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access to volumetric plasma parameters only by short wavelength radiation
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HED —research at extremes
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Phase contrast imaging
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Further projects

Isobaric heating
Cryogenic jet targets
High-rep solids targets
EMP-hard X-ray detectors
High-purity polarimetry
Laser-shocked DAC
GISAXS
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15t DAC
community
experiment
campaign

Installation
of AGIPD
500K aka
“mini-half”

15" pp-laser
experiment
Start of
early
user
operation
X-ray only
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15t RELAX
community
experiment
campaign

Development of the HED-HIBEF instrument

. Installation Super-
dDAC SR o AGIPD 1M - ting
with et g e afterburner
L)Our:ge g:EtEAX Commissioning (SCU)
L and of Pulsed Magnet prototype

o Field (PMF) (40-70 keV)
platform

We are here!

Instrument
Review
1" DIPOLE 100-X
community
experiment
campaign

6 month
shutdown

Installation
of Split-
delay-line (SDL)
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Multi-100 TW RelLaX laser coupled to XFEL beam

Ti:Sa 800 nm laser Pulse-to-pulse arrival jitter betweeen
> 100 TW, 10 Hz x-ray and RELAX is 20-30 fs
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Femtosecond Laser Plasma Lateral extend of:

« Electron heating
« Reflux, return

currents
’,. Positrons
Ultrahigh .
current densuty 1% @ X-rays,
" S Gamma gays
bieh |0ns Relativistic __ _ _— _?_ —
: electrons u

I>10'® W/cm? cu@t i

Target . o
9% Nuclear excitation « K-line emission

Nuclear reaction . Temperature
* lonization states

Ultra-short relativistic laser pulse interaction with solid target

I EEN T European XFEL Daido, Nishiuchi and Pirozhkov Rep. Prob. Phys. 75, 056401 (2012)

HED HWiBEF
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X-ray probing of relativistic laser plasmas

X-ray diffraction XRD

X-ray spectrosco Ph

.y .p . by (sub-nm structure) Ase
(emission of lines, Contrast
inelastic scattering) Imaging PCI

XES, IXS (~um structure)

Small Angle
X-ray Scattering
(SAXS CDI)

I B 0 European XFEL Phys. Plasmas 21, 033110 (2014)

HED HWiBEF
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Platform for Relativistic Plasma science

—

FI2 OAP:
1020 W/émz

s

SASE2 X-rays

XFEL at 8.2 keV
Monitored by HIREX

I . °

HED HiBEF

Cu, W, coated Cu wires

: RELAX 100 TW at IC1

“Standard Configuration”
« 8 keV x-ray pulses
« SAXS +
Spectroscopy + PCI
* Challenges on XFEL +
laser + sample overlaps.
* Proper shielding of
detectors against laser-
induced background

PCI

2 XFEL FoV on sample:
1) 5~10 pm (small)
2) 30~35 pm (large)
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Cylindrical compression of thin wires by irradiation of a Joule class short
pulse laser (PIl. Laso Garcia/ Toncian)

* Aim: Observation of sub ns scale dynamic of laser irradiated wires with new imaging PCl platform

* Results: ablative shock driven radial cylindrical compression of wire material
observed for the first time

N N European XFEL A. Laso Garcia, Y. Long et al. under submission (2023
HED HiBEF Y- Long (2023)
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Cryogenic jet targets at HED

Plattform integration Experimental Sketch Implementation

Chopping blade

sequence

(20 psec, 2 Million L.
®)
=
o
| 2
| - S =
ﬂ l Catcher | —
2
protects the o
injector nozzle and maintain target stability g
I Creates a gap in the jet o
B Physically blocks particles, radiation and > g
plasma propagation from the violent laser ReLaX: ?J’ 25§s >
plasma interaction (ReLaX, DIPOLE) DIPOLE: 1004, 1;:10-ns
B Provides alternative path for plasma

discharge

B Operates at 10 Hz and scopes with
beamline train-jitter (+/- 40 psec)

B Fast cutting speed (2 m/s) to minimize the
nozzle-laser distance at high jet flow
velocities (Ay < 3 mm) 200pm

I European XFEL — 130, 60N

HED HIiBEF Daniel Loureiro & Sebastian Gode

s \\
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Ultrafast expansion in relativisticly intense laser
Interaction with solids. PI: T. Kluge

* Investigate ultra-fast instability processes in solids under extreme
conditions at the nanometer level in relativistic plasmas

* Temporal evolution and discrimination between instabilities/
filamentation
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Eurizon 2020+ workshop — UM 2024

UIf Zastrau, Group leader HED - Jan 23, 2024

Emission Spectroscopy from 10 um Cu foll

106 A —— Run 544, 0.0 ps, Cul0
~—— Run 564, -0.1 ps, CulO
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—— Run 542, -0.5 ps, Cul0
—— Run 556, -0.7 ps, Cul0
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artifact —— Run 572, -6.7 ps, Cul0
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Offset scan (“offset” here means physical offset between laser and x-ray best-focus spot in vert. direction for different

delay scans)

12

The result of this part of the experiment was the first estimate of the propagation velocity of the "ionization wave" in

the plasma (approx. 6 x 10 m/s).
I B W European XFEL

HED HWiBEF

PhD work of Mikhail Mishchenko, EuXFEL
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TAKE THE MOST TERRIFYING JOURNEY OF YOUR LIFE!?

