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Abstract

The imaging platform developed at the High Energy Density - Helmholtz International
Beamline for Extreme Fields (HED-HiBEF) instrument at the European XFEL and its
applications to high energy density and fusion related research are presented. The
platform combines the XFEL beam with the high-intensity short-pulse laser ReLLaX and
the high-energy nanosecond-pulse laser DiPOLE-100X. The spatial resolution is better
than 500 nm and the temporal resolution of the order of 50 fs. The influence of the XFEL
source in the x-ray imaging method is discussed. Free-propagation x-ray phase contrast
imaging and Talbot-Lau imaging setups are shown. We show examples of blast waves and
converging cylindrical shocks in aluminium, resonant absorption measurements of specific
charged states in copper with ReL.aX and planar shocks in polystyrene material generated
by DiPOLE-100X. For the first time, we show the application of Talbot-Lau interferometry
to convergent cylindrical shocks as well as resonant absorption processes. We also discuss
the possibilities introduced by combining this imaging platform with a kJ-class laser.

1 Introduction

Probing high energy density states of matter is a challenging task. The short time scales (from fs
to tens of ns), the small spatial scales (of nanometer to tens of micrometers) and the high electron
densities require the use of short, bright x-ray beams. Several variations of x-ray imaging have been
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developed depending on the sample parameters (size, optical thickness, index of refraction for the
used x-ray energy): absorption radiography is used for optically thick targets where absorption is
dominant, phase-contrast imaging for optically thin samples where absorption is negligible, grating
interferometry and Talbot-Lau grating interferometry to further increase sensitivity and accuracy
by exploiting the Talbot effect.

In optical laser facilities, x-ray imaging has been mostly implemented via laser-based x-ray
backlighters [1, 2, 3, 4, 5], providing novel insight on the dynamic of shock generation and
propagation in planar geometries at LULI [6, 7]), in direct drive configuration at OMEGA [8] and at
the National Ignition Facility, imaging of capsule implosions has even provided crucial information
on the influence of the tent holder [9]. Two-grating interferometry has also been developed, with a
phase grating and an analyzer grating [10]. However, all these techniques have limited temporal
resolution, down to the picosecond range, due to the duration of the laser generated x-ray pulse, or
the gating duration on x-ray framing cameras [11]. They also suffer from limitations on the spatial
resolution, typically in the range of micrometers. Imaging with the betatron emission from
electrons in a laser-wakefield accelerator has also been demonstrated [12], and show enhanced
spacial and temporal resolution, with a limited photon flux compared to hard X-ray FELs.

The advent of hard X-ray Free Electron Lasers (XFELs) has overcome these limitations. The
x-ray beam generated in an XFEL has a high spatial and temporal coherence, a short pulse
duration (< 50 fs), narrow bandwidth (eV) and an extreme peak brightness (103 photons s~
mrad=? mm~2 / 0.1 %BW [13]). Using these high-quality beams to image high energy density
states has pushed the boundaries of spatial and temporal resolution, leading to discovery of
never-seen-before phenomena that would not have been resolvable with optical backlighters
otherwise. At the Matter at Extreme Conditions station at LCLS, the x-ray imaging platform
[14, 15] has been used to probe shocks in diamond [16] and low density foams [17], the interplay of
void in materials and shock propagation [18] and multi-frame imaging [19]. At SACLA, imaging
has been used to elucidate electron transport dynamics in solid foils and nanowire arrays [20],
shock splitting in diamond [21] and to elucidate turbulent spectra from Rayleigh-Taylor
instabilities with unprecedented resolution [22]. At EuXFEL, a new pathway to achieve
high-pressure states via convergent shockwaves was found in micrometer-sized wires [23].

