the re-localization of the 3p
state preceding the formation of the bound atomic states

It corresponds to the onset of the metal/nonmetal transition

Interpretation thanks to ab initio calculations A.Levy etal PRL (2012)



g ©®

Self Emission ///,¢

s
e — Optical System |- Sreak camera
i) h T r(h) At k (J/counts)
mission Counts 3
(1-R(A))B(T,A) on CCD

-—»
500 ym

_[ (1-RONBTA)T(R) r)dr SRAL = N

Full Calibration of the diagnostic leads to the shock
temperature



Internal structure

Internal structure is govern by an equilibrium between pressure and gravity
(hydrostatic) ( velocities due to matter movements are negligible)

VP = pV(V+Q)

P is pressure and V & Q gravitational & centrifugal potentials
For giant planets Q = 0.1 V. Rotation of Jupiter is 10 h (very high)

V@) = G P g5

F-7

Q(r) = ;mzrz sin® 0

ris the radius with origin at the centre of the planet, 0 the angle with respect to
the rotation axis, & w the rotation frequency at point r. if Q=0, we have the simple

equation dP/dr=-p
Another equation is needed to get the temperature as a function of pressure






