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Astrophysical objects
Extreme states of matter

Giant Planets M<13M; Brown Dwarfs 13M;<M<75M; Stars M>75M;

Visible « WFPC2 Infrared « NICMOS

Trapezium CLuster ¢ Orion Nebula
WFPC2 « Hubble Space Telescope « NICMOS
NASA and K. Luhman (Harvard-Smithsonian Center for Astrophysics) e STScI-PRC00-19

J, S, U, N and many ... in the Orion Nebula
) The Sun
extrasolar planets seen in the IR spectrum
Core (e.g. Jupiter): Cores (e.g. Gliese 229B):. Core of the Sun:
=~ 2x104K & 40 Mbar ~ 10°% K & 100 Gbar ~ 15x10° K & 250 Gbar

warm dense matter degenerate matter hot dense matter



Log T (Kelvin)

Warm Dense Matter (WDM)

See: Basic Research Needs for High Energy Density
Laboratory Physics (DOE Office of Science and NNSA, 2010)
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Warm Dense Matter (WDM)

High Energy Density Universe

Inertial Confinement Fusion
Relativistic
macters e opuie , MEE O (courtesy NIF)

at ignition

Solar core

White dwar®
He envelop.e

T>108K
P > 100 Gbar

Log T (Kelvin)
Log kT (eV)

Log n (cm's)

Gaseous
Convective q hydrogen
current Mantle Gaseous hydrogen mixture
: : of rock mixture
_ines o

magnetic field 149 Liquid metal 3 e _ Metallic hydrogen ‘ lh.n‘ ‘:v;(‘mve.('tt vlil(-)
outer core mixture 1I0NIC 'ICe sShe

Solid inner Solid Non-convecting
core core E ionic ‘ices’

Solid
rocky core

)

Magnetic

axis

AN

P N

Rotation axis Rotation axis Rotation axis

Magnetic axis Magnetic axis

Interior and magnetic field of Solar Sytem planets, see J. Aurnou, Nature 428, 134 (2004)



Extrasolar transiting planets
Mean density vs. mass
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Basic equations for planetary modeling

mass conservation: dm =47zr’p(r)dr
1dP dU
hydrostatic equation of motion: ——— = , U=V+Q
p dr dr
gravitational potential: V(r)=-G d3 P

-7

expansion into Legendre c |
polynomials: V(r,0) =~ r(9) [1 ;[ r(@)j 2i 2| COS H)J

Mleq' jd?’r'p(r'(e')) r'* P, (cos@’)

gravitational moments: J, =—

Calculations via theory of figures (Zharkov & Trubitsyn)
with boundary conditions M (R.), Yy, Y, P and T at 1 bar.
Mass distribution along (piecewise) isentropes/isotherms
according to EOS data for WDM — most important input!



Interior of Gas Giants: H-He
Three-layer model, input and constraints

Atmosphere models
(luminosity, abundances) g

P: 1 bar
T: 100-200 K

Physical origin
P,, ~1-10 Mbar and location of the

Magnetic field 1 T~ 210kK Iil>yl(\e/lrl1t')c()Fl’JFr’](Tj)ary:
generation (dynamo) T — H-He demixing

P: 10-50 Mbar
T: 10-30 kK

High-pressure mineralogy
(core erosion & mixing)

Matter under extreme conditions (WDM):

, - High-pressure H-He phase diagram
mm—  CONStraints , - EOS of complex mixtures
mmmm  results from modeling - Electrical & thermal conductivity
—= free parameter - Diffusion & viscosity

See e.g. D.J. Stevenson (1982), T. Guillot (1999), N. Nettelmann et al. (2008, 2012)
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High-pressure phase diagram of H

Jupiter, Saturn, hot Jupiters
Metalization & Plasma Phase Transition

Pressure (GPa)

J.M. McMahon et al., RMP 84, 1607 (2012)

o
/ *, Pathway I
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R.P. Dias, I.F. Silvera, Science (2017)
For recent DAC studies, see also:
P. Dalladay-Simpson et al., Nature (2016)
R.S. McWilliams et al., PRL (2016)




Interior of Ice Giants: C-N-O-H mixtures
Multi-layer models

Ice | & liquid

76 K

1 Mbar Physical origin and location of layer

2050 K boundaries:

— ice phase diagram

— superionic phase?