4,000 miles to the center of the earth
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Science within planet Earth — silicates, carbonates
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Fig.: R. Dasgupta,
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EARTH SCIENCE

Bridgmanite—named at last

The most abundant mineral in Earth’s interior gets a name

- MgSIiO,
—> Seismic low velocity zones in the
Earth’s mantle
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Science within planet Earth —the core —iron melt line
Tateno et al., Science 330 (6002), 359 - 361 (2010)

upper mantle Depth (km)
- BT \ 660 2900 5100 6400
- . — \'| tower mantie | outer core inner| core
P e —-?4‘ o 2 T | — T v L T T ' T 1 T
— ; )‘ L - : N
0 km Olivine phases+ 6000 _
pyroxene+garnet <
660 km 2 5000
2
o =
Mg-perovskite+Ca-perovskite 8 4500
+(Mg.Fe)O uEJ
'_
3000
<— Mg post-perovskite+Ca-perovskite
+(Mg,Fe)O 2000
2,890 km ¢
CMB N
1000 -
Fe+N|+ 5 i L 1 i 1 i 1 i
‘light elements 0 50 100 150 200 250 300 350 400
Pressure (GPa)
ICB 5,150 km

Inner core '
(solid)

6,370 km 364 GPa

Inner core:
v Melting temperature at ICB is 6350 K
v hcp is the only stable configuration

I B W European XFEL

HED HWiBEF
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Earth dynamo theory — Fe core convection

Measure the Fe melting line
—>determines boundary (inner/outer core)
Influence of impurities (S, Ni) ?

Measure conductivity, viscosity

Magnetic fields is prerequisite
for life (shield from stellar winds)

—~
“

Mercury is much smaller than Earth
Has magnetic field (Venus, Mars not)
BepiColombo space mission

T 'I!' ?—‘ ’

. European XFEL Credit: JAXA/ESA

HiBEF



Eurizon 2020+ workshop — UM 2024 UIf Zastrau, Group leader HED - Jan 23, 2024 17

Material science, industrial applications

Structure and chemistry at extreme P/T conditions

planetary new Super

interiors materials conductivity Hydrogen storage

Deformation at ultra-high strain rates

drilling hardening, space debris Orbit re-entry shields
peening

L J | European XFEL

HED HWiBEF
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Putting on the Pressure:

African
Elephant:
5 tons

Diamond

Al |

5.3 African Elephants
pushing on 1 square mm
~ 360 GPa pressure
In the iron

Earth, and the iron core
Central Pressure:

360 GPa
3.6 million atmospheres

Courtesy of S. McWilliams
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Preparation of extreme conditions at HED

@ Diamond Anvil Cells (DAC)

Oscillate temperature:
pulsed laser heating
dynamics ~ few ns

Pressures

up to

several Mbar
1'000 K
(0.1 eV)
_ Static DAC
amb|ent E

ambient

Temperature

Oscillate pressure:

Density piezo-actuator
dynamics ~ 1 ms

I B W European XFEL

HED HWiBEF
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7 successful DAC (diamond-anvil-cell) experiments were

performed in 2022 (5 at IC2, 2 at IC1)

us pulsed laser heating DAC

Fast heating and re-crystallization
IR Laser
Heating Pulse

Material Response
(Temperature)

XFEL Pulses
(4.5 MHz, 222 ns)

N
W

N .T\

Total of 25 XFEL Pulses

2 4 6 8
Time (ps)

#2605 (Morard/Prescher)

Nov. 2021

#2844 (Bykova/Goncharov)

July 2022: C, N2, H2, ...

L J | European XFEL

HED HWiBEF

Intensity (a.u.)

Dynamic DAC
Medium compression rate over ms

Pressure Response
(over 600us)

XFEL Pulses
(563 KHz, 1.7 us)

Total of 338 (352) XFEL Pulses

1 11
0 200 400 600
Time (us)
#2592 (Jenei/Liermann)
Nov. 2021: Bi, Ti, ...

#2855 (Salamat/Schwartz) June
2022: metal superhydrides

Intensity (a.u.)