X-ray imaging techniques are heavily dependant on the x-ray source. X-ray beams generated by
laser backlighters have a larger energy bandwidth than those from synchrotron and XFELs.
Free-propagating x-ray phase contrast imaging (XPCI) or radiography methods have performance
less dependant on the polychromaticity of the source, while grating interferometric methods will
suffer of reduced contrast because of the energy bandwidth. Furthermore, the divergence of the
beam in a laser-based backlighter has enabled the probing of mm sized samples, something still to
be demonstrated at an XFEL. A review and comparison between the usage of laser backlighters,
synchrotron beams and XFEL beams applied to high-energy-density systems can be found in [24].

In this paper, we describe the experimental imaging platform developed at the High Energy
Density - Helmholtz International Beamline for Extreme Fields (HED-HiBEF) instrument at
EuXFEL [25]. We will discuss the technical aspects and the resolution limitations. We will show
examples of physical processes generated with the high-intensity short-pulse laser, ReLaX [26], and
the high-energy nanosecond-pulse laser DiPOLE-100X [27]. Finally, we examine the prospects of
using this platform for fusion relevant research with the current capabilities at HED-HiBEF and
when coupling it to a kJ-class laser.

1

2 The imaging platform at HED-HiBEF
The standard hard x-ray imaging setup at the HED-HiBEF instrument consists of a set of
beryllium compound refractive lenses (CRLs) and a high-magnification optical microscope with a
scintillator screen. The CRL sets are adapted to the x-ray energy as well as the desired
magnification. The typical parameters of the CRLs are stacks of 15 to 34 lenses (each lens has a
curvature radius of 50 um and an aperture of 400 um), with focal ranges covering 15 - 35 cm and
magnification of 15-34. Up to now, the energy range covered has been from 7 keV to 8.5 keV;
however, this can be extended to higher x-ray energies. The high-magnification detector consists of
a scintillator (GAGG, Lu:Ce, YAG) coupled to a CMOS detector (Andor Zyla) via optical
objectives with a selectable magnification of 2x, 7.5x and 10x [28]. The highest x-ray and optical
magnification of 340 results in an equivalent pixel size on target down to 18.3 + 0.1 nm based on
calibrated target measurements.

The lenses are located at a distance after the target such that an image is formed on the
scintillator downstream. The distance from the target to the detector is flexible ranging from 2 m
to 6.3 m. The lenses are mounted on a hexapod to allow precise alignment of the stack in 6 degrees
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of freedom. The hexapod is located on top of two linear stages, one transversal to the beam, for a
quick switch of in and out lens position, and one longitudinal to the beam to scan along the x-ray
axis. The usual travel range along the x-ray axis is about +10cm. This holder is compatible with
either ReLaX or DiIPOLE-100X beam routings (as shown in Figure 1, with the imaging CRL
labeled CRL4b), as well as additional diagnostics like x-ray spectroscopy. Additionally, a twin CRL
(CLR4a in Figure 1) stack can be placed in front of the target to generate a sub-micrometer focus
on target, or use a point-projection imaging scheme. Both sets can be used simultaneously to
measure the focal spot size, or monitor the overlap in experiments using the two-color XFEL mode.
In this special mode, XFEL can deliver two pulses, separated up to 500fs in time and up to a few
hundred eV in energy. Overlap of the two pulses can be ensured by this imaging setup.

Figure 1. X-ray imaging setups: a) in combination with ReLaX and b) in combination with DiPOLE-100X. The
detector is located outside the interaction chamber to the right in both images.

The intensity at the detector can be described via the transport of intensity equation [29]:

Az
with I(z,y) the intensity in the plane at the object exit (what is known as ’contact plane’), Az is
the x-ray propagation distance from the target until the detector, k is the x-ray wave number and
®(x,y) is the phase of the object. In this equation, the index of refraction n =1 — § + i of the

object is encoded: the absorption is related to 3 since I(z,y) = 106(72kfﬁ(z’y’zl)dzl) and the phase
is ® =k [ 6(z,y,2")dz’, with the integration through the target thickness, along the x-ray axis.
Therefore, it is possible to extract the object index of refraction under certain assumptions using
phase-retrieval methods [30, 31, 32]. However, single-shot reconstruction of the object suffers in
laser-plasma experiments from multiple issues: the uncertainty in the illumination function with
variation in intensity and jitter, the plasma generated in the interaction and the non-uniformities
introduced by the CRLs can affect the convergence of the reconstruction methods.