— carbon rain?

— solubility of rock material?

— inhomogeneous zone from formation:
thermal boundary layer?

~ 5 Mbar, ~6000 K
D. Kraus et al.,
Nat. Astron.

1, 606 (2017)

Interior structure models of this type are not uniquely defined.
Accurate EOS data for warm dense C-N-O-H-He mixtures are
needed and information on the high-P phase diagram.

See e.g. Hubbard et al. (1980, 89, 95), Helled et al. (2009, 10, 11), Nettelmann et al. (2013)



High-pressure phase diagram of H,O

H,O: see RR et al., Icarus 211, 798 (2011)
NH;: M. Bethkenhagen, M. French, RR, JCP 138, 234504 (2013)
NH;-H,O: M. Bethkenhagen et al. JPCA 119, 10582 (2015)
C-N-O-H: M. Bethkenhagen et al. ApJ 848, 67 (2017)

Uranus (white), Neptune (black), ice giants, mini-Neptunes
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EOS and phase diagram:

M. French et al., PRB 79, 054107 (2009), PRE 93, 022140 (2016)
Transport properties (diffusion, conductivity):

M. French et al., PRB 82, 174108 (2010), PoP 24, 092306 (2017)

C. Cavazzoni et al.,

Science 283, 44 (1999)

T.R. Mattsson, M.P. Desjarlais,
PRL 97, 017801 (2006)

E. Schwegler et al.,

PNAS 105, 14779 (2008)

H.F. Wilson et al.,

PRL 110, 151102 (2013)
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Diamond Anvil Cells (DACs)

Conventional DAC technique is limited to static By courtesy of H.-P. Liermann (DESY)
pressures of few Mbar and low T using resistive
or pulsed laser heating.

Dynamic dDAC (for molecular solids) > 2 Mbar
Evans et al. 2007

Double-stage dsDAC — potential to reach 10 Mbar
Dubrovinsky et al. 2012: Re >6 Mbar

Dubrovinsky et al. 2015: Os ~8 Mbar

X-ray diagnostics at 3rd generation synchrotrons:

- ESRF, ECB@PETRAIIIl, APS, Diamond ... o5
- Structure, phase transitions, EOS, reflectivity ... Stainless, \ |

Re,

Mo and I/ T\ N\
Im Ll

il

Laser-driven shocks: NIF, Omega, Nike ... Orion,
Vulcan, LMJ, LULI, PeTAL, Phelix ... > Rgdia

Be or amorph. B

L

-

gl
/4

Combination of pre-compressed samples (DACSs)

and shock waves (lasers) o
Jeanloz et al. 2007, Eggert et al. 2008,
Loubeyre et al. 2012, Torchio et al. 2016

L1}
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Shock waves: Hugoniot curve for H,O

@@ SESAME 7150

OPbemoo

®=® FT-DFT-MD: French & Redmer 2009
Mitchell & Nellis 1982

Celliers et al. 2004

Knudson et al. 2012

Ozaki et al. 2013 (submitted)
Podurets et al. 1972 (original)

and revised (Knudson et al. 2012)

Reflectivity
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M.D. Knudson et al., PRL 108, 091102 (2012) — Sandia Z machine
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MEC @ LCLS, HED @ XFEL + HIBEF,
HERMES @ SACLA; ESRF, PETRA Ill, APS




I . European XFEL and the HED instrument

European

XFEL | X-ray free-electron lasers worldwide with big OLs

The European XFEL will put Europe in the lead among industrialized
nations in a highly competitive scientific and technical environment.

