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HED – research at extremes

Cryogenic jet targets

High-rep solids targets

X-ray spectrometers

EMP-hard X-ray detectors

High-purity polarimetry

Laser Compression

Shock & ramp compression

XRD, IXS, XES

Long-pulse ns laser

Isochoric X-ray excitation

Transport properties,

Hollow atoms, rates

XES, IXS, XRD

Tight focusing

Relativistic Laser-Plasmas

Electron transport, 

Instabilities and filamentation, 

Particle acceleration, 

High EM fields

Multi-100 TW fs laser

Diamond Anvil Cells

Fast dynamic piezo DAC

Pulsed laser heated DAC

X-ray heated DAC

18 to 25 keV

Pulsed Magnetic Fields

Solid state physics

New quantum states

Superconductivity

> 40 T pulsed coil, 600 µs 

detector, goniometer
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Phys. Plasmas 21, 033110 (2014)

X-ray probing of relativistic laser plasmas

X-ray spectroscopy

(emission of lines, 

inelastic scattering)

XES, IXS

Phase 

Contrast

Imaging PCI

(~µm structure)

Small Angle

X-ray Scattering

(SAXS CDI)

X-ray diffraction XRD

(sub-nm structure)
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With an Optique Peter X-ray microscope system 

we can achieve high imaging resolutions

Detector used is Andor ZYLA.

200nm was measured with monochromatic beam and 

CRL4b.

The focus with other lens configurations can also be 

measured.

Three objectives with different 

magnification (2X, 7.5X, 20X). 

Most commonly used is 7.5X which has a 

good compromise with FOV.



5EuXFEL HED-HIBEF for IFE research 2024 Ulf Zastrau, European XFEL, 11-12 June 2024



6EuXFEL HED-HIBEF for IFE research 2024 Ulf Zastrau, European XFEL, 11-12 June 2024



7EuXFEL HED-HIBEF for IFE research 2024 Ulf Zastrau, European XFEL, 11-12 June 2024



8EuXFEL HED-HIBEF for IFE research 2024 Ulf Zastrau, European XFEL, 11-12 June 2024



9EuXFEL HED-HIBEF for IFE research 2024 Ulf Zastrau, European XFEL, 11-12 June 2024

Shock Experiments

Nanosecond high-energy lasers are used in multiple domains to

generate extrem pressure states, high deformation rates and 

velocity outflows, relevant for

Equation of State of materials

Hypervelocity impacts (e.g. debris protection)

Material science: plastic deformation, failure, spallation

Access of micro- to meso-structural data requires brilliant x-ray

sources -> Combine such laser with X-FELs

DiPOLE 100X enabels high number of data set due to it‘s high 

repetition rate
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Direct laser compression platform for

diffraction

Dedicated setup for diffraction with large area x-ray

detector.

Variable geometry for shock propagation vs. X-ray

direction

F/5 focussing optic, phase plates for 500, 250 and 100 

mum focal spot available

No noise on the detector due to laser plasma interaction
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Shock platform capabilities

VISAR system to get indepentdent pressure

information for spatial and temporal evolution

Ablation pressures for 10 ns pulses > 300 Gpa

(100 mum phase plate)

Timing fiducials on the streak camera for both

laser and x-rays

Full automatic scan of timing and energy

reaching shot rates < 1 min
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High-rep rate target delivery

Low cross-section experiments require large shot

numbers (100…1000)

Important bottleneck (amongst other): sample delivery

First test during first user experiment: 1 Hz on a 10 cm 

stripe

Tape target run for 10 minutes @ 1 Hz: VISAR data

stable, no x-ray data

R&D project for next steps: integration, debris

management, alignement verification

Breakout reproducibility:
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Strategic milestone towards high repetition rate laser-driven 

shock compression targets using DiPOLE

ti
m

e

spatial

Typical VISAR signal

Rewinding the shot Kapton tape target – device built by STFC 

)

Breakout reproducibility

time

3 m of aluminized Kapton tape target moved at 15 mm/s

DiPOLE fired at 1 Hz, full power (~37 J@2w)