Most of the problems previously mentioned can be mitigated and the sensitivity of the system
enhanced by means of Talbot-Lau interferometry. This technique has been successfully employed at
laser facilities with x-ray backlighters [33, 34, 35, 36] and other XFELs [37, 17, 15]. Talbot-Lau
interferometry is based on the Talbot effect. To record the interferometric data, a detector is
placed in an arbitrarily chosen self image Talbot plane. Disturbance of the interferometric pattern
by the introduction of a sample in the x-ray path can thereafter be linked to transmission,
differential phase, and dark field radiographs through Fourier analysis [38].

In a more formal way, the intensity at the detector can be expressed as [33, 34]:

I(x,y) = A(z,y) + Bla,y)e ™) (2)

where A(z,y), B(z,y) and ¢(x,y) are real functions that can be extracted and related to the
attenuation, the fringe visibility and the phase. A Fourier analysis using an image with the object
and an image without the object allows the extraction of the object properties as attenuation

A= Ayj/Arer and ¢ = ¢op; — dres. In this case, the problem has shifted from analyzing the target
image itself, to analyzing the variations on the periodicity and amplitude of the grating peaks,
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without any assumption on the object itself. The grating used in our case is a checkerboard
diamond grating with a phase shift of /2 at 8 keV, horizontal pitch of 9.2 um and thickness of
10 pm.

It is important to note, that the excellent quality of the XFEL source is responsible for
obtaining high-quality Talbot-Lau interferometric images. In particular, the fringe contrast will
decrease in the case of a laser backlighter, and therefore the subsequent reconstructed physical
quantities will have larger uncertainties. Furthermore, phase reconstruction, be it either with phase
retrieval or Talbot-Lau interferometry, is not the only path towards obtaining a physical
understanding from the x-ray images. For example, matching synthetic x-ray profiles from
simulations with experimental data it is possible to extract the shock front shape as well as density
as demonstrated in [6] under strong shock regime. Using refraction enhanced radiography the
fuel-ablator interface acceleration has been measured [39]. Since laser backlighter x-ray sources do
not typically rely on CRL-based imaging optics (like synchrotrons and XFELs), avoiding
CRL-induced aberrations, and therefore they benefit the most from these techniques.

The resolution of the imaging system was measured using a calibration target (XRESO-50HC
from NTT). It consists of a Siemens Star made of tungsten with a thickness of 500 nm. The
minimum spatial features are 50 nm at the centermost part of the patterned area. Figure 2 shows
the flatfielded data, using the XPCI configuration (without phase retrieval), of such a calibration
target. Sub-500 nm structures are resolved for the highest magnification configuration.

0.25

0; Z‘mh/hne
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=
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Figure 2. Flatfielded data of a resolution target for x-ray imaging. The circular areas show the dimensions of each
individual line at that radius.

3 Imaging results examples
Here we showcase a series of examples of the phenomena that have been investigated with these
techniques.

3.1 Blast waves generated with a short-pulse laser

The high-intensity short-pulse interaction with the target generates a hot spot of the order of a few
micrometers. The high temperature gradient between this spot and the surrounding material leads
to the generation of a blast wave. Previous studies of isochorically heated solids have characterized
the hot electron source as well as the preheating and velocity of the wave [40, 41, 42]. They have
also used simulations to infer the shock pressures in the range of 100 Mbar. Imaging of blast waves
has also been performed at MEC [15]. The high energy density states generated in this fashion
show great promise towards the study of astrophysical phenomena in the laboratory.

The platform was used in combination with ReLaX to study shocks propagating in wire targets.
Here, we show a comparison between XPCI and Talbot-Lau imaging on aluminium wires of 25 pm.
In Figure 3, we show both the reconstructed phase for an undriven target, as well as the interaction
of ReLaX and the target.

