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Talbot–Lau x-ray interferometry is a grating-based phase-contrast technique, which enables measurement of
refractive index changes in matter with micrometric spatial resolution. The technique has been established using
a variety of hard x-ray sources, including synchrotron, free-electron lasers, and x-ray tubes, and could be used in
the optical range for low-density plasmas. The tremendous development of table-top high-power lasers makes the
use of high-intensity, laser-driven K-alpha sources appealing for Talbot–Lau interferometer applications in both
high-energy-density plasma experiments and biological imaging. To this end, we present the first, to the best of our
knowledge, feasibility study of Talbot–Lau phase-contrast imaging using a high-repetition-rate laser of moderate
energy (100 mJ at a repetition rate of 10 Hz) to irradiate a copper backlighter foil. The results from up to 900 laser
pulses were integrated to form interferometric images. A constant fringe contrast of 20% is demonstrated over
100 accumulations, while the signal-to-noise ratio continued to increase with the number of shots. Phase retrieval
is demonstrated without prior ex-situ phase stepping. Instead, correlation matrices are used to compensate for
the displacement between reference acquisition and the probing of a PMMA target rod. The steps for improved
measurements with more energetic laser systems are discussed. The final results are in good agreement with the
theoretically predicted outcomes, demonstrating the applicability of this diagnostic to a range of laser facilities for
use across several disciplines. © 2020 Optical Society of America

https://doi.org/10.1364/AO.398839

1. INTRODUCTION

As the development of high-repetition-rate laser technologies
continue to progress and new facilities such as the extreme
light infrastructure (ELI) project [1] are built, there is a grow-
ing need for reliable diagnostics that are flexible enough to
investigate a wide range of experimental conditions. For exam-
ple, many experiments performed at such facilities rely on
photon-absorption diagnostics such as x-ray radiography [2,3].
However, when the subject of investigation is largely trans-
parent to the probing x rays, or if multiple density regimes are
being studied, such a technique no longer suffices. Thus, new
diagnostics must be developed and deployed at such facilities.

To address this shortcoming in traditional x-ray radiogra-
phy, several phase-sensitive techniques have been developed
[4–6]. By collecting information about the phase of the x rays,
these approaches are able to capture refractive effects, observing
features such as density gradients without relying on the absorp-
tion of x rays. Talbot–Lau interferometry is one such x-ray

phase-contrast imaging technique, acting as a grating-based
diagnostic, which enables changes to the refractive index of
a subject to be observed [4]. This technique has already been
established using visible light to probe gaseous flames [7–9]
and x rays from synchrotron sources [10] and x-ray tubes [11]
and is capable of achieving micrometer-scale spatial resolution.
While these x-ray sources make it a valuable diagnostic for use
at synchrotron and medical facilities [12], they limit its appli-
cability to laser facilities without readily available coherent x-ray
sources. It is therefore desirable to explore and develop other
x-ray sources for use in this scheme.

To this end, a proof-of-concept experiment was performed
using the high-repetition-rate ECLIPSE laser at the Centre
Lasers Intenses et Applications (CELIA) laboratory to irradiate
a copper foil, producing Kα radiation at multi-hertz (Hz) fre-
quency. A static PMMA rod was probed using these x rays with
a three-grating Talbot–Lau system [13], and multiple pulses
were collected to form integrated images. This improved the
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final signal-to-noise ratio (SNR) sufficiently so that phase image
construction was possible. The SNR was analyzed as a function
of photon count, giving a minimum requirement for effective
phase-contrast imaging. Using this requirement, an estima-
tion of the minimum pulse energy required for single-shot
Talbot–Lau interferometry is calculated.

The remainder of the paper is presented as follows. In
Section 2, the theoretical principles behind the design of a
Talbot–Lau interferometer are presented. The experimental
setup is then described in Section 3. The raw results of this
experiment are presented in Section 4 along with a discussion of
the signal characteristics. A method for retrieving phase infor-
mation from the resulting phase-contrast images is described in
Section 5 before a final discussion of the reconstructed images,
their applicability to high-repetition-rate facilities, and poten-
tial optimizations is presented in Section 6. Finally, the paper
concludes with a summary of its findings in Section 7.