Liermann et al., J. Sync. Rad. 28, 688 (2021)

MHz fs x-ray impulsive heating
DAC

XFEL Pulses
(1.1 MHz, 888 ns & 2.2 MHz, 444 ns)

Material Response

(Temperature)
444 ns 444 ns
(888 ns) (888 ns)
— —i

Time (ns)

#2624 (Konopkova/Sternemann)
Sept. 2021: XES at IC1

#2590 (McMahon/Husband) Nowv.
2021: Low-Z (H,0, CH,, etc)
#2804 (Cerantola/Sternemann)
May 2022: XES at IC1
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HED proposal 2592: Kinetics of structural phase transitions in the dynamic diamond anvil cell:

bridging static and shock compression

400 H2O

~ & LIQUID

— 350}
ICE-VII
300 =
- AN
0 1 2
P (GPa) |

’:

“‘)l

I

\

0
\\’ P‘Ez
Supercompressed H,0: Ny
Piezo driven DAC: > direct observation of metastable ice VIl 20
> up to 100 TPa/s > liquid to ice VII, no ice VI observed

1.1 MHz, Nov 2021

I B W European XFEL

HED HWiBEF
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Experiment #2590: X-ray Heating of Low-Z Materials at Static

High Pressures
DAC community proposal in November 2021

Irradiate samples with 300 pulses at 2.2 MHz

» XFEL heating of samples in DACs can be used (a)

to create extreme temperatures at high pressures
H,O and NH, samples 18

h—w&lﬁl

» Direct heating of low-Z planetary ices (e.g. [BIEEEES (b) H,0 at 40 GPay, S
.. & T b}
H,O, NH;, CH,) not very efficient => heat o 3 - Cu S
indirectly using a high-Z heater T &
g 20
= R SR e L Cold Tee VT
‘-IERHAL ' EMISSIONY —> STREAKED OPTICAL =
PYROMETRY (SOP) (d) H,0 at 30 GPalgy 18 ‘
=> TEMPERATURE . SR 31
va-su rioni 5

Cold Ice VI

-
3
4 o

N
o o

N

(%)
=
a PR St i ot bk .‘(A';‘*\,‘t..'
5 ’ S R
o 20 1 1
; 0 20 40 60 80 100 120
% X-ray pulse Time (us)
[=] . .
g ~4-25 pm ~100 pJ » Pulse-resolved X-ray diffraction data collected
s FWHM Hef‘t_l‘”'th using the AGIPD mini-half determines thermal
_ | . . . .
a \ ac expansion of the sample during irradiation

w a W + See evidence of bcc and fcc superionic ice,

é = é where protons are free to move within the

(] .

X-RAY DIFFRACTION oxygen lattice

I B W European XFEL

HED HWiBEF
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Putting on the Pressur

African
Elephant:
5 tons

Diamond

Al |

e.

Iron
Sample

5.3 African Elephants

pushing on 1 square mm

~ 360 GPa pressure
In the iron

Earth, and the iron core
Central Pressure:

360 GPa
3.6 million atmospheres

1 African Elephant

fired at 22,000 m/s

~ 360 GPa pressure
in the iron

Courtesy of S. McWilliams



Eurizon 2020+ workshop — UM 2024 UIf Zastrau, Group leader HED

- Jan23,2024 24

Studies of dynamically compressed matter

Shock

}:.’ / breakout

Scanered
 X-rays

Line velocimetry,
Up,window(t)

I B W European XFEL

HED HIiBEF
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Preparation of extreme conditions at HED

Shock-compression (by laser ablation pressure)

100000 K . Hugoniot
(ideal shock wave)
@ (10/eV) Double-
et speed ~10 km/s
= : shock
= dynamics ~ 1 ns
©
| -
Q
Q.
&
IG_J 10°000 K Isentrope
(1ev) (ramped drive)
ambient

2x fold

ambient _
compression

Density

] | European XFEL

HiBEF
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Strain rate dependence — dynamic material response

Release Plastic Compression
Wave (3d) Wave
. —_—— = —
—4—¢—¢—¢
—— <
———
—— = —
— = —
———
—_——
Spall/ Phase Elastic Ambient
Fracture Transformation (1d)
Mediated by defects
- takes time!
I BN W European XFEL Figure by A. Higginbotham after J. McNaney.

HED HWiBEF
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DIPOLE 100X : the most powerful driver installed at X-ray facility

B Diode-pumped,
>70J, 15ns, 10 Hz

B UK in-kind
(EPSRC & STFC)
10 ME
M Delivered end 2019
B Commissioned off-line
in 2020-2022

W First user experlment High Energy (DiPOLE 100X) and High Intensity (RELAX) lasers in
in May 2023 HED/HIBEF laser bay

B 1. Will allow data to be collected thousands of times faster
than at any other comparable facility worldwide (10 Hz vs. 7 min = 0.002 Hz)

BN 2. High photon energies (18-24 keV) available at EUXFEL provide much
more detailed atomic structure information (Large g-space)

I B W European XFEL

HED HWiBEF
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New dynamic compression facility at the HED scientific
Instrument at European XFEL

2 VAREX detectors (10 Hz)

" fuldetector -
self shielding -

2 8 (deg.)

