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X-ray Free Electron Laser (XFEL) facilities offer unprecedented opportunities to advance instrumentation for studying
matter under extreme conditions. In this study, we harnessed the enhanced X-ray capabilities of XFELs to demonstrate
dark field imaging in laser-driven experiments at XFEL facilities. Utilizing a Talbot X-ray interferometer, we achieved
to simultaneously capture transmission, dark-field, and differential phase contrast radiographs of laser-driven metallic
foils. Our work showcases the feasibility of single-shot grating-based Talbot X-ray dark field imaging in pump probe
experiments at XFEL facilities, opening doors to a wide range of hard X-ray imaging applications in material science
and high-energy density physics.

I. INTRODUCTION

X-ray imaging, essential for unveiling the internal structure
of matter, often relies on X-ray absorption for contrast, limit-
ing its accuracy in cases of similar absorption coefficients or
optically thin samples1. Talbot X-ray phase contrast imaging2

is an approach relying on scattering and phase shifts in the
X-ray wavefront to reveal details otherwise concealed3.

Originally observed in the XIXth century using visible
light4, the Talbot effect consists of the self-imaging of a peri-
odic grating at regular distances given by:

dT = m · p2

2η2λ
, (1)

when illuminated with coherent light5–7. In Eq. 1, p corre-
sponds to the periodicity of the grating, λ is the wavelength of
the photons, η is a parameter that depends on the type of the
grating8 and m is an integer number called the Talbot order.
For absorption gratings, η = 1 and the Talbot planes (where
the self-image is generated) are obtained for even values of m;
while for π-shift phase gratings, η = 2 and the Talbot planes
are located at odd values of the Talbot order8. In general Tal-
bot designs, a second grating G2 called analyzer is placed at
the distance dT to filter the signal.

a)v.bouffetier@hzdr.de

An additional advantage of Talbot interferometry is that, on
top of the regular phase contrast image, it provides dark-field
imaging3,9, which, by highlighting small-angle X-ray scatter-
ing, uncovers micro-structural details such as inhomogeneities
and grain boundaries3,10 often missed by other methods. In
material science, dark-field imaging reveals dislocations and
internal stresses11, opening new paths in material design. In
biology, it allows for the observation of subcellular entities
and nuanced tissue variations12,13 without external contrasting
agents. Developing such methods for laser-generated plasmas
could experimentally unveil up-to-now unseen fine-scale struc-
tures. This critical point comes to the forefront to understand
plasma dynamics14,15 and hydrodynamic instabilities16–18.

The main facilities where laser-driven experiments can oc-
cur today are dedicated laser facilities such as LULI-2000,
OMEGA, GEKKO-XII, NIF or LMJ; or X-ray Free Electron
Laser (XFEL) facilities like SACLA19, LCLS20, or the Euro-
pean XFEL21, where all of which have dedicated platforms.
These facilities provide a wide range of laser and X-ray condi-
tions that can complement each other.

Typically, laser facilities provide kJ to MJ laser energies,
but offer limited X-ray brilliance due to the broadband spec-
tra and divergence of the X-ray source. Previous experiments
on the OMEGA-EP laser enabled fringe contrast in the or-
der of 10%22,23, and a recent study on MTW laser showed
that limited laser-driven X-ray source brilliance may strongly
constrain the fringe contrast of Talbot X-ray interferometry24.
On the other hand, the lasers found at XFEL facilities do
not currently exceed 100J of energy in the nano-second
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regime but can provide X-ray peak brilliances in the range
of 1× 1027 − 1× 1032 photon/srad/s/mm2/0.1%BW thanks
to their femtosecond X-ray pulse duration, low divergence,
and sharp X-ray spectrum25–27, thus providing improved ca-
pabilities for phase contrast imaging. For this reason, Talbot
interferometry experiments at XFEL facilities are becoming
more popular28–30. Talbot X-ray phase and dark-field imaging
coupled to XFEL light emerges as a promising candidate to
image laser-matter experiments in the hard X-ray regime.