Ra

European XFEL N
100 mJ — 1 ps — 100 kHz laser
4J - 40 fs — 10 Hz HI laser L Fonang [ KR
100 J — ns — 10 Hz HE laser
.
SLAC, Menlo Park | US ﬁ.‘ HIBEF @ XFEL J— /O/—

SwissFEL >
~ -

LEES
8J—-40fs—0.01 Hz HI laser
2%12 J —ns —0.01 Hz HE laser

A
LCLS-I

PSI, Villigen | CH

Ra

[ Herd xFEL
Soft XFEL SACLA
Under construction/in development 2x15J~-30fs~ 1Hz UHI laser
400 J (20) — ns — 0.1 Hz HE laser

June 23, 2016 — HIBEF Asia kick-off, Shanghai
UIf Zastrau — Group Leader HED



X-ray diagnostics

See M. McMahon, U. Zastrau:
CDR on HED experiments, Feb 2017

X-ray diffraction (XRD): EOS, phase diagram
X-ray phase contrast imaging (PCIl): dynamics
X-ray absorption spectroscopy (XAS): e-structure
X-ray near-edge absorption spectroscopy
(XANES): K and L edges
X-ray emission spectroscopy (XES):
Auger & radiative decays
X-ray Thomson scattering (XRTS)
non-collective (particles cattering)
collective (plasmon scattering)
High-resolution inelastic X-ray scattering (hrlXS):
dynamic properties of solids and liquids



X-ray Thomson scattering (XRTS) in WDM

- = 4 e free and bound electrons
| T -
s P s ] . :
e e "° e screening and correlation effects
®

e collisions between plasma particles

Scattering on density fluctuations: scattering parameter a

1 <1 thermal electron motion (non-collective)
8

kEAD > 1 collective effects

~ With A\p = \/eokpTe/n.e? and k = 4msin (0s/2)/ o

S.H. Glenzer, RR, Rev. Mod. Phys. 81, 1625 (2009)
E.E. Salpeter, Phys. Rev. 120, 1528 (1960)



Theory for the XRTS spectrum

Dynamic structure factor S_(k,w)

Scattered power P; into frequency interval w — w + dw and solid angle df) per time,
measured by a detector located at B

2

e B
ryd N See(k, w)dw

eg | (b x B

P.(R,w)dQdw =

2

R — - classical electron radius

mec?’

® N:number of scattering centers, A: irradiated plasma spot size
~ ~ “ 2
® |k x (kyx Ey)| :geometrical factor due to laser polarization

o Scc,(fz’, w): dynamic structure factor (DSF), spectral function of the (electron) density
fluctuations in the plasma, accessible via

— X-ray Thomson scattering experiments
— Theory for the dielectric function (A w): fluctuation-dissipation theorem
— Integral equation methods: HNC and classical-map HNC

— Ab initio simulations: DFT-MD, WPMD



Chihara formula

o0

Sk ) =|ZySEu )+ k) + a0 Silh,w) + Zy | d'S oo =) S, (k)

J —00

J. Chihara, J. Phys.: Cond. Matt. 12, 231 (2000)
G. Gregori et al., Phys. Rev. E 67, 026412 (2003)
A. Holl et al.. HEDP 3, 120 (2007)
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i — Electron feature |
0.12+ — Ton feature —
0.1+ —
=~ I i
Ldf 0.08— —
md 0.06— —
0.04+— —
002+ —
] | . ——-r"__-_-]-f-- ] T\' l | |

-100 -80 -60 -40 -20 0 20

AE [eV]



Born-Mermin approximation (BMA) [1,2]

eohk? Ime™" (k,w)
me2ne 1 —exp(—hw/kpT.)

