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ABSTRACT

Single-shot X-ray phase-contrast imaging is used to take high-resolution images of laser-driven strong shock waves. Employing a two-grating
Talbot interferometer, we successfully acquire standard absorption, differential phase-contrast, and dark-field images of the shocked target.
Good agreement is demonstrated between experimental data and the results of two-dimensional radiation hydrodynamics simulations of the
laser—plasma interaction. The main sources of image noise are identified through a thorough assessment of the interferometer’s performance.
The acquired images demonstrate that grating-based phase-contrast imaging is a powerful diagnostic tool for high-energy-density science. In
addition, we make a novel attempt at using the dark-field image as a signal modality of Talbot interferometry to identify the microstructure
of a foam target.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0200440

I. INTRODUCTION electron density of the material.” This technique has the potential to
enhance discrimination between weakly absorbing materials. It facil-
itates the detection of small density changes, making it a promising

tool for HED research.'’

X-ray radiography is an established diagnostic tool in
high-energy-density (HED) physics.' Its applications range from

86:02:60 ¥20T dunr 92

equation-of-state measurements in dense plasmas,”’ to laboratory
astrophysics,*’7 to inertial confinement fusion (ICF).® Typically,
these methods involve measuring X-ray transmission through the
target under study, probing the complex part f3 of the target’s refrac-
tive index n = 1 — § + if. In a simple absorption imaging setup, the
phase shift, caused by the real part § of the refractive index, is usually
not measured. X-ray phase-contrast imaging is capable of addition-
ally measuring 6, providing information directly proportional to the

Currently, HED experiments mainly employ propagation-
based phase-contrast imaging. This technique relies on the spatial
propagation of the altered phase front, imposing high demands on
the spatial coherence of the X-ray source. As a result, this technique
finds primary application at free-electron laser (FEL) facilities, "'
but has also been demonstrated with laser-driven backlighters.'”"*
Grating-based phase-contrast imaging uses a grating interferome-
ter to obtain phase information. A three-grating configuration, also
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FIG. 1. Schematic of experimental setup for X-ray Talbot interferometry of laser-
driven shock waves. A ps laser pulse is focused on a thin wire to produce X-rays
that propagate through the target of interest, which has previously been irradiated
with a ns laser beam. The Talbot interferometer, placed downstream of the target,
is formed by the gratings G and G,. Finally, the X-rays are detected by a digital
detector protected from electromagnetic pulses by a Faraday cage.?® Note that an
8 cm-long deflecting magnet (0.5 T), placed in front of the grating Gy, is not shown.
The inset shows an example of the spectrum of a 5 um tungsten wire measured
at PHELIX in the range from 8 to 18 keV. See the supplementary material for an
enlarged version.

referred to as Talbot-Lau deflectometry, can be used with X-ray
sources of large spatial extent, utilizing a source grating to divide
the incoherent source into several individually coherent ones.'> This
approach has already been used for experiments with laser-driven
X-ray sources.' "’

However, the implementation of a three-grating configuration
requires the use of an absorptive source grating, which reduces the
photon flux. The close proximity to the backlighter often results
in damage to this grating. By omitting the source grating, the
need for its frequent replacement can be avoided entirely. Further,
the already limited photon flux will not be additionally reduced.
This adaption is only possible when an X-ray source with a focal
spot size in the micrometer range is employed to ensure suffi-
cient spatial coherence.'® In two beamtimes at the PHELIX facility
in 2019 and 2020, we successfully demonstrated this approach on
static test samples.'” " Since then, we have further improved our
setup.

In this paper, we present results on imaging laser-driven shock
waves with grating-based phase-contrast imaging obtained at the
PHELIX and LULI2000 laser facilities. The results are compared
with radiation hydrodynamics simulations using the code FLASH**
to qualitatively verify our findings.

Il. IMAGING SETUP AND METHOD

In this paper, a grating interferometer, also referred to as a
Talbot interferometer, * "%’ consisting of two microstructured
gratings and an X-ray detector, is used in combination with a
laser-driven X-ray source of high spatial coherence (see Fig. 1).

