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Motivation | High energy density matter
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Motivation | High energy density matter

Short pulse laser
matter interaction *

Inertial
Confinement
Fusion
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Warm dense Matter (WDM)

transitionregime
solid state ——— hotdenseplasma

gas giants / ice giants / brown dwarfs

properties:
 0.1-10times solid state density

temperature: ~5000 K up to ~10° K
* pressure: ~1 GPa up to ~10 TPa

e partially ionized

e partially degenerate ne)\?h ~ 1
Laboratory experiments

e strongly coupled ions “ %
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Time scales

1 1fs
I Electron-electron equilibration
1 ps A
| Electron-ion equilibration
1ns
1us Phase transitions
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Warm dense matter

What do we need? Underlying physics

- Equation of State - Stronginteractions (ions)

- Energy absorptionrates - Bound states/ionization balance
- Relaxation rates - Quantum degeneracy

- Response functions  Structure

Measurements are usually not “theory-free”
- “Over-diagnose” experiments

- Homogeneous samples

- High temporal resolution

- Cover broad parameter space

Berkeley
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How can short pulse lasers help

Driver:

* lIsochoric heatingwith electrons

* lIsochoric heatingwithions

* lIsochoric heating with X-rays

e ”Micro-shocks” (I/c at 10'° W/cm? ~ Gbar)

Diagnostics:

» X-ray sources (line emission, betatron, high harmonics, ...)
» Particle sources (electrons, ions, neutrons, ...)

-->Radiography, scattering, absorption, stopping power, ...

Berkeley
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Example

scattering
spectrometer
k - . e scattered
_ ) k S A x-ray pulse
k;

Au shield

' Ti foil

Short pulse 2

incident
x-ray pulse

Short pulse 1
60 J, 1 ps

A. Pelka et al., PRL 105, 265701 (2010)
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Intensity [a. u.]

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

-0.05

1 L]
heated

———— unheated
....... source (scaled)

4660 4680 4700 4720 4740 4760 4780 4800
E(eV)

Complex targets

Background due to
short pulse laser

Hard to add additional
diagnostics

Fluctuations in laser
performance
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Setup

inelastic elastic

i wall NON-collective XRTS line imaging VISAR
graphite
\ sample
\ o'
.\ release
LCLS beam i ~
space
4.5 and 6 keV N X-ray diffraction detector

—_—

q
source monitor

MEC ns laser
up to 30 /
10 ns

collective XRTS /

ambiant WDM
phase phase
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Solid and liquid structure at ~180 GPa

scattering vector k=4.12e10 m™’
T T T

. . T I I

— Pyralytic full drive ®[T—— DFT-MD 4.28g/cc 8000K ¢
MOdet 9;=0. —— DFT-MD 4.28g/cc 9000K

— low porosity full drive —— DFT-MD 4.28g/cc 10000K

ol model Sii:0.75 _ 4.57] ‘ pyrolytic graphite p,=2.2g/cc
high porosity full drive m low porosity graphite p =1.84g/cc
model §,=0.92 4+ @ high porosity graphite p,=1.53g/cc
3.5
1.5

scattering intensity [a. u.]

. [ /

1.5
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1L \
o5l . / W A

k[10"°m™

o
N
w
N
[6)]
[e2]

0

- High porosity samples > liquid

4350 4400 4450 4500 4550 - H H 1
oton enavay [6V] Low porosity samples - liquid (but cooler)

Pyrolytic graphite - solid, close to melting
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X-ray Diffraction: ns-formation of diamond

30 35 40 45 50 55 60
8 i 4 T T T T T . T ] 8 I
. t +3ns compressed diamond 111 experiment
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2+ . . I
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=
§ ot : e , ,
>8f o~ . . . . .
2| compressed graphite 002 oo aropre] * First direct in-situ observation
‘© | remaining unshocked )
= : hocked graphit . .
4 foraphite 002 19GPa of the shock-induced transition
to + 10 ns . .
2 from graphite to diamond.
0
o hite 002 graphite 010
graphite ambient . )
L . graphite 011 | °
6 conditions \bmad o o Pyrolytic graphite compressed
4t Aluminum 111 / . ~ . .
| T S \ ] above ~170 GPa: formation of
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30 35 40 45 50 55 60
20 (degree)