2. TALBOT–LAU INTERFEROMETER DESIGN
THEORY

A Talbot–Lau interferometer relies on a diffractive phenomenon
called the Talbot effect. When a plane wave is incident upon a
grating, a maximum-contrast image of the grating is repeated at
a fixed distance, zT , given by [14]

zT =
λ

1−
√

1− λ2

a2

≈
2a2

λ
, (1)

where a is the period of the grating, and λ is the wavelength of
the incident radiation. The approximation on the right side
of this equation assumes that λ� a . Between these points are
smaller recreations of this pattern at various distances, forming
a “Talbot carpet” [15,16]. Due to the periodic nature of the
Talbot carpet, this pattern will continue to repeat at intervals of
zT in planes parallel to the grating. Given a plane of observation
a distance R from the grating, it is useful to define the ratio [17]

µ=
1

zT

R Rq

R + Rq
≈

R
zT
, (2)

where Rq is the distance from the source to the grating, and the
right-hand approximation assumes Rq � R . A refined treat-
ment of the wave equation’s propagation through such a system
shows that a full image of the grating will be reconstructed when
µ=m/4, where m is an odd integer known as the Talbot order
[17]. The smaller recreations that form the Talbot carpet appear
anywhere m is a rational number [18].

Classically, when exposed to an already coherent x-ray source,
a Talbot–Lau interferometer can be designed using only two
gratings [4]. The first grating, G1, is placed after the x rays have
probed the target and functions as a beam splitter. For this
reason, this will be referred to as the “beam-splitter grating”
and is responsible for generating the Talbot effect. A second
grating, G2, referred to as the “analyzer grating”, is placed at
some distance beyond the first. In phase imaging, analyzers are
usually used to reject the x rays coming from inelastically or
incoherently scattered photons [19]. Its period must be chosen
to match the Talbot-recreated pattern at that point in space. It

may be shifted laterally to either fully block the pattern or allow
it to pass unobstructed. This creates dark- and light-field images,
respectively [20]. If, however, there is some small difference
between the grating angles, a Moiré pattern will form, alter-
nating between both dark and light fields, allowing the phase
to be retrieved without the need for precise lateral alignment
[21]. When an object is then placed in the system and perturbs
the phase of the x rays, refraction will cause a shift in the Moiré
pattern to appear, thereby giving a measurement of the change
to the refractive index at that point [21].

Should an x-ray source be incoherent, as is the case in the
experiment under consideration here, a “source grating”, G0,
may be inserted before G1. Doing so produces the partial coher-
ence necessary to the first grating to perform diffraction, thereby
allowing the Talbot effect to form [20]. Let ai be the period of
grating G i , and let the distances from the x-ray source to G0,
from G0 to G1 and from G1 to G2, be denoted by ds , d01, and
d12, respectively. Then, the relationship between a0 and a2 is
given by [21]

a0

a2
=

d01

d12
. (3)

Under this condition, partial coherence enables the light to
interfere constructively and destructively to form the Talbot
image. This provides the first constraint in the Talbot–Lau
interferometer design.

For the analyzer grating to properly function, it must be in
a plane, which has a full Talbot reconstruction of the beam-
splitter grating. For any grating, combining Eq. (2) with Eq. (1)
and requiringµ=m/4 gives recreated images occurring at

R =
m
2

a2
eff

λ
, (4)

where aeff is the effective period of the grating in question. The
intrinsic phase properties of gratings depend on the phase shift,
φ, they introduce. This phase shift adjusts the effective period so
that [22]

aeff =
a
η
, (5)

η=

{
1, if φ = π

2
2, if φ = π

.

Note that Eq. (4) only holds for collimated x-ray sources.
In the case of diverging sources, the Talbot reconstruction will
experience magnification depending on the separation between
the gratings. Following the arguments of re-scaling in Fresnel
theory [22], in such a system, Eq. (4) must be multiplied by the
Talbot magnification, defined as MT = 1+ d12/d01. Then,
assigning R = d12 and a = a1 to ensure that G2 is placed at a
reconstruction point of G1,

d12 =MT
ma2

1

2η2λ0
. (6)

This gives the second criterion for designing a Talbot–Lau inter-
ferometer.