In this manuscript, we report a primary feasibility study
of Talbot X-ray imaging of laser-driven experiments at XFEL
facilities, performed at the SACLA XFEL. This work demon-
strates the capabilities of Talbot X-ray imaging to provide,
in a single shot, transmission, phase difference and dark-field
radiographs in this type of experiments.

The manuscript is structured as follows. In Section II, we
present some fundamentals on the theory of Talbot imaging
and discuss the physical magnitudes that can be obtained from
an experiment of this type. Section III describes the experi-
mental setup that was used in our particular case, and Section
IV shows the obtained experimental results. Finally, in Section
V we present a brief summary of the conclusions of this work
and future perspectives of Talbot imaging at XFEL facilities.

II. SIGNAL DEPENDENCIES IN TALBOT IMAGING

As mentioned above, in Talbot interferometry experiments,
the self-image of a periodic grating is recorded onto a detector
as a collection of fringes. Generally, a sample object is placed
on the radiation path to observe its effect on the measured
pattern. From the fringe analysis of Talbot patterns, one can
extract up to three different images related to different aspects
of the interaction of the X-rays probing a sample, while ab-
sorption imaging and free propagation phase contrast imaging
provide one and two different sets of information, respectively.

The first image that can be retrieved from Talbot interfero-
grams is the transmission image, which is related to the vari-
ation of the illumination function due to the absorption of the
X-rays by the sample, similarly to absorption imaging. The
second image is the phase difference image, resulting from the
difference between the phase of the interferogram perturbed
by the sample, and the phase of the unperturbed Talbot pattern
(when no sample has been placed on the path of the X-rays).
This phase difference of the fringes is directly proportional to
the phase gradient on the perturbed X-ray wavefront, which is
why it is often referred to in the literature as the phase gradi-
ent image. The last image is the dark-field radiograph. This
radiograph is the result of the change of the visibility of the
fringes composing the Talbot pattern due to small angle X-ray
scattering induced by a sample.

In general, the Talbot fringe pattern can be written as:

S = A(x,y)+B(x,y)sin [φ(x,y)] . (2)

The transmission (T ), phase difference (∆φ ), and dark-field
(DF) images can then be expressed as

T =
APerturbed

ARef
, (3)

∆φ = φPerturbed −φRef, (4)

DF =
BPerturbed

BRef
· ARef

APerturbed
=

VPerturbed
VRef

, (5)

where the indices ‘Perturbed’ and ‘Ref’ respectively indicate
the signals of the interferogram acquired with and without
a sample perturbing the Talbot pattern and V = B/A is the
fringe visibility. In this work, we made use of the Fourier-
based TIA Talbot Numerical Tool (TIA/TNT) code23,31,32 to
isolate the mean illumination component (A) from the fringe
amplitude (B) and fringe’s phase (φ ) and obtain these images.
A detailed description of the operation of TIA/TNT can be
found in Pérez-Callejo et al.23,31,33.

These three images contain different physical information
about the sample. For the transmission image,

T = exp(−µl) , (6)

where µ is the linear absorption coefficient of the sample and
l is the thickness of the sample.

In the case of the phase, one can write:

∆φ =
λdT

p2
· ∂ϕ

∂x
(7)

where x is the direction perpendicular to the fringes, p2 is the
period of the analyzer, and ϕ is the phase of the perturbed
X-ray wavefront. This can be written in terms of the optical
properties of the material as

ϕ =
2π

λ

∫
δdz (8)

where z is the direction along the X-ray beam, and δ is the real
part of the optical index. In the cold approximation, δ can be
expressed by34:

δ =
reλ 2

2π
ne (9)

with re is the classical electron radius and ne the electron den-
sity. This retrieves the fact that the phase difference image in
Talbot interferometry is directly proportional to the integrated
electron density gradient in the sample:

∆φ ∝
∂ϕ

∂x
∝

∂

∂x

∫
nedz. (10)

In the case of hot and dense plasmas, where atomic states
are more exotic, more complicated models need to be
considered31,35,36.