We apply phase-contrast imaging to image laser-driven shock
waves in plastic targets, both at solid density and in the form of
low-density foam. The strong shock waves are driven by the hot
plasma produced upon irradiation with energetic laser pulses, a
common technique to generate Mbar pressures. Detailed descrip-
tions of the shocked targets are available in Secs. III A and III B
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for the experiments conducted at the PHELIX and LULI facili-
ties, respectively. The setup of the Talbot imaging system, shown
in Fig. 1, is similar to the standard setup for absorption imag-
ing in the point projection scheme. The object to be imaged is
placed between a small X-ray source and an X-ray detector, a con-
figuration that projects a magnified image of the object onto the
detector itself. We use a digital JUNGFRAU detector, a hybrid
pixel detector developed by the Paul Scherrer Institute (PSI). This
is a charge-integrating detector, with single-photon sensitivity and
wide dynamic range thanks to the automatic gain architecture.””
The three gains are factory-calibrated so that the recorded signal
can be given in terms of the X-ray energy deposited in each pixel.
The detector has a pixel pitch of 75 ym, a pixel count of 1 Mpx
and a frame rate of 2 kHz. To shield the detector from the strong
electromagnetic pulses produced during short-pulse laser-matter
interactions,”” a housing specifically designed for protection from
such pulses* is employed. Additionally, for grating-based phase-
contrast imaging, two microstructured gratings are placed between
the object and the detector. These gratings were fabricated by the
Institute of Microstructure Technology (IMT/KIT) using deep X-ray
lithography.™

Grating-based phase-contrast imaging exploits the Talbot
effect’! to retrieve the phase shift induced by the object. When a
coherent source illuminates a periodic structure such as a grating,
self-images of the structure appear downstream at specific dis-
tances.”” An object placed in the beam alters the phase front, which
causes the self-image to shift. Hence, the phase shift of the target is
encoded in the shift of the self-image. Since most X-ray detectors
are unable to spatially resolve the self-image of the grating, a sec-
ond grating (G) is placed toward the detector. This superposition of
two periodic structures creates a Moiré pattern with a period large
enough to be resolvable by the detector.”> The pattern’s contrast,
termed the fringe visibility V, follows the definition of the Michelson
contrast’ and is calculated using

j xfjmin
Yoo e “min (1)

- 3 2 >
Imax + Imin

with Imax and Imin denoting the maximum and minimum intensities.

To extract the relevant information, a reference measurement
with no object has to be used in addition to the object measure-
ment. The phase information, encoded in the Moiré fringe pattern,
is separated from the transmission information in Fourier space
for both object and reference image. The differential phase-contrast
(DPC) signal is then defined as the phase difference between the
periodic pattern of the object and the periodic pattern. The dark-
field image (DF) quantifies the ratio of the fringe visibilities in the
object and reference measurements and is a measure of small-angle
scattering and object boundaries.** In this paper, the processing
of raw detector images is based on the work of Takeda et al’*”
and Bennett et al.,”° incorporating the modifications suggested by
Seifert et al.””

To obtain high-quality phase-contrast images, the grating inter-
ferometer must be optimized for the investigated sample. For the
Talbot interferometer used here, the grating parameters and geome-
try were optimized with respect to the minimal detectable refraction
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angle amin, which is a measure of the sensitivity to the X-ray refrac-
tion caused by the object.”*” The optimization process of the
imaging setup is described in detail by Schreiner et al.*’

As the Talbot interferometer requires a high spatial coherence,
the X-ray source size has to be small. This is also required to achieve
a sufficient spatial resolution for the expected feature sizes of the
object under investigation. To enable single-exposure images with
an acceptable image noise, a high yield in the required photon energy
range is necessary. Finally, given the rapid hydrodynamic evolu-
tion of samples under HED conditions, the X-ray emission should
be short-lived, ideally of order 10 ps, to avoid motion blurring. To
realize the X-ray source, we employ energetic laser pulses with a
duration of a few picoseconds, focused to relativistic intensities onto
a 5 ym-diameter tungsten wire.!' Achieving relativistic intensities,
the intense laser-matter interaction produces copious amounts of
superthermal electrons, with energies ranging up to several hun-
dred keV. Their propagation through the backlighter wire generates
intense emission of energetic bremsstrahlung and inner-shell X-ray
fluorescence.