Finally, Talbot–Lau interferometers are able to accept a degree
of polychromatism from their x-ray sources within certain limits
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[23,24]. The acceptable bandwidth, 1λ, about the designed
wavelength, λ0, of the system is defined by the grating proper-
ties. Should a source be too broadband, zT will vary too greatly
across the source spectrum, and the Talbot reconstruction’s
contrast will be diminished. To maintain contrast, the source’s
spectrum must fall within the range ofλ0 ±1λ, where [24]

1λ=
λ0

2m − 1
. (7)

While the above equations constrain the design of a Talbot–Lau
interferometer system, the resulting geometry has the advantage
of producing high magnification and fine resolution when prob-
ing an object placed between G0 and G1 [22].

3. EXPERIMENTAL SETUP

The design of the Talbot–Lau interferometer used in the
experiment presented herein is given as follows and presented
schematically in Fig. 1. The periods of the source (G0), beam
splitter (G1), and analyzer (G2) gratings were, respectively,
a0 = 2.4 µm, a1 = 3.85 µm, and a2 = 12 µm. G0 was a square
grating, 2.5 mm× 2.5 mm, while the other two gratings each
had 1 cm in diameter circular profiles. These were separated
by d01 = 4.67 cm and d12 = 23.35 cm, yielding a Talbot order
of m = 3 and a six times magnification level. G1 was a π -shift
grating, resulting inη= 2 in Eq. (6).

The backlighter x rays were generated using a high-repetition-
rate laser pulse incident on a 100-µm-thick Cu foil, whose
normal was angled at 5o to the beam’s propagation direction and
placed ds = 4 cm from G0. The laser pulse was 1.5 ps in dura-
tion, focused to a 15 µm full-width half-maximum Gaussian
spot with 100 mJ of energy in each pulse, giving an intensity
of 2.5× 1016 W cm−2 at a wavelength of 810 nm. This pro-
duced Kα radiation of 8.05 keV. According to Eq. (7), this
gave 1λ= 1.6 keV for an allowable spectrum of 6.4–9.6 keV.
To avoid perforation or degradation of the source spectrum,
the Cu foil was mounted on a motorized translation stage and
translated in-plane between each laser pulse. Additionally, a thin
Al foil was placed in front of the source grating (G0) to protect it
from degradation via copper sputtering.

The x rays exiting the Talbot–Lau interferometer setup were
filtered using a superposition of 25 µm aluminum, 1 mm poly-
propylene, and 25 µm beryllium foils. These filters reduced

the transmission to approximately 51%. Combined with the
11% transmission of the interferometer itself, the total trans-
mission of the system was therefore reduced to approximately
5.7%± 0.2% at 8.05 keV. This signal was then collected
by a Princeton Instruments 16-bit charge-coupled device
(CCD). The CCD had an array of 1340× 400 pixels with
each pixel being 20× 20 µm in size for a total detector size of
26.8 mm× 8.0 mm, covering approximately a third of the
available signal from the interferometer. The combination of
filters, system transmission, and camera quantum efficiency
allowed x rays with photon energies of 5–15 keV to be detected,
easily covering the range required for this experiment. Due to
the low photon count, each image captured was the integrated
result of 100 backlighter pulses.

The target to be probed was a static PMMA rod, 750 µm
in diameter and extending beyond the detector’s field of view.
Before inserting this target between G0 and G1, reference
images were taken to obtain a background profile. The target
was then inserted, and object images were obtained.

4. DATA ACQUISITION

A. x-Ray Source Spectrum

To obtain a spectrum of the photons reaching the detector,
the individual images from the CCD were analyzed given the
method given in Ref. [25], which was realized on this very
same CCD. This method relies on the fact that the number of
photons reaching the detector for each shot was much less than
the number of pixels, the photocount approximation could be
made. This says that any signal in a given pixel is due to a single
photon and, the more energetic the photon, the brighter the
signal. The energy deposition of each photon can be made in a
single pixel, or it may spread over to its neighbors [25].

Each CCD image was therefore binned by its pixel ampli-
tudes, and the resulting profile was then calibrated using the
method described for the CCD given in Ref. [25]. Taking
into account the transmission of the system and the quantum
efficiency of the CCD camera, the source spectrum was then
deduced with a precision of±5%, as described in Ref. [25], for
each pulse.