Dark-field imaging measures the fringe’s visibility change
directly related to the width of the total scattering angular
width σ from the sample as37

DF = exp
(
−2π2

p2
2

σ
2d2

SG2

)
, (11)

where dSG2 is the sample to analyzer distance, and σ is the
scattering width, related to the linear diffusion coefficient ε of
the sample by:

ε l = σ , (12)
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FIG. 1. Experimental setup: a 532nm wavelength laser with 15J energy and 5ns square temporal profile irradiate a 10µm thick metalic foil
with 10◦ incidence and 180µm FWHM focal spot. The metallic foil is then imaged using a 7keV XFEL beam collimated with 1mm FWHM
diameter coupled with a two grating Talbot interferometer, and images are recorded using the DIFRAS X-ray detector.

where, same as in Eqn. 6, l is the thickness of the sample.
Given that the scattering width is strongly connected to the
scattering vectors q (as discussed in recent literature38–42),
dark-field image is an additional diagnostic, complementary
to small angle X-ray scattering.

III. EXPERIMENTAL SETUP

A. Samples and laser parameters

In Fig.1, we depict the experimental configuration employed
at employed at the BL3-EH5 of SACLA43,44. The samples
used during the experiment were copper and aluminium foils
of 10µm thickness. The targets were irradiated by a laser with
wavelength λL = 532nm and pulse duration of 5ns. The laser
beam was focused into a spot size of 180µm FWHM to reach
a total intensity of IL = 1.75×1013 Wcm−2. To avoid risk of
back reflection from the laser, the normal of the foils’ surface
was angled at 10◦ to the laser axis .

B. Imaging platform

To image the evolution of the samples, we used a collimated
X-ray beam with a diameter of 1mm and photon energy of
7keV (λ = 1.77Å). The X-ray beam had a pulse duration of
7fs and an energy of 700µJ per pulse.

For X-ray interferometric measurements, we assembled a
compact two-grating Talbot interferometer. The diagnostic
comprises a π-shift phase grating of period p1 = 4.8µm, which
we will refer to as beamsplitter, and an absorption grating of
period p2 = 2.4µm, hereafter referred to as the analyzer (as
mentioned in Section I), each of them with a working area of
5mm diameter. The gratings were separated by a distance of
dT = 11.38cm, corresponding to a Talbot order of m = 7 for
the X-ray wavelength used, as shown in Eqn. 1. The angular
sensitivity of the interferometer is S = p2/dT = 21.09µrad8.

The Diffusion-free transparent scintillator (DIFRAS) X-ray

FIG. 2. Experimental interferogram: Raw interferogram (left) and
fringe profile after normalization by the illumination function (right).
The observed local variations of the fringe contrast are the result of
the grating imperfections resulting in slight changes in the gratings’
efficiency.

detector45,46 used during the experiment was placed 50cm
after the analyzer grating (i.e. 70cm from the target chamber
center). This X-ray detector consists in a LuAG scintillator45

coupled to optical magnification, thus enabling a millimetric
field of view of 1.33× 1.33mm2 over a 2048× 2048 pixels
chip with effective pixel size of 0.65µm.

C. X-ray peak brilliance of the source

As mentioned above, we used 7keV photons with
700µJ/pulse using 7fs pulses. This provided a photon statistic
of 6.25×1011 photon/pulse available for single shot radiogra-
phy events. To obtain the peak brilliance of the X-ray source,
we note that the divergence of the XFEL beam at the BL3
of SACLA is of the order of the microradian43,47. Further-
more, according to previous studies, the X-ray source size at
the BL3-EH5 is on the order of 60µm48,49. Additionally, the
X-ray bandwidth at 7keV is ∼ 26eV. These numbers yield an
estimated peak brilliance of the X-ray source during our ex-
periment of B = 2.9×1031 photons/mrad2/mm2/s/0.1%BW.

