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Warm Dense Matter

transition regime
solid state <———= hot dense plasma

properties:

0.1 — 10 times solid state density
temperature: ~5000 K up to ~10° K
pressure: ~¥1 GPa up to ~10 TPa
partially ionized

partially degenerate M}, &
strongly coupled ions
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Warm Dense Matter

J. Vorberger
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Mass-radius relation: planets and stars
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Large abundance of “icy planets”
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L. Zeng et al., PNAS 116, 9723-9728 (2019)
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Models of the icy giant planets 100 GPa = 1 Mbar

1 bar
76 K

~13 GPa
2200 K

~2000 K,
0.1 Mbar

c 560 GPa

~10 Mbar

M. Bethkenhagen et al., Astrophys. J. 848, 67 (2017) N. Nettelmann et al., Icarus 275, 107-116 (2016)

The ice layer in Uranus and Neptune—diamonds in the sky?

MARVIN ROSS

University of Callfornia, Lawrence Livermeore Naticnal Laboratory, Livermare, California 94550, USA

letters to nature
Nature 292,435 - 436 (30 July 1981): doi:10.1038/292435a0
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LCLS experiments on C-H phase separation
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D. Kraus et al., Nature Astronomy 1, 606-611 (2017) D. Kraus et al., Phys. Plasmas 25, 056313 (2018)
N. J. Hartley et al., Phys. Rev. Lett. 245501 (2018) N. J. Hartley et al., Scientific Reports 18, 18044 (2019)
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LCLS experiment on CH phase separation
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. Polystyrene

Different types of plastics at SACLA
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Carbon-hydrogen demixing and hydrogen metallization
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Diamond nucleation rates

PMMA CsHgO, measurements:
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L. Ghiringhelli et al, Phys. Rev. Lett. 99, 055702 (2007)
A. K. Schuster et al., submitted
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Future experiments at FAIR
10-100 times longer timescales + larger sample volumes
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K. Schoenberg et al., submitted
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Recovery of nanodiamonds

I 5= L PHELEX

A. K. Schuster et al., in preparation
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Mass-radius relation: planets and stars
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Approaching Equation of State measurements at Gbar
pressures at the NIF
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Benchmark for equation-of-state models for the carbon envelopes of White Dwarfs

T. Doppner et al., Phys. Rev. Lett. 121, 025001 (2018)
A. L. Kritcher et al., Nature (in review)
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lonization Potential Depression
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A plea for a reexamination of ionization potential depression
measurements

Carlos A. Iglesias
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Viewpoint: Extreme X Rays Probe Extreme Matter
D. Umstadter, Physics. 5, 88 (2012)
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X-ray scattering platform at NIF

towards HOPG
spectrometer

diamond window

hohlraum driven by
184 laser beams
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backlighter drive
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collimating

shielding cone diamond window

cone

D. Kraus et al., JPCS 717, 012067 (2016) .
K. J. Boehm et al., Fusion Sci. Tech. 70, 324 (2016) SR

T. Doeppner et al., JPCS 500, 192019 (2014)
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X-ray scattering from imploding C-H capsules

In-flight radiography

X-ray scattering measurements
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Decrease in elastic scattering:
-> increasing ionization

D. Kraus et al., Phys. Rev. E 94, 011202(R) (2016) . . . .
. . Broadening of inelastic scattering:
D. Kraus et al., in preparation

T. Doeppner et al., in preparation -> extreme densities (degenerate plasma)
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Fit results

Experiments started 2014
Last shot of campaign:
Last week!

gave
(\Qub\’\s‘“ed
8

Compression by 30x,
ne ~10%° cm-3
Pressure ~2 Gbar

Jate Temperature ~150 eV
\_;o\'\S‘(‘e

Carbon ionization Zc ~ 5.9
FLYCHK+Stewart-Pyatt
Model : Z.~ 4.5

D. Kraus et al., Phys. Rev. E 94, 011202(R) (2016)
D. Kraus et al., in preparation
T. Doeppner et al., in preparation
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Many-body quantum effects on IPD: analytic treatment
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G. Ropke et al., Phys. Rev. E 99, 033201 (2019)
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Many-body quantum effects on IPD: DFT-MD

M. Bethkenhagen et al., in preparation
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How can XFELs help
-> [sochoric heating and precise scattering measurements

graphite sample

beryllium lenses

-

LCLS X-ray beam £

source spectrum
scattered X-rays monitor

HAPG spectrometer

D. Kraus et al., PPCF 61, 014015 (2019)
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scattering intensity (arb. units)

—_
o
o
T

—
e
4
T

—_
<
N

10

0.03 | / ]
V.
0021 1
o ol
3 i L L 1 L L 1 1 1 001 1 1 1
5550 5600 5650 5700 5750 5800 5850 5900 5950 6000 5500 5550 5600 5650

Proof-of-Principle Experiment at LCLS D. Kraus et al., PPCF 61, 014015 (2019)

Was done just for a few minutes “parasitically” during another
experiment

Proof-of-prinicple experiment

T T

. . Carbon K-edge: 10 shot average at LCLS
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Graphite sample, 10-shot average,
5.9 keV, few mJ pulse energy, scattering angle 160 deg.

Can resolve K-shell bound-free and some effect due to focusing
-> edge is slightly shifted to higher energies for best focus I
DN HZDR
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Experiment at HED instrument of European XFEL

X-ray diffraction detector

(secondary)
Epix-100
sample source monitor
XFEL beam (graphite or diamond) spectrometer
~6 keV (primary)
&, Zyla
*100
X-ray scattering crystal X-ray scattering crystal
spectrometer in spectrometer in
backward direction forward direction
(primary) (secondary)
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High-quality spectra obtained at European XFEL

unpublished data E

European

XFEL

(°
e’b((’\o

 Demonstrated capabilities to precisely
unpublished data \O

characterize ionization potential
~\$’ depression in Warm Dense Matter
$® e X-ray Raman Spectroscopy: very
promising diagnostics for low-Z WDM

K. Voigt et al., in preparation
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