In the case of XPCI (displayed in Figure 3 a), the x-ray magnification was M, = 15 and the
detector optical magnification M, = 2, corresponding to a total magnification of 30 and an
equivalent pixel size on target of 216 nm/px. We use a non-linear phase-retrieval algorithm in the
near-field regime with Tikhonov regularization [32] as implemented in the HoToPy package for
python [43]. The constraints used were a single element object (aluminium) with a
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£/ = 1.63 x 1073, a support indicating where the object was located and a non-positive phase.
The Fresnel number for this configuration was Fr = 0.012. With these settings, the reconstructed
phase shift for the aluminium wire at the center is 8.3 rad.

In the case of Talbot-Lau imaging, the x-ray magnification was M, = 34 and the detector
magnification M, = 10. The total magnification was 340 with an equivalent pixel size on target of
18 nm/px. The phase was retrieved using the TIA/TNT algorithm [38]. The data shown here
correspond to a shot with a pump-probe delay of 0 ps. Essentially, the areas away from the laser
focus still remain at cold temperature and no hydrodynamic motion has taken place yet. A lineout
comparison between both phase retrieval methods and with the phase shift expected from a perfect
aluminium wire is shown in panel c¢) showing a good agreement between the methods.

The differences between both imaging techniques become clear when studying blast waves
generated by the ReLaX interaction with the target. For the XPCI case, the recorded signal
around the shock region contains a mixture of the imaging of CRL impurities together with the
plasma halo. These features cannot be correctly phase-retrieved. Furthermore, the shock
phase-shift obtained is lower than that of cold aluminium. This limitation can be overcome by
using Talbot-Lau imaging. Using the Talbot grating as an interferometer, effectively provides a
filter that compensates spurious effects not related to the object imaging. This can be seen on how
the Talbot-Lau phase maps are more homogeneous across the whole wire when compared to the
XPCI phase. A lineout along the central part of the shock is shown in panel f). The correct phase
projection is retrieved and an increased phase-shift shows the location of the shock front.

b) c)
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Figure 3. Retrieved phase for aluminium wires. For XPCI configuration: a) x-ray only imaging of the unpumped
wire, d) x-ray imaging 100 ps after ReLaX arrival. For Talbot-Lau imaging configuration: b) x-ray only for cold
aluminium wire, e) Talbot-Lau imaging 50 ps after ReLaX arrival. Panel c) shows a lineout at the central part of the
both XPCI and Talbot-Lau configuration images and the expected theoretical phase shift from a perfect 25
aluminium wire. Panel f) shows a horizontal lineout at the central part of the shock for both cases. In the lower
panels the thick black arrow represents the projected incoming direction of ReLaX in the x-ray imaging plane.

We emphasize that the outcome of this comparison is heavily biased by the source itself. As
mentioned before, the narrow bandwidth of the XFEL beam is beneficial to the Talbot-Lau
method. At the same time, the use of x-ray optics is detrimental to the XPCI method due to
aberrations. Laser backlighters provide complementary properties, i.e. a wider bandwith but a
more homogeneous illumination when compared to the XFEL beam at HED-HiBEF'. In that case,
XPCI, while having worse spatial resolution, provides results with enough quality as to extract
information, in a quantitative way, without the need of phase retrieval methods.

3.2 Wire compression driven by return currents

The first implementation of the imaging platform with ReLaX enabled the discovery of a
compression wave in micrometer-thin wires [23]. Follow-up experiments have demonstrated the
robustness of this compression method by using different materials [44]. In this process, the hot
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electrons expelled from the target generate a charge imbalance that drives an intense return current.
This return current lasts in the order of the laser pulse duration and is restricted to a skin depth of
less than 1pm. This surface is heated to high temperatures, up to hundreds of eV. The gradient of
the surface temperature to the colder inner material leads to an ablation driven cylindrical wave
that travels towards the wire axis. At the convergence point of the wave, a 10x compression has
been demonstrated with simulations predicting pressures up to 800 Mbar on copper [23].