For comparison with recent Talbot imaging experiment car-
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ried at OMEGA-EP laser22,23, let us do an estimation of the
brilliance of X-ray sources produced at these type of laser fa-
cilities. The photon energy closest to our case (7 keV) which
can be obtained with a short pulse laser-driven X-ray source is
the K-α emission of cobalt (Ekα,Co = 6.93keV). The typical
pulse duration used at the OMEGA-EP laser for producing
K-α sources is on the order of 10− 100ps, with a maximum
available energy in the short-pulse laser beam of 2.3kJ (for
100ps pulse duration), and a laser intensity on the order of
1×1018 W/cm2 (corresponding to a diameter of the focal spot
of 40µm). According to Park et al.50, the conversion from laser
to K-α emission expected for this intensity regime is on the
order of ε = 1×10−5, leading to a 2.07×1013 K-α photons.
Since the life-time of laser-generated X-ray sources is approxi-
mately that of the duration of the laser pulse (100 ps), assuming
that the emission diverges over 2π srad, and has a bandwidth of
∼ 100eV, the brilliance of such source would then be approx-
imately Blaser = 3.7×1017 photons/mrad2/mm2/s/0.1%BW.

It is therefore clear that, with nearly 14 orders of magnitude
higher brilliance, coherent X-ray imaging methods are better
suited to be used in combination with XFEL sources, even if
the total amount of photons in a single pulse is two orders of
magnitude lower than in the case of laser-driven X-ray sources.
These differences translate to a factor of 5 lower fringe contrast
observed at the OMEGA-EP laser23, with respect to the one
referenced in this manuscript in Fig.2.

D. Spatial resolution

The spatial resolution of a Talbot interferometer is limited
by different factors. The first limitation comes from the the X-
ray detector, which in our case limits the resolution to ∼ 2µm
considering the potential spreading of the energy of an incident
photon on the CCD to the pixel’s first neighbors. Secondly, the
resolution of a Talbot interferometer when using a collimated
X-ray beam cannot be better than twice the analyzer grating
period, which in our case translates to 4.8µm. Finally, the
spatial resolution of the diagnostic is limited by the shear length
enabled by the diagnostic, which, for our design was LS =
4dT λ/p1 = 16.8µm51 and therefore constitutes the resolution
limit of our diagnostic. While using a lower Talbot order would
enable a higher spatial resolution thanks to the reduced inter-
grating distance dT , this enhanced resolution would come to
the cost of angular sensitivity, critical for dark-field signal.

An additional limitation to spatial resolution that needs to
be taken into account is motion blur. This contribution is
independent of the interferometer design, and depends exclu-
sively on the duration of the X-ray pulse and the velocity of
the system that is being imaged. While this contribution is
non-negligible when laser-produced X-ray sources are used,
we note that, in our case, the duration of the X-ray pulse is
τX−ray=7 fs, and, therefore, the maximum limitation to spatial
resolution caused by this effect is ∼ cτX−ray ∼2 µm, which
is significantly below the 16.8 µm limitation imposed by the
interferometer design. The actual motion blur contribution to
the images in this particular experiment is discussed in more
detail in the following section. As a consequence, the main

FIG. 3. Simulation of the grating interferometer’s fringe pattern using
the TIA code: (a) Normalized fringe pattern 1mm after the analyzer
grating (G2) as a function of the G1 −G2 distance, and (b) associated
fringe visibility curve as function of the intergrating distance. (c)
Shows the evolution of the normalized fringe pattern as function of
the G2 −detector distance, and (d) shows in blue the evolution of the
fringe contrast over distance after G2.

imaging resolution limitation from this experimental platform
comes nor from the motion blur, nor from the detector but
from the Talbot grating interferometer’s shear length itself.

IV. EXPERIMENTAL RESULTS

A. Fringe properties

To resolve the periodicity of the fringes, we rotated the an-
alyzer grating with respect to the beamsplitter by an angle
θ = 7.5◦, which generated a larger Moiré pattern with a pe-
riodicity of F = p2/(2sin(θ/2)) ≈ 18µm. The raw fringe
pattern obtained with a single X-ray shot is displayed on the
left of Fig.2. After correcting the radiograph by normalizing
it with the XFEL spot shape, we extracted a line profile from
the center of the red box drawn on the fringe pattern, which is
shown on the right of Fig.2. This line profile exhibits a fringe
contrast of C = (Imax − Imin)/(Imax + Imin) = 49.6%± 1.5%.
The fluctuations of the fringes’ amplitude are related to defects
in the gratings’ micro-structures thus slightly altering the local
fringe contrast.
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FIG. 4. Single shot Transmission (top line), dark-field (middle line), and interferogram phase difference (bottom line) radiographs of rear
side copper ejections at t = 80− 150ns. The four presented pictures come from different foils which have been irradiated with similar laser
parameters. Additionally, each radiograph has been obtained using a single XFEL pulse

FIG. 5. Time evolution of the maximum copper finger size other time
in blue, and time evolution of the mean velocity of the copper ejection
in orange.