The obtained spectrum is shown in Fig. 2. As can be seen, the
Cu Kα signal dominated the distribution. According to Eq. (7),
strong contrast is obtainable, as when the energy falls within the

Fig. 1. Schematic of the experimental setup. A laser is focused on a copper foil to produce Kα x-ray emission. The x rays go through G0 grating to
get the spatial coherence necessary at the second grating G1 to produce a diffraction pattern, which will be filtered by the last grating G2 before going
out of the vacuum chamber and being filtered to avoid saturation before the acquisition on the CCD. On the right image, we can see the experimental
setup once in the chamber.
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Fig. 2. Estimation of x-ray spectrum retrieved from the emission of
a single pulse incident on the copper foil.

8.0± 1.6 keV range. Integrating this signal in the acceptable
bounds and dividing by the total number of events shows that
75%± 5% of the energy was contained in the desired energy
range, indicating that high-quality signals are achievable with
this design.

B. Signal Characteristics

High contrast and a strong SNR are required for proper image
reconstruction. This subsection analyzes the evolution of the
CCD signal’s contrast with no target inserted in the system
compared to the number of shots integrated into each image.

To calculate these values, multiple signals were added
together to form a single integrated image, starting with 100
shots per image and ending with 900 shots per image. Examples
of these images are shown in Fig. 3. Note that the perturbations
to the signal in the horizontal direction were due to imperfec-
tions in the gratings. The SNR was then evaluated from the raw
data as

SNR=
〈I 〉
σ(I )

, (8)

where 〈I 〉 is the local mean intensity of the signal, and σ(I )
is the local standard deviation of the recorded intensity. To
calculate the contrast, a 50-pixel-wide, horizontally inte-
grated, vertical line-out was taken centered at x = 11 mm.
This width was chosen to reduce the effects of noise on the
measured contrast. From this line-out, the maximum and min-
imum intensities were obtained to calculate the fringe contrast
according to

C =
Imax − Imin

Imax + Imin
, (9)

where Imax and Imin are the maximum and minimum intensities
recorded in CCD for the integrated fringe pattern.

A plot of the contrast and the SNR versus the number of
pulses accumulated in each image is shown in Fig. 4. As can
be seen in this image, the contrast immediately stabilizes at
approximately 22± 2%. This is below the ideal case of 30%
[26] due to non-ideal gratings, imaging device efficiencies, and
source spectrum. However, it is still a large fraction of the ideal

Fig. 3. Evolution of the interference patterns versus the number of
laser pulses accumulated: (a) 100 pulses, (b) 500 pulses, (c) 900 pulses.

Fig. 4. SNR (blue) and fringe contrast (orange) versus number of
laser pulses accumulated.

case and comparable to the 25% achieved with standard setups
and x-ray tubes [26], showing that the system is well-designed,
and the correct periods and distances have been chosen. It
has been shown that optimizations on the x-ray sources can
then be performed to reach higher contrast [27], though such
improvements were not made here.

Meanwhile, the SNR continues to grow with the number
of photons. This demonstrates that the limiting factor in this
device’s signal acquisition is its photon statistics. This implies
that several shots must be integrated together using this x-ray
source to properly treat the noise during image processing. The
remainder of this paper will focus on the results using 900 shots
per image.

5. PHASE RETRIEVAL METHODOLOGY

A. Image Auto-correlation and Noise Reduction

It has been shown previously that enhancing the photon statis-
tics in the acquisition leads to an amelioration of the SNR. It
is therefore desirable to integrate multiple sequential images
together to improve the photon statistics. However, due to the
translation of the Cu foil, it has previously been observed that a
slight drift in the fringe patterns will occur between successive
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acquisitions. This phenomenon was also observed in previous
studies using x-ray tubes [28]. To ensure that the features were
properly aligned, the images were correlated together by fol-
lowing a defect in the fringe pattern, which itself was created by
grating imperfections.

The noise in the pattern was then processed with an “à trou
filter” [29], which preserves the shape of the signal while elimi-
nating outliers. The removal of these outliers is necessary to
reduce artefacts in the image reconstruction, which would
otherwise introduce nonphysical phase shifts. While not done
here, a Wiener filter may also be applied after image retrieval to
enhance the results by further reducing noise levels [30].