VISAR diagnostics at 0.5 Hz

White light interferometry diagnostics shows focus

reproducibility within 5 um

600 shots in 10 min
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Debris free sample delivery

Gas inlets

Liquid Helium 

flow cryostat

LHe inlet
LHe outlet

High precision jet alignment (~1 micron) 

In-operation sample frame configuration

Rotation of the full plattform by +/- 45 deg

Liquid methane sheet Liquid H2 sheet
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interaction separation is not the best option…

High speed recording with Shimadzu
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Chopper performance characterization with Methane jet

Chop sequence

Jet vel

~50m/s

Chopper blade

Chop series at 1Hz Chop series at 10Hz

Nozzle distance ~1.5 mm 

Excellent cuting reproducibility

enables nozzle to TCC distances

of below 3 mm
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X-ray single-pulse heating at HED-HIBEF
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X-ray single pulse heating at HED-HIBEF
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Towards higher pressures: Laser upgrade

Laser energy presently limits pressure range, 

compression times and sample dimensions

In particular ion-electron demixing (1-2 TPa

range) and off-Hugoniot compression would

profit of multi-KJ at XFEL, Lab-Astro requires

multi-beam setups

THRILL: EU project (Horizon-infra 2022, 

4 year project, 10 M€ budget)

Development of a laser amplifier with more than 

1 kJ pulse energy with repetition rate of 

~1 shot/minute (presently ~1 shot/h)

Cooled amplifier techniques, beam transport, 

optics developement, …

A multi kJ laser would open new domain of physics and 

keep XFEL competitive
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Fusion related research

Fusion research gains new public interest

after NIF results and foundation of start-up

companies

Present installations (DiPOLE and RELAX) 

can study related fundamental physics

EOS for early stage ablabtion processes

Hydrodynamic instabilities

Interaction physics for fast/shock ignition

Further studies would require multi-kJ system, 

possibly multi-beamline system – XFEL could

offer unique diagnostic capabilities

Fusion research center at XFEL 
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Future Inertial Fusion Energy (IFE) research at HED-HIBEF

High-repetition rate (10 Hz) high-energy laser experiments (main collaboration with UKRI-STFC / 

University of Oxford) → technology required for an IFE power plant (which needs to run at ~10 Hz)

IFE science using optical lasers and XFEL probing:

Study of ablators: Equation of state of ablator materials at a few Mbar 

(i.e., comparable to the initial shock in common ICF implosion designs);

evolution of micro- and nanoscale scale heterogeneities 

with high resolution phase contrast imaging and small angle scattering.

Laser-plasma interaction: Intense laser-matter interaction and energy transport 

relevant to shock ignition (~1016 W/cm2) & fast ignition (>1018 W/cm2); 

test low-compression approaches to fusion energy; investigate converging shocks or miniature implosions 

triggered by the ReLaX laser.

Hydrodynamic instabilities: Apply phase contrast imaging capabilities together 

with spectroscopy probing of plasma conditions.

Relevant conditions with multi-beam geometry: High energy shock with DIPOLE laser to create highly 

compressed state then hit by high-intensity RELAX laser; XFEL diagnostics allows to study properties of 

hot dense matter (ionization, opacity, conductivities, ..) with unprecedented accuracy.

Future upgrade to kJ drive laser energies planned (HIBEF 2.0) 

→ Create conditions that are even more relevant to IFE 

Capabilities of HIBEF at EuXFEL are currently superior to the LCLS in the US where a strong IFE 

program has already been initiated.
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Third-party funding
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projects related to GISAXS, sDAC, cryo-jets, and high rep-rate solid targets.

We acknowledge contributions to HED’s instrumentation from the

Bundesministerium für Bildung und Forschung (BMBF) 

through funding via grants 05K19PE2, 05K10PM2, 05K13PM1 and 05K16PM. 

We acknowledge funds for research and PhD students from the

Deutsche Forschungsgemeinschaft (DFG) 

via grants via FOR2440 and AP262/2-1/-2 

and the research unit CarboPat through grant AP262/1-1/-2