(1 +1 ”(M) [GRPA (k,w + iv(w)) — 1]

#® Fluctuation-dissipation theorem [3]: Sge(k., w) = —

. . . . My g
# Collisions via Mermin ansatz [4]: ¢ (k,w) — 1 = o) FFA (K w+w(w)) -

1+2=3 RPA (7:,0)—

Z 2 f;Jr(h/z) o fff—(k/%

RPA /77
kiw)=1-—
‘ (ks ) AEC — h(w +in)

#® RPA given by Lindhard [5]: Qe Lg
0€0

#® Dynamic collision frequency in Born approximation [6]:

Born . €07 Q% - Gy -2 1
v (w) = dqq VD(Q)S'?J??(Q)S[GRPA(Q:W) — erpa(q,0)]
0

6’71' e2NeMe |

[1] R. Redmer, H. Reinholz, G. Répke, R. Thiele, A. H6ll, IEEE Trans. Plasma Sci. 33, 77 (2005)
[2] C. Fortmann et al., Laser Part. Beams 27, 311 (2009)

[3] G.D. Mahan, Many-Particle Physics (Plenum Publishers, New York, 2000) — collisional |’[y
[4] N.D. Mermin, Phys. Rev. B 1, 2362 (1970) o
[5] J. Lindhard, Kgl. Dan. Videns. Selk. Mat. Fys. Medd. 28, 8 (1954) — CON d uctivi ty

[6] H. Reinholz, R. Redmer, G. Ropke, A. Wierling, Phys. Rev. E 62, 5648 (2000)



Hydrogen plasma: nezlo21 em”, A,=4.13 nm, Z=1

Electron DSF S_.°(k,w)

= th
| |

(k,®) [Ryd"]
LF'S]
| I

ee

S,
(&}
|

S e T =0.5 eV RPA-
Do=2.0 0 e T =2.0 eV RPA]
S i T =8.0 eV RPA |
—— T =0.5eV BMA
—— T .=2.0 eV BMA
—— T =8.0eV BMA

A. Hdll et al., High Energy Dens. Phys. 3, 120 (2007)

W/
pl

G. Gregori et al., Phys. Rev. E 67, 026412 (2003)

R. Thiele et al., Phys. Rev. E 78, 026411 (2008)




Collective XRTS: plasmons

—\IL"J n . 1\. -
T, via detailed balance relation: vy (k, w) = el —K, —w) = exp (_ i )

See(k,w) kil
. : 3kpl,. .
_ : ] \ ) v
Peak positions give ng: w? (k) = w? + “ L Gross-Bohm (1949)
e
60 LA L e
-2""I""I""I"" L :
50 ;1 s | temperature p i -'
- _asymmetryy ] ;
= a0f ! ]
L ]
— 05 1
—30F | .
8 [ o ]
2 | 20 d 0 Lo 2
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plasmon ion feature |
10F resonance -
0- 1 | %—l— L
) m 1 0 1 S
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A. Holl et al., High Energy Dens. Phys. 3, 120 (2007)
R. Thiele et al., Phys. Rev. E 78, 026411 (2008)
S.H. Glenzer, RR, Rev. Mod. Phys. 81, 1625 (2009)



Collective XRTS: Be

Plasmon feature

| | | Tlel ILy'-u slpelctr'um u cone,
a) lon feature g 4 mmjong
3+ [elastic scattering] 7 %
) = K
i Best fit | \k
ne=3x10%cm? 29 30 k :
> 2L Plasmon T.=12 eV | Energy (keV) S
E scattering with collisions Saran Ag
g L . A i>
- ¥\ 7 T [
£ Detailed 0.6 mm v

Graphite (HOPG)
Spectrometer

mosaic focusing
mode

1+ balance
Be target
- - (1.3 mm x 0.6 mm)
D n T B

7 Backlighter 20 distributed

29 30 Beams T i Beams
Energy (kEV) E=35kJin1ns t =0 ns; 3o,

E=10kJin 1ns

Experiment at the Omega laser facility in Rochester:
S.H. Glenzer et al., Phys. Rev. Lett. 98, 065002 (2007)