B. Image Reconstruction

The fringe pattern acquired on CCD can be easily written in
complex form as [28,31,32]

Fig. 5. Separation of variables for the reference (left) and object
(right) images. (a), (b) The original signals for the two scenarios were
processed to obtain (c), (d) Att images, A(x , y ), (e), (f ) unwrapped
phase images,φ(x , y ), and (g) and (h) DF images, B(x , y ).

Ĩ (x , y )= A(x , y )+ B(x , y )e iφ(x ,y ). (10)

Here, A, B , and φ are all real functions, which relate to the
attenuation (Att), dark field (DF), and phase images, respec-
tively [21,32]. To separate these variables, the image is first
masked in Fourier space to separate A from the quasi-periodic
Be iφ [32]. To separate B and φ from one another, note that
ln(Be iφ)= ln(B)+ iφ so that the real part relates solely to B ,
while the imaginary term corresponds withφ.

This process of separating variables was applied to both the
reference images and the object images. However, the phase
images, φ(x , y ), were originally obtained modulo 2π . Thus, a
phase unwrapping algorithm was applied wherein a set of differ-
ential equations was solved to directly yield a two-dimensional
(2D) unwrapped map [33]. This approach yielded the most
robust results, though other techniques such as the geometrical
method [31] and least mean square algorithm [34] could be
applied as well. The extracted A, B , and unwrapped φ images
are shown along with the original data in Fig. 5.

Finally, the background signal is removed to obtain the recon-
structed Att, DF, and phase difference (8) images according to

Att=
Aobj

Aref
, (11)

DF=
Bobj

Bref
, (12)

8= φobj − φref, (13)

where the subscript “obj” denotes the object image and “ref”
the reference image. The results of this final reconstruction
are shown in Fig. 6. Profiles were extracted from each of these
figures by vertically integrating the entire image and compared
to the theoretically predicted transmission and phase shifts. The
theoretical phase shift was calculated with the wavefront propa-
gation software, XWFP [35], and the Att profile was estimated
using the experimentally measured spectrum and cold opacity
for PMMA. As can be seen, the reconstructed data is in fairly

Fig. 6. Reconstructed images (top) are shown and integrated vertically to obtain their one-dimensional profiles (bottom, solid orange) and com-
pared to their theoretically calculated curves (dashed blue). These reconstructed images consist of an absorption radiograph (left), a differential phase-
contrast image (center), and a DF image (right).
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strong agreement with the predicted profiles. It should be noted
that the transmission of the signal outside of the rod was about
90%. This is because the probed images were taken later in the
day, and the source grating continued to degrade as shots were
accumulated despite the presence of the Al shield. This resulted
in debris on the grating and lower overall transmission. To com-
pensate for this effect, the theoretical curve in the transmission
image was multiplied by 0.9 to make it directly comparable to
the experimentally reconstructed profile.

6. USE FOR HIGH-REPETITION-RATE
FACILITIES

A. Resolution of Reconstructed Images

The resolution of each image was measured to be approximately
50 µm± 5 µm using the sharp boundary at the end of the cylin-
der. This is consistent with the expected resolution of the system
given the source size of 35 µm± 8 µm. This is of the same order
as the theoretically predicted 30 µm resolution for a source size
of 40 µm given ideal conditions [26], with the difference likely
being due to additional blurring from the CCD, which was
not included in the ideal resolution calculation. This demon-
strates that the system is well optimized. It should be noted that
reducing the source size could improve the resolution to a few
microns.

Other experimental modifications can be made to improve
the quality of the reconstructed images. For instance, intro-
ducing phase stepping techniques is expected to provide vast
improvements to the reconstruction quality [21]. This is
achieved by laterally shifting the grating positions by a frac-
tion of their period and recording reference images for each
configuration. This gives a database of background images
that may be used when comparing reference images to probe
images [36,37]. Doing so eliminates any phase offsets, which
would have otherwise been compensated for through numerical
techniques, thereby reducing numerical artefacts and improving
the precision of the final results [38,39]. Additionally, while
grating degradation was not significant enough to fully degrade
our signal, defects became evident at later shots. This required
additional correlation of the images together during the analy-
sis of the data. To protect against signal degradation for long
accumulation in future experiments, a stronger debris shield
should be inserted before G0 to protect the grating and preserve
its structure.