D. Kraus et al., submitted
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X-ray diffraction from porous samples

a 750 : : :
A& graphite
o diamond
¢ lonsdaleite
200 t ® GUST_,1980 _
v Erskine & Nellis, 1992
Nellis, 2001
g
9 150
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0 =" = .
15 2 /25

graphite density (g/cm )

compressed dlamond

Isochoric heating using shorts pulse lasers
can access different parameter regimes!
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D. Kraus et al., submitted
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Diffraction + Absorption

— Mean cold 330 shots

Integration range of
| each hot - cold avg
= [500 - 545] eV

0.8f

Alternatively
=[500 - 535] eV

Absorbance

Pre-edge

450 550 650
Energy (eV)

B. Barbrel, UC Berkeley

Spectrally resolved X-ray scattering was also F. Albert. LLNL
anticipated, but no space left in target chamber W. Schumaker, SLAC

y 01/21/16 | Dominik Kraus | BELLA Workshop, Berkeley, 2016 | 13
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Diffraction + Absorption

5000 i I I I I I I I
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Motivation | High energy density matter

Short pulse laser
matter interaction *

Inertial
Confinement
Fusion
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NIF experiments | Gbar fundamental science platform

Main diagnostic:
Streaked Radiography

3.3-mm- X-ray scattering & emission

diameter
large LEH ,,2°

50

23.5

» Au shield
w
- £
)
E
Stregked grllg\)/llline
Radiography emission
Au Hohlraum &1 2 -
(5.75 x 9.42 mm) 10 05 0 05 1.0
Fill: 0.96 mg/cc radius (mm)
‘He
A. L. Kritcher et al., HEDP (2014).
T. Doeppner et al., J. Phys. Conf. (2014).
Solid spheres with radiographic T. Doeppner et al., RSI (2014).
marker layer B. Bachman et al., RSI (2014).

D. Kraus et al., RSI (2014).
D. A. Chapman et al., PoP (2014).
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Measurements approaching 1 Gbar

Polystyrene (CH) up to 720 Mbar

10 T T
—SESAME7592
Purgatorio
o| @ Barrios CH, reanalyzed
10°F Ozaki 2009, re-analyzed
—_ ¢ Cauble et al.
3 o N140529-001
% 10" © N130701
5
w
[ s
o Y
107 e
o
) s
o 3| /
25 3 35 4 45

compression p/ pg

Diamond up to 630 Mbar

103
102 F
10! F

100

pressure [Gbar]

101 |

102

Thomas-Fermi
SESAME 7834
Benedict et al
NIF

103

8 10 12 14
density [g/cm3]
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T. Doeppner et al., Absolute Equation-of-State Measurements for Polystyrene from 25 - 100 Mbar, in preparation.
A. L. Kritcher et al., Hugoniot measurementat near Gbarpressures at the NIF, in preparation.

D. C.Swift et al., Equation of state measurement of diamond up to 630 Mbar, in preparation.

B. Bachmann et al., Probing hotspotconditions in spherically compressed matter, in preparation.

D. Krauset al., Increased K-shell ionizationof carbonin imploding CH spheres on the NIF, submitted.
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NIF experiments | X-ray scattering platform

XRTS target design:
View from spectrometer

120°
LEH
Zn/Mo shleld " /

A . MACS , =
CH/Be/C | backlight
/Be/C capsule . 2 -~ acklighter in 90-78 - / }\/

backlighter
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Three-parameter fits

400 ps before stagnation
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Anticipated future experiments

particle B
> spectrometers

Probe: i N ' /

XFEL beam small angle

. X-ray scattering
—> -
absorption
spectroscopy

Pump: » \
UHI laser 0 ‘
emission

spectroscopy collective XRTS
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Required developments

High repetition rate experimental techniques

Target delivery

- Diagnostics development

- RadiationShielding

- EMP Shielding

- Brightand stable broad band X-ray sources

- Stableand well characterized ion beams with high conversion efficiency

- Data acquisition, storage and online analysis
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Advertisment

High Energy Density at European XFEL — Helmholtz International Beamline for Extreme Fields
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