Here we show results of the compression of a 25 pm aluminium wire with Talbot-Lau imaging
for the first time. The phase retrieval for a cold wire is displayed in the upper part of Figure 4 a),
while the phase shift for a pump-probe delay of 700 ps is shown in the lower panel. For this delay,
the compression wave reached the wire axis at a distance of approximately 45 um. The phase
retrieved image was Abel inverted using a deconvolution procedure developed by Daun et al. [45]
and implemented in the pyabel package. The density shown on panel b) exhibits a maximum at the
wire axis after an abel inversion, corresponding to a density p = 12.7gcm™3. This calculated
compression factor is 4.7.
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Figure 4. a) Phase maps for an aluminium wire, with the upper panel showing the cold target and the lower panel
the target 700 ps after ReLaX arrival. The orange dashed line indicates the point along the wire where the
compression is maximal. b) Abel inverted density at the highest compression point.

3.8 Charge-state specific resonant imaging

The narrow energy bandwidth of the XFEL beam enables investigations of energy-selective process.
In particular, specific electron transitions between the K and L shells can be probed by using
ReLaX to ionize the target and using the XFEL beam to excite the electrons. In our case, copper
foils with thickness of 2pum and 5 um were used as targets. We chose an XFEL energy of 8.163 keV,
corresponding to the energy transition from the K-shell to the L-shell of Cu?'* ions. Previous
experiments have performed studies of resonant absorption with spectroscopy and x-ray imaging
[46, 47].

The flatfielded image, in the XPCI configuration, of a 5 pm thick copper foil upon ReLaX
irradiation can be seen in Figure 5 a). The delay between ReLaX and X-ray was 200 fs. A decrease
in detector counts at the center of the image, with a width comparable to the laser focus is
apparent at the center of the image. However, this attenuation is a mixture of absorption and
refraction effects. Deconvolving the actual attenuation would require making an assumption, a
priori, on the 8/6 ratio for copper. As this is a resonant process, the value of 3 is highly dependent
on the ionization state of the copper foil. The ionization state itself is not spatially homogeneous,
adding further complications to any phase-retrieval attempt. In the case of Talbot-Lau imaging,
without assumptions on the target itself, the situation is different. Here we show the first
application of Talbot-Lau imaging to a charge-state resonant absorption process with an example
of the transmission map and phase map for a pump-probe delay of 4.8 ps. Figure 5 b) and ¢) show
the reconstructed maps. The phase shift displayed corresponds to the phase delay with respect to a
cold copper foil, thus a null phase shift is shown across the area with a deviation where the laser
impacted on the foil. Similarly, the transmission map shows the transmission with respect to a cold
foil. There is an ambiguity due to the XFEL pulse energy used to measure the cold foil and the
laser-shot foil. To account for this, we use a relative measurement of the transmission between the
laser irradiated area, and an area far outside. This ratio of transmitted x-rays inside the laser area
to outside is 0.3. If the effect were to be volumetric through the complete foil thickness, the mass
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attenuation coefficient would be 613 cm? g=!. For a cold foil of the same thickness, the mass
attenuation coefficient at this x-ray energy is 48 cm? g~!. This is a clear indication that the x-rays
are being resonantly absorbed.
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Figure 5. a) Flatfielded x-ray image of a 5 um copper foil, 200 fs after ReLaX arrival. b) Attenuation map for a
2 pm copper foil 4.8 ps after ReLaX main pulse. ¢) Phase map for the same 2 um foil and time step.

3.4 Shock-compression of polystyrene with DiPOLE-100X

Shock compression is a standard technique to study high-pressure states and phase transitions.
Most shock compression studies employ x-ray diffraction and velocity interferometer system for any
reflector (VISAR) techniques to extract the conditions reached during compression. However, in
the case of VISAR, a limitation is given in the shock conditions that can be studied due to the
reflectivity needed as well as the impossibility of probing shocks during propagation inside optically
opaque targets.