Regardless of these potential improvements, the level of
resolution obtained here is already comparable to the resolution
of other x-ray imaging diagnostics fielded at high-repetition-rate
facilities, such as gated x-ray framing cameras [40], point-source
radiography [41], and pinhole imagers [42]. However, because
this diagnostic relies on phase-contrast techniques rather than
absorption, it is able to observe regimes that would generally be
undetectable to standard diagnostics without the large distances
required for other phase-contrast diagnostics [6]. This makes
it a valuable development for use at laser facilities such as those
currently being developed as part of the ELI [43].

B. Single-Shot Imaging Requirements

This paper has demonstrated the ability of this diagnostic to
work by aggregating multiple shots together. This is sufficient
for probed systems that do not evolve quickly compared to
the repetition cycle of the laser. It further suggests that high-
repetition-rate lasers could be a promising new x-ray source
for such scenarios. However, for systems that evolve much
more rapidly, such as high-energy-density plasmas [44–46],
single-shot imaging is required. It is therefore interesting
to approximate the pulse energy requirements for this to be
achieved.

The energy in each pulse used in this experiment was
E L = 0.1 J. Integrating the spectrum derived in Section 6.
A within the acceptable tolerance of the diagnostic gives an
approximate Cu Kα energy of E K α = (1.3± 0.5)× 10−6 J.
This gives an overall conversion efficiency ε of

ε =
E K α

E L
= (1.3± 0.5)× 10−5. (14)

This is consistent with other measurements in this inten-
sity regime [47]. The relatively low energy in each pulse
meant that the average on-target intensity was approximately
1016 W cm−2. However, conversion efficiency increases with
intensity. For example, at 1019 W cm−2, assuming similar
pulse durations and focal spot sizes, the conversion efficiency is
expected to increase by a full order of magnitude [47].

To obtain the images presented in this paper, 900 shots
were integrated together, implying that 90 J of laser energy was
required for each shot. However, larger-scale facilities are able to
produce much more intense pulses through tighter focal spots
and shorter pulse durations [43]. Indeed, 1019 W cm−2 inten-
sities are easily achievable at such facilities. As such, due to the
higher conversion efficiencies, it is expected that each individual
pulse at these higher intensities need only have approximately
10 J of energy to achieve single-shot imaging with this diag-
nostic. This has already been experimentally observed in Ref.
[48].

Smaller systems are capable of taking advantage of this diag-
nostic through various optimizations. Several systems today
are capable of shooting approximately 1 J of energy at 10 Hz
[43,49]. With the design used here, images could therefore be
produced at approximately 1 Hz, which is already interesting
for various applications [47,50,51]. To improve this further, the
CCD efficiency must be considered. The imaging device used in
the system presented here had a quantum efficiency of approxi-
mately 10%. However, devices that do not rely on silicon chips
are capable of achieving much greater efficiency in the desired
spectrum of around 40% with peak efficiencies of up to 95% at
lower x-ray energies. These energies may be achieved by varying
the backlighter material, though the grating design would need
to be adjusted, and the conversion efficiency reevaluated.

7. SUMMARY

We performed the first Talbot–Lau x-ray imaging at a high-
repetition-rate laser facility. Despite some signal degradation
due to grating damage, the results from this study show that
the diagnostic is stable enough to integrate multiple images
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together to improve the SNR. The gratings and distances chosen
produced a constant contrast of about 22%, comparable to the
theoretical maximum contrast of 30%. This resulted in clear
fringe patterns, which were interpreted to form absorption,
differential phase, and DF images. The algorithm to do so per-
formed robustly when the noise-to-signal ratio was in excess of
four.

Improvements were discussed to further optimize these
results including phase stepping methods [36,37] and opti-
mizations of the debris shield before the source grating. Other
adjustments to the physical setup, such as x-ray source adjust-
ments and a more efficient imaging device, could provide
further enhancements. These adjustments could broaden the
applicability of this system to lower-energy facilities. Indeed,
several of these steps are already under active investigation [39].

The design presented here has proven to be a robust diagnos-
tic capable of functioning at high-repetition-rate facilities in a
more compact space than other x-ray phase-contrast imaging
methods [6]. As such, it serves as a powerful tool for exploring
new regimes on a broad array of laser systems.
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