We used the TIA code31 to compare experimental properties
of the obtained fringe pattern to theory. TIA is a Fourier-based

wave-propagation code designed to model Talbot interferom-
etry experiments. While TIA is optimized to work with plane
waves, rather than Gaussian beams, owing to the high coher-
ence of the X-ray beam used in this experiment, the planar
wave assumption provides sufficient accuracy.

In Fig.3.(a), we show the expected fringe pattern (vertical
axis) right after the second grating (G2) as a function of the
distance between the gratings (horizontal axis), while Fig.3.(b)
shows the corresponding fringe contrast. We can see that, as
expected, the maximum contrast is obtained for integrating
distances of ∼ 1.63, 4.88, 8.14 and 11.39 cm, corresponding
to the m = 1,3,5 and 7 Talbot orders. It can be seen that,
if the X-ray detector was placed right after the analyzer grat-
ing, the expected fringe pattern for the m = 7 Talbot order
would be ∼ 76% with ideal gratings. However, as mentioned
above, owing to geometrical constraints from the experimen-
tal station, the X-ray detector was placed 50cm away from the
analyzer. For this reason, we evaluated the evolution of the
fringe contrast as function of the detector distance for a span of
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FIG. 6. Single shot Transmission (top line), dark-field (middle line), and interferogram phase difference (bottom line) radiographs of rear
side Aluminum ejections at t = 5−15ns. The four presented pictures come from different foils which have been irradiated with similar laser
parameters. Additionally, each radiograph has been obtained using a single XFEL pulse.

90cm. This pattern is shown in Fig.3.(c), with Fig.3.(d) being
the corresponding fringe contrast. We can observe that, within
this range, the further away the detector is from the analyzer,
the lower the fringe contrast becomes. The expected contrast
at our experimental distance of 50cm is ∼ 46%, which is in
perfect agreement with the fringe contrast measured in the
experiment (as shown in Fig. 2).

Additionally, Fig.3.(d), shows that the maximum fringe con-
trast of the interferometer (76%) is obtained right after the an-
alyzer grating. After G2, the contrast then rapidly decreases to
∼ 60% in the first 20cm after the grating. It is then expected
to stabilize around this value up to a distance of 40cm after G2,
before continuously decreasing down to 10% between 40cm
and 90cm. Importantly, this shows that, if the geometrical
constraints of the facility impose a distance of the X-ray detec-
tor 20−40cm after the analyzer this may not impact strongly
the fringe properties under collimated illumination with XFEL
light1.

1 The authors want to highlight that this statement is only valid in the case
of a beamsplitter coupled to analyzer Talbot interferometer such as the one
used in this work. In the case where only a Talbot phase grating is used, the
distance between the Talbot grating and detector must strictly correspond
to one of the Talbot planes to optimize the fringe contrast which would be
strongly affected otherwise (as shown in Fig.3.(a). This therefore hints that
2-gratings Talbot diagnostics might be more resilient than single gratings
setups when the detectors’ position is restricted.

B. Imaging results of metallic foils ejections

When the 532 nm laser irradiates the samples in this exper-
iment, the abrupt energy deposition from the laser to the foil
launches a strong shock into the metal. When the shock breaks
out from the rear surface of the metallic foils, liquid ejections
can be observed (cf. Fig.4 and Fig.6).

In Fig.4 we present imaging results of the copper foils at
probe times of 80− 150ns. We show image reconstruction
of the transmission (first line), dark-field (second line) and
phase difference (third line) obtained from single shot X-ray
Talbot interferograms using the TIA/TNT code23,32. Each
image shown in this figure is obtained from a different laser
shot on a different copper foil. Since the targets were all flat
foils, the consistency of the observed jet structure shot-to-shot
is attributed to the imprint of the laser on the copper foils as
seed of the ejections.