Employing imaging to study the propagation of a laser generated shock in a material extends
the conditions to be studied, and provides snapshots of the shock development during and after
laser irradiation. We used a target made of polystyrene, with an aluminium ablator deposited on
one face. The polystyrene block had dimensions 0.475 x 0.475 x 5 mm?, the aluminium ablator was
0.475 x 0.010 x 5 mm?. The DiPOLE laser shot on the ablator side at an angle of 22.5° with
respect to the target normal, launching a shock through the aluminium and polystyrene materials.
The x-ray probed transversally to the shock propagation. DiPOLE was used at 2w (515 nm), with
35 J on target and a phase plate of 300 pm. The Talbot-Lau technique was used for x-ray imaging,
similar to [15].

The phase retrieved image in Figure 6 a) shows the richness of the shock process. The phase is
calculated with respect to the undriven target. The ablator is seen in the area x < —20um. The
shock front appears in the range of 12 < x < 16 pm. There, we observe the presence of at least two
distinct discontinuities in the phase. This example shows the enhanced capabilities of imaging
shocks against other methods: the possibility to observe the shock front, and possibly rarefaction
waves as they propagate inside the target. Recent theoretical studies have analyzed the assumptions
and effect of an ablator thickness and impedance mismatch in laser-loading experiments [48]. Such
theoretical studies could obtain experimental validation with this imaging platform.

4 Research potential for IFE applications

Currently, a demonstration of a target gain > 1 has only been demonstrated at the NIF [49]. This
achievement was the culmination of decades of improvements in laser design, targetry, diagnostics
and simulations. An overview of the challenges overcome can be found in [50, 51].

The conditions needed to reach ignition are extreme, thus an implosion facility needs the most
energetic laser available such as NIF and LMJ. However, on the path to ignition and inertial fusion
energy, challenges can be tackled with smaller lasers, currently available at XFEL facilities. For
example, inhomogeneities in the ablator can lead to degradation in performance [52]. Studies
performed at MEC and HED-HiBEF have demonstrated diamond formation from plastic ablators,
similar to those used in NIF capsules, when irradiated with a long pulse laser [53, 54].
Hydrodynamic instability control has been, and remains, a challenge. The ability to observe the
instability growth holds great promise towards a more effective suppression. Studies of instabilities
and turbulent regime have been performed at SACLA [22]. New nano-accelerator concepts are also
gaining momentum, such as nanowire arrays for direct drive laser fusion. Experiments aimed to
understanding nanowire evolution under irradiation have been started [20].

The inherent value of performing imaging experiments is apparent. However, it is not the only
technique available at XFEL facilities. Other methods for probing plasmas can complement
imaging: small-angle x-ray scattering can be used to study kinetic instabilities and blast waves
with nanometer scale resolution [55, 56, 57, 58], grazing incidence small-angle x-ray scattering
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Figure 6. Left: Phase shift map for a shocked polystyrene block with respect to an unshocked block. Right: zoom
in section around the front shock showing multiple phase sharp gradients.

provides information on surface structures [59, 60, 61], x-ray Thomson scattering accesses
temperature and collective phenomena [62, 63, 64, 65], diffraction is a standard diagnostic to study
phase transitions and material deformation under high-strain [66, 67, 68], among others.
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Figure 7. Illustration of the phase map for carbon and hydrocarbon materials covered by different laser facilities.
IFE shows the implosion point achieved at NIF in 2022 [49]. Exoplanets. Isochoric heating of plastic materials [69].
Return current driven cylindrical compression [23]. Carbon equation-of-state measurement at white dwarf conditions
[70]. Carbon melting and phase-coexistence [71]. Diamond formation from hydrocarbons [53].

Finally, it is of interest to discuss the potential of XFELs when coupled to higher-intensity and
higher-energy lasers. A workshop designed to identify the science that can be addressed at the
European XFEL took place in 2024 [72] with a follow-up in 2025. Within the German Fusion
Action Plan as part of the High Tech Agenda Germany, the possibility of installing a kJ-class laser
and a petawatt short-pulse laser at the European XFEL is under consideration.