Pump-probe XRTS experiment: LiH

ns time resolution, nonmetal-to-metal transition

I
E Rayleigh

a) Plasmon Rayleigh scatter 3 ,!
. scatter i
X-ray scattering

45 kev\—

—
("
-
c
0.45 kJ laser, =
K- x-rays W 6 ns shaped _E
Petawatt . S >
beam, 5 ps ‘%’
c) Mass density b) Lager Iptensity c
| & [ 1 2
B3 | Pe =
f | X
e
z ||
2 ’ i
2
=0 i
O Time (ns) 10 TiKasource .~ b o

4.45 449 453
Energy (keV)

Experiment at the Titan laser facility at LLNL:
A. Kritcher et al., Science 322, 69 (2008); PoP 16, 056308 (2009).



Pump-probe XRTS experiment: H

Probes onset of dissociation in Jupiter

A Ni shield C

To HOPG

Cu target body Drive Probe

Energy

Pusher

et

D
Si;N, foil
) To HOPG e
D, fill Ni shield %
£
; : =
B SiO,rear window &' Aluminum
VISAﬁ7 | ive laser
| a l||v|vvl|||v|||vT1|||l
- ’ X-ray collection Position [um
Liquid D, win:ilow (um] X-ray window

Probe: 2005 eV Si Lyman-a line

Plasmon

feature\ ‘ Y,

I A
p/po—32 ‘

Intensity [Arb. U.]

1980 1990 2000 2010 2020
Energy [eV]

P. Davis et al., Nature Commun. 7, 11189 (2016)
Experiment at the Janus laser facility at LLNL
DFT-MD: A. Becker (U Rostock)

B Forward Scatter w= = Thomas Fermi
@ Backward Scatter = Average Atom

— DFT-MD dissociated .»ua FVTdissociated
fraction fraction

lonization

10 GPa

i) ~
2 2.5 3 3.5 4 4.5
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OL — XRTS at FELs
High peak brilliance

FLASH Hamburg

MEC@LCLS Stanford
FERMI@QELETTRA Trieste
HERMES@SACLA Harima
HED@European XFEL Schenefeld
& HIBEF Project

(opt. pump laser >100 J, 2-15 ns,
pulse shaping)

M. McMahon, U. Zastrau:
CDR on HED experiments, Feb 2017

HIBEF @ XFEL

mm- 0.1% BW)]

2
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By courtesy of European XFEL
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Intensity

3.

Pump-probe XRTS experiment: Al

High spectral resolution at LCLS (seeded beam mode)

Be: optical laser

a) lon feature
[elastic scattering]

Best fit

n, =3 x 102 ¢m3
'_ T, =12 eV
M with cellisions

Plasmon
scattering

Energy (keV)

Intensity (a.u.)

3 Compressed aluminium fit N A" -
(T.=175eV,p=232p,)
— Solid density aluminium fit
(p = po)
—— Multi-shot signal (700 average) ,
, _ Increased elastic
2 Single shot signal scattering at 8 keVV:
1.75 eV temperature
Plasmon shift:
1 2.3xcompression |/ __ 1L ___ _._
0 | | T |
7,940 7,960 7,980 8,000 8,020
Energy (eV)

L.B. Fletcher et al., Nature Phot. 9, 274 (2015)
lon feature: DFT-MD — Yukawa+SRR S(k)

Plasmon feature: BMA and BMA+LFC

8,040
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DFT-MD Simulations for WDM

Born-Oppenheimer approximation: combination of (quantum) DFT and (classical) MD
Warm Dense Matter: finite-temperature DFT-MD simulations based on

N.D. Mermin, Phys. Rev. 137, A1441 (1965)

Codes: Vienna Ab-initio Simulation Package (VASP) or Abinit, Quantum Espresso ...
G. Kresse and J. Hafner, PRB 47, 558 (1993), ibid. 49, 14251 (1994)
G. Kresse and J. Furthmiller, Comput. Mat. Sci. 6, 15 (1996), PRB 54, 11169 (1996)

start

ion
distribution

e -density

p(r)

MD step

molecular
dynamics

thermodynamic data

high-pressure phase diagram
H-He (8.6%) @ 1 Mbar, 4000 K pair correlation functions
electrical & thermal conductivity

diffusion coefficient
viscosity, opacity

< =
box length ~ 10° m

pseudo-
potential
Y
o Kohn-Sham-
=i equation
DFT step l
Elp(n] = E P,

«—>
GP size ~ 108 m




Ste(k) = £ (k) + g ()P Sik) = [N KI5k, [

lon feature in warm dense Be

— p=1.85 g/em?
=— p=10.0 g/lecm?