-80 4] 80 180
azimuth (deg.)

40 J at 20/70 J at o,
250 ocp/ 500 ocp

2 color VISAR
& SOP (1 Hz)

I B W European XFEL

HED HWiBEF

XFEL (14 - 24 keV)
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Experimental set up in IC2 chamber

VAREX large area
x-ray detector
for XRD

I B W European XFEL

HED HWiBEF
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X-ray diffraction with two VAREX detectors °

shot on CeOg2 calibrant;

Single X-ray pulse of 18 keV and 400 pJ

Reference XRD measurement

6000 -
Reference XRD measurement
(4}
— ol VAREEZ
5000 o
A0
4000 z
= 3
@ 3000 - J
g " LJI
= Mw
2000 - 200 &5 630 GTS A0 5 =
1000 - ‘ ‘\ /
0 - .,__JL-\_JLJ _I_ i, I
20 40 B0 BO
1 | European XFEL 2theta”

HiBEF
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Dynamic compression of carbon polymorphs

Example: shock-induced transition of glassy
carbon to diamond and liquid carbon 7

experiment 160 GPa

First XRD measurement of the liquid experiment 108 GPa
DFT-MD 3.7 gfem™ 5000 K

structure of carbon! 60 | ----- DFT-MD 3.9 g/cm® 6000 K
————— DFT-MD 3.7 g/em® BOOD K

'''' DFT-MD 3.7 g/em® 10000 K

51 wes DFT-MD 3.7 glcm?® 6500 K 119 GPa
140 ; . : s )TF-MD 3.8 g/cm® 7000 K 137 GPa
ambient
120 ¢ 64 GPa
83 GPa
106 GPa
100 ¢ 126 GPa
160 GPa
80 f
60 \J M '
e L PPTRIERIE S O S
40 .
”1
e —
0 :

10 20 30 40 50
diffraction angle 2 ¢ (degrees)

I B W European XFEL

HED HWiBEF
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Publications

3071@
3132@
3048@
3082@
3076©
3%883.. 57190
31 39960
2844?. Frostetal., © Nat. Astr. 56190
2%835.. Siskaetal. @ 57000
285 Huang et al. o 57850
275 57080
289 57580
2853 56400
288 54380
28 Kluge et al. ®
273 56890
28380 56900

2806@Pan et al., RSI 94, 033501 © Humphries et al.

25900 Husband et al, Choi
2605QC Jaisle et al., JAP
20 19 259 Husband.et al
273
265

2624@ Kaaetal., JSR©
27380 4491. We are here!
25860 4446@Q
26210 3777Q
27310 OcCerantola et al., J.Phys CM 33 274003 3996@
2716@ ®
27100 Ranjan et al., PoP 30 (5), 0527020 3379@
2706@ Garcia, HPLSE 9, E590 3285@
2575@ Makarov et al., JSR 30, 208-2160 Opt. Expr. 32, 26383 O
22930 Katagiri et al. 3386@
256(: Cl)(aa etal, PRR, 4 (3), 0330420 3406@ °
2292 Hwang JPCL, Liermann JSR Ball et al., J Appl. Phys. .
2554@  Smid etal., RSI 91 (12), © 123501 4(25?0,40. e @ Successful experiment
22530 Preston et al., JINST 15 Q 332? Halliday® et al. @ Failed experiment
21800 Voigt et al., PoP 28, 0827010 345 ° .
21940 Schulze et al., PRR4, 0132200 323‘}4 Ma”flsc“pt rgady
2191@ Deschamps, Sci. Rep. 10 (1), © 14564 O Wollenweber et al., RSI 765864 45970 Garciaetal. ® O Published article

I B W European XFEL
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Instrument papers

General overview of the HED instrument
Zastrau, Appel, Baehtz et al., J. Synchrotron Rad. (2021). 28, 1393-1416

DAC research
Diffraction from Diamond Anvil Cell platform at HED - overview
» Liermann et al., JSR (2021). 28, 688-706
MHz XFEL XRD and modeling of pulsed laser heated DAC
» N. Jaisle et al., J. Appl. Phys. 134 (9), 095904 (2023) — https://d0i:10.1063/5.0149836
MHz XRD set-up for dynamic compression experiments in the diamond anvil cell (dDAC)
» R.J. Husband et al., JSR 30 (4), 671-685 (2023), https://d0i:10.1107/S1600577523003910
Dynamic optical spectroscopy and pyrometry (SOP) under optical and x-ray laser
» O.B.Ball etal., J. Appl. Phys. 134 (5), 055901 (2023), https://d0i:10.1063/5.0142196
A von Hamos spectrometer for diamond anvil cell experiments
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