To provide an overview as to what science cases could be achieved with such a facility, we
compare the conditions achievable at HED-HiBEF with other lasers used for IFE research in Figure
7. There the conditions achieved for an indirect drive ignition are represented by the "IFE” point
[49], only reachable by Mega-Joule lasers. Other experiments at NIF studied the carbon equation
of state in conditions relevant to white dwarf envelopes [70]. While temperatures of keV are
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achievable with short pulse lasers, the relevant compression factor is not. Cylindrical compression
of wires has shown to reach a compression of 10x in copper, and is expected to reach similar
compression for hydrocarbons, the temperature at the convergence point is of 10s eV, lower than
the one achieved at NIF ~100 eV [70]. Isochoric heating studies of plastics in reduced mass targets
was investigated with Gekko MII [69], at intensities 107 — 10*® W ¢cm~2, below the maximum
achievable intensity at ReLaX 102! W cm™2. In planar shocks, the study of liquid carbon was done
at HED-HIiBEF with DiPOLE-100X [71], while the original diamond formation in shock
compressed hydrocarbons was performed at the MEC station [53].

A kJ-class laser would increase the pressure range currently achievable with DiPOLE-100X
from ~1.5 Mbar, to 10-20 Mbar, and the combination with the XFEL beam would open the path
to exploring such states with unprecedented spatial and temporal resolution. At the same time, a
short-pulse high-intensity petawatt laser is also considered. This would open the possibility to full
equation of state measurements via a combination of imaging and x-ray Thomson scattering,
extending existing equation of state measurements, for example in the case of plastic foams [73], or
providing complementary precision measurements for high-density carbon (HDC) ablators [74, 75]
beyond the current limitations of VISAR techniques. As shown in section 3.3, the XFEL beam
energy can be tuned to K-shell to L-shell transitions. Resonant imaging would track the evolution
of ablators and material mixing with high-spatial and temporal resolution as well as temperature
resolved measurements (by shifting the XFEL energy across different resonances) by means of
dopants in the target acting as tracers [76]. The imaging of instabilities has already been
mentioned; however, a combination of small-angle x-ray scattering together with imaging, would
allow the measurement of instabilities and shocks (and shock front gradient) with spatial scales
from nm to pm [77].

5 Conclusions

In this paper, we have introduced the hard x-ray imaging platform developed at HED-HiBEF. We
have shown the setups combining it together with the RelLaX and DiPOLE-100X drivers. Thanks
to the high-quality properties of the XFEL beam, with its high brilliance, the high spatial and
temporal coherence, and narrow bandwidth, we demonstrate the applicability of the Talbot-Lau
imaging method as well as the limitations of phase retrieval methods due to the aberrations
introduced by the x-ray optics. The platform has a spatial resolution better than 500 nm and a
temporal resolution better than 50 fs, in contrast to the typical resolution of tens of pm (depending
on geometry and detector configuration) achieved with laser backlighters. We have compared the
performance of magnified x-ray imaging and Talbot-Lau imaging, showing the advantages of the
latter while investigating blast waves and cylindrical compression in aluminium wires with the
ReLaX laser. Tuning the XFEL energy to a resonant energy with a specific electronic transition, an
increase of the opacity induced by the transition of electrons from the K-shell to the L-shell has
been observed, providing a diagnostic of the plasma state with specific conditions. An application
to imaging of planar shocks with DiPOLE-100X has been discussed, showcasing the spatial
sensitivity to probe intricacies of shock front generation and propagation. We have also discussed
the complementarity of this technique with other x-ray methods available at HED-HiBEF and have
shown some of the science cases related to fusion that could be addressed with a kJ-class laser
coupled to the XFEL beam.

The next steps for improving the x-ray imaging quality are focused in reducing the aberrations
introduced by the compound refractive lenses. Alternative materials for the lenses are under
investigation, like SU8 and diamond materials. We not, however, that for the x-ray energies used in
the experiments described in this manuscript, alternative CRL materials result in a lower numerical
aperture and transmission. Complementary, the use of Fresnel Zone Plates is under study.
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