— p=20.0 g/cm?

f(k) Hartree-Fock [ Is electrons]

T,=0.3 eV

form factor N(k), f(k), q(k)

14

Warm dense Be:
12 eV, 1.85 g/cm?3

5 Energy (keV)
T T T T T

—_— T=12eV .
o T;=9eV.T.= 126V _

4
T,=6eV, T.=12eV
experiment i
3 expt (reanalyzed)
=

[

4
k [A™]

Experiments: see Glenzer, RR, RMP 81, 1625 (2009)
Reanalyzed spectrum from Glenzer et al., PRL 98, 065002 (2007)
DFT-MD simulations: Plagemann et al., PRE 92, 013103 (2015)




Pump-probe experiments at FLASH

Temporal resolution of ultrafast heating in liquid hydrogen on ps time scales.
2T-DFT-MD simulations for S(k—0) based on rad-hydro target evolution.

GeV electron

o FLASH
O 92 eV HITRax XUV
buneh -2 s 13.5 nm spectrometer
= e At =-1ps ... +5ps
AN beamline ¢ =300fs
SASE undulators - forz‘i'l:g:_g : scattering
residual gas ‘ angle 90
ionization detector o it — — —
lit-and-dela it \ At -
SRR - 1P uihdngn.dapl
1005 T T T T T T T T T T3 X10-; T T T T T T T
; ——T=T=20K | -~ 53
2 - , ——T=006eV,T=19eV, At=01ps | 5 73 ‘
o 104 ——T=015eV, T=21eV, At=035ps] ¢ 63
] 1 ] O E
§ ; mn ——T=035eV, T,=1.9eV, At=5.1ps | § °
5 ] . Z 41
(= T E
2 13 2 :
§ ] Z 3]
5 - ]
2 1 c ] i
B 014 2 5] et
E § 2| bt
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XRTS for inhomogeneous plasmas

State-of-the-art experiments combine optical lasers (pump) and XFELs (probe).
Interpret the XRTS signal of a strongly inhomogeneous plasma?
Perform PIC (VLPL3D) and hydrodynamic simulations (HELIOS) for laser-matter interaction.
Study the ultra-fast dynamics and relaxation in inhomogeneous plasmas!
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R. Thiele et al., PRE 82, 056404 (2010)



Next step: derive all relevant quantities from DFT-MD

DFT-MD simulations

electron structure) @) AULL I i la1]
therm&ll cond.

sound speed,
diffusivity,
compressibilit

[1] B. Witte et al., PRL 118, 225001 (2017)
[2] H. Riter, RR, PRL 112, 145007 (2014)

orenz humber
4]
[3] B. Witte et al., PRB 95, 144105 (2017)

@ption spectra
[4]
[4] B. Witte et al., PoP 25, 056901 (2018)

DSF & XRTS spectrum exclusively from DFT-MD

XRTS spectra

See(k,w) = | f1(k) + g(B)* Si(k,w) 4+ Se(k,w)

- L & L &

O B (m@n_a®) 2] |< B ply > |7 [1]




scattering signal [arbit. units]

XRTS in isochorically heated Al

measured XRTS spectrum standard theory fails
| 1 I
1L : B r
T 3 ion feature - A , Experiment
. p=2.7g/cm ] . p=27g/cm R)I;F:flllmen
0.8 d=10pum ] © d=10pum
s - T =03eV
06 | plasmon i 0=18
: feature : =44 |