The ejection of melted material from the copper foils is
clearly observed in the images, which allows us to obtain infor-
mation from the morphological aspects of the liquid ejection,
and measure the dynamic evolution of the copper ejection.
This is presented in Fig. 5, where we show the time evolu-
tion of the maximum finger size and their mean velocity as a
function of time.

Coming back to the motion blur effect mentioned in Section
III, it can be seen that the velocity of the copper liquid ejection
is of the order of 10µm/ns. With a 7fs time integration
from the X-ray pulse length, the impact of the motion blur
on the radiograph is estimated to be resmotion,XFEL = 0.07nm.
Given that this is below the X-ray wavelength used during the
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experiment, the motion blur can be considered negligible in
these conditions.

Below the filamentary structures of copper, although the
transmission is still relevant, the visibility of the fringes drops
to zero (as seen in the dark-field image), causing the phase shift
to saturate after reaching a full phase shift jump of 2π . This
phase saturation reduces the quantitative phase information
that can be extracted in this particular case. Similarly, as the
dark field signal goes down to zero, quantitative analysis using
Eq.11 is not possible in this experiment.

The equivalent imaging results for aluminum foils are shown
in Fig.6. In this case, while transmission levels are higher than
in copper, the scattering component still highly impacts the
fringe visibility of the interferogram, thus resulting in a strong
dark field component. Since in this configuration dark field
imaging becomes the most sensitive signal, we can clearly
observe the formation of cracks turning into filamentary ejec-
tions in the aluminum bump at t = 5ns and the formation of
aluminum drops due to the stretching of the aluminum fingers
at times greater than 7.5ns. These dynamic effects are not re-
solved in the transmission images due to the lower sensitivity
of transmission compared to dark field. This shows that, at
equal resolution, the dark field imaging modality has the po-
tential to provide improved imaging sensitivity for spallation
and impact physics in laser-driven experiments.

V. CONCLUSION AND PERSPECTIVES

In this manuscript, we demonstrate for the first time the
simultaneous retrieval of transmission, phase and dark-field
images from Talbot interferometry in the frame of pump-probe
experiments at XFEL facilities.

Since Talbot interferometry is a recent diagnostic develop-
ment at XFEL facilities28,29, we provide imaging dependencies
to connect the produced radiographs to the different interac-
tions of X-rays with matter.

The measured interferometric parameters are compared
with TIA, a Fourier based X-ray propagation code. TIA shows
remarkable agreement with the observed fringe pattern, and
the experimental fringe contrast is well reproduced. These
predictions can be used to improve existing experimental plat-
forms.

Timeline reconstruction of images has been performed
showing the reproducibility of the method to understand laser-
driven dynamics, proved by the measurements of the copper
ejecta filaments. We show that dark field imaging carries im-
proved image sensitivity, and can allow one to observe details
unseen in regular transmission or phase images.

Ways of optimization of the platform are proposed to fur-
ther improve imaging quality in future experiments. This work
paves the way for future hard X-ray imaging techniques at hard
XFEL facilities enabling simultaneous absorption, phase, and
small angle X-ray scattering (dark-field) single-shot imaging.
By building on this platform in future work, dark field could
provide improved plasma description when combined with
transmission and phase. More generally, dark field imaging
has the potential to provide increased sensitivity and informa-

tion in porous media52. This capability could therefore provide
novel insights in future studies of laser driven foams to improve
our understanding of foam homogenization and hydrodynamic
instabilities.

Further improvement of the platform could be obtained by
working on reducing the detector to sample distance, or using
shorter grating and fringe periods to increase the spatial res-
olution. This could enable the study of Rayleigh-Taylor and
Kelvin-Helmholtz instabilities53,54 for which this platform is a
preliminary testbed.

Additionally, improved phase and dark field imaging could
be obtained using 2D grating structures instead of the 1D line
gratings shown here. Therefore, checkerboard55 or circular
gratings56 could improve the imaging quality by increasing the
number of scattering directions that the diagnostic is sensible
to.
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