. ®=0.03

scattering signal [arbit. units]
o

0.2 L ]

bf-transition

0 . I I ] WA A |
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T7950 8000
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Highly resolved XRTS spectrum of 50 um thick Al foils averaged over
103-104 shots at LCLS — challenges theory for the DSF and the
dielectric function

P. Sperling et al., PRL 115, 115001 (2015)
B. Witte et al., PRL 118, 225001 (2017)



o [10° S/m]

XRTS in isochorically heated Al

JE(W)DCZ(ﬁ# fk:»*)Kwkv‘p‘wkHH 0 (Aekyy — hw)

kuv See B. Holst, M. French, RR, PRB 83 (2011)

Simple Drude model:

2
L EOV(.UPL
U(w) w42 XC functional matters: PBE, HSE
S L B B A AL BN LA S B
[ g/A=5.73 p=2.7g/ccm E]g% Z
T=0.5eV - ] .
1k GHSE—] 80 ARk DSF — XRTS spectrum:
i AEp free _ Ree(w)=1——Imo(w).
o1 § free-free transmons bound-free transitions_ €g
| ' 1
Ime(w) =—Reo(w).
€en)
0.01} - 1
g eohk= Ime ' (k, w
.: SOk, ) = —— )
D 001 . - I I | | L L L | L I:I | | | | | | | 1 I | | :I'T { f?e 1 o exp (— kB Te )
‘ 80 100 120 140 160

hw [eV]
Cooper minimum: non-Drude behavior B. Witte et al., PRL 118, 225001 (2017)
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absorption coefficient o [1/cm]
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B. Witte et al., PRL 118, 225001 (2017)



scattering signal [arbit. units]

XRTS in isochorically heated Al

eohk? Im (e (k,w)]

Set(k = 0,w) = — lim

k—0 me?n, 1 — exp| —fuw
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Mermin approach for k-dependent plasmon
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XR

plasmon width (FWHNM) [eV]

S inisochorically heated Al

Plasmon width and dispersion
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B. Witte et al., PRL 118, 225001 (2017)
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High-resolution inelastic X-ray scattering
Implementation at HED@ XFEL

I Monochromator with different bandwidths:
» AE/E =103 SASE
» AEJE =10*: Sij;; monochromator
» AE/E = 10°: seeded
» AE/E =10°%: Sigz; at 7.5 keV 7494kev o33

OT=287.14°

gap=5.5mm T _
106 mm —
60 mm length: 106 mm

6B =153 total offset at 87.14°=0 mm

I 4 diced analyzer crystals from Si533 (AE=25 meV)
» 3 in forward direction, - collective modes
» 1in backward scattering
—>Doppler broadening = ion temperature T,

a 4 b
Static S(k) %
8 Dynamic ion structure factor "#| (XRD) /\\
allows accessing 0 f
M dissipative processes 308 |z
B viscosity qg) 06 — Nosé-Hoover (OF-DFT) | @
B thermal conductivity 0.4 oD
m diffusive modes at Ak=0 02 gl N
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k(ag') w (s

I B Y European XFEL
for warm dense aluminum: P. Mabey et al., Nat. Comm. 14125 (2017)

By courtesy of U. Zastrau



lon dynamics - hydrodynamic model

S(k,w) ._
5-@ 2D7k?

Landau-Placzek 2m——=~ S 5

relation: ) w? + (Drk?)?
[cenlral _ ()/ . 1) ZDTk 1 I‘-!{,Q

2 ige S v (w + e, ;1) (1“-;{‘_2)2
N

+ .. —

/\ > (w—esk)? + (Dk?)?

e o o @ o ©

|csk kl @

Liquid: Rayleigh line centered at w = 0 ~~ diffusive thermal mode

Width given by thermal diffusivity D, = % = - W|th v = and a = ijv

Two Brillouin lines centered at w = +ck: ion acoust|c modes with speed of sound c;
Width given by sound attenuation coefficient I' = % + %

Kinematic longitudinal viscosity b = (37 + ¢)/(om) with 1) shear and ¢ bulk viscosity
Intensity ratio of Rayleigh versus Brillouin peaks: (v — 1)I'/ Dy

See J.-P. Hansen, |.R. McDonald, Theory of Simple Liquids (Academic Press, London, 1986)



H.R. Riter, RR, PRL 112, 145007 (2014)
Based on full Kohn-Sham DFT-MD

Sii(k,w) for warm dense Al

T=3.5¢eV, p=5.2 g/cm?3

typical for recent XRTS experiments (spectrum),

see Ma et al. (2013), Fletcher et al. (2015)
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TABLE L

lon acoustic modes: wq
Long. current correlation function: w,

Adiabatic and apparent sound velocity for liquid

(1000 K, 2.3565 g/cm?) and warm dense aluminum (40 600 K.

5.2 g/cm?).

T (K) 0 (g/em?) ¢, (m/s) ¢ (m/s)
1000 2.3565 4860 5010
40 600 5.2 10 380 11070




lon dynamics -
generalized hydrodynamic model (GHM)

GHD (7 1 24a
Sii (k,w) = ; 2 | 9
2 \a® 4+ w

N B2 4 (wo + w)? " B2 4 (wo — w)?
C(wo + w) N C(wy —w) )
52 + (bu‘[} -+ JJ)Z 0’2 + (w‘(} — aJ)z

A, B, C (mode contributions: A diffusive, B: collective, C: shape),

a, B (decay coefficients), w, (position of side peaks) depend on k.
A, B, C determined via the Oth, 1st and 2nd frequency moments,

a, B, w, are subject of a fitting procedure, see:

T. Bryk, J.F. Wax, J. Chem. Phys. 135, 154510 (2011),
J.F. Wax, T. Bryk, J. Phys.: CM 25, 325104 (2013).

Al: 10 eV, 8.1 g/cm?3
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> k= 1.58 A
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< 1E
m‘o.aM
H.R. Ruter (2015) =070 ey
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Jupiter's Interior with LM-REOS (H-He-H,O)

Assuming a three-layer structure

100 =~ T T T T | T T T T BE
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= é
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N. Nettelmann et al., ApJ 750, 52 (2012), M. French et al., ApJS 202, 5 (2012)



Material Properties along Jupiter s Isentrope

M. French et al., ApJS 202, 5 (2012): self-consistent EOS and material data from DFT-MD.
Used for planetary modeling (interior, dynamo, evolution)
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Summary & Outlook

 Fundamental properties of WDM

— ab Initio simulations are an essential tool for
o EOS data and high-pressure phase diagram
o Dynamic structure factor: conductivities, viscosity
o Relaxation times

 Plasma diagnostics: light-matter interaction
— rad-hydro and hydro simulations
— analyze DAC and shock wave experiments
— analyze XRTS experiments at FELs: DSF, DF
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« Application: planetary physics - understand
— diversity of solar/extrasolar planets
— Interior, evolution, magnetic field (dynamo)




Upcoming Workshops & Conferences
16th Int. Conference on the Physics of Nonideal Plasmas (PNP-16)
September 24-28, 2018, Saint Malo

7th Joint Workshop on High Pressure, Planetary, and Plasma Physics (7HP4)
October 10-12, 2018, DLR Berlin

18th Int. Workshop on Radiative Properties of Hot Dende Matter (RPHDM 2018)
October 21-26, 2018, DESY Hamburg

12th Int. Workshop on Planetary Formation and Evolution (PFE-12)
Feb 27 — March 1, 2019, U Rostock

Extreme Conditions Beamline (ECB)-

| P PETRA Il

{;‘.._,_A._--"‘ U Rostock

BGI Bayreuth
FOR 2440 ,,Matter DESY
Under Planetary DLR Berlin

Interior Conditions* European XFEL

p (= ‘ ; ' High-Power