Ill. EXPERIMENTAL DETAILS AND RESULTS

In the following, results from beamtimes at the PHELIX and
LULI2000 laser facilities are presented with the aim of showcasing
the capabilities of grating-based phase-contrast imaging using laser
driven X-ray sources.

A. PHELIX

The experiment was performed at the GSI Helmholtz Center
for Heavy Ion Research in Germany using the PHELIX Nd:glass
laser (A =1054 nm).*” The 7 ns-long driver beam with 30 J of
laser energy launched a shock wave into an aluminum flash-coated
polymethyl methacrylate (PMMA) target. With ~50% of the pulse
energy in the main focal spot of 17 ym full width at half maximum
(FWHM), as indicated by focus measurements, this resulted in an
on-target intensity of 0.7 x 10"> W/cm?. After a delay of 9.5 ns, a
second laser beam, also carrying 30 J, with a duration of 8 ps was
focused down to a spot size of ~5 ym FWHM and hit a 5 ym thin
tungsten wire.

Optimizing the grating parameters and modeling of the final
images requires knowledge of the emitted X-ray spectrum. Hence,
we measured the X-ray backlighter spectrum in the energy range
from 8 to 18 keV using a highly oriented pyrolytic graphite (HOPG)
spectrometer in von-Hamos geometry. See the supplementary
material for a measured tungsten spectrum.

Optimization of the gratings in preparation for the beamtime
resulted in the grating parameters and geometry given in Table I.
An example of a raw image taken at the PHELIX facility with the
designed setup is shown in Fig. 2(a), where the color code repre-
sents the deposited energy in keV. The Moiré pattern is arranged
horizontally with a slight counter-clockwise rotation. In addition, a
vertical structure is present, which is caused by microfractures in the
grating Gs. These defects stemmed from the graphite wafer used as
the substrate. Figure 2(c) shows an example of a lineout generated
from the pixels highlighted in red in Fig. 2(a). The Moiré pattern has
an average visibility of 15% + 3%. Since the fringe displacement is
used to measure the phase shift, the spatial resolution of the phase

RESEARCH ARTICLE pubs.aip.org/aip/mre

TABLE I. Parameters of imaging setup used at the PHELIX facility. The thickness of
the grating G4 was chosen such that it was 7-shifting for 11 keV. The duty cycle (DC)
is the ratio of the grating bar width to the period. The grating G4 was fabricated on a
500 um polyimide wafer and the grating G, on a 200 m graphite wafer.

Position (mm) Period (um) Height (um) Material DC

Target 30
G 300 10.6 30 SU8 05
Gy 538 9.5 95 Au  0.66

Detector 930

PHELIX LULI
deposited energy (keV) deposited energy (keV)
0 2000 4000 0 2000 4000
[ —— —_—
200 ———
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FIG. 2. Moiré fringe patterns obtained at PHELIX (a) and LULI (b). The color code
is the same for both images and indicates the deposited X-ray energy in keV.
The axis indicates the spatial extent in the object plane. Vertical red lines in the
images mark the pixels from which the lineouts in (c) and (d) were generated.
The fringe visibilities obtained at the PHELIX and LULI lasers were 15% + 3%
and 28% + 3%, respectively. Note that the vertical stripes in the image obtained
at PHELIX stem from defects in the absorption grating used.

shift is limited by the fringe spacing.”> Hence, to obtain good spa-
tial resolution in the differential phase-contrast, a Moiré period of
about 6.5 pixels was chosen. Considering the magnification of the
target plane into the detector plane of about 31 and the pixel size
of 75 ym, one fringe period spans over 16 ym in the target plane.
This makes the spatial resolution of the DPC worse compared with
the transmission image, because the latter is limited by the X-ray
source size.

The retrieved transmission and differential phase-contrast
images from the object measurement presented in Fig. 2(a) are
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FIG. 3. Retrieved transmission image (a) and differential phase-contrast image (b)
from data acquired at the PHELIX laser. The 23 um wide areas (10 pixels) marked
by the red dashed lines are used used to generate the lineouts plotted in Fig. 4.
The expected density distribution is simulated with FLASH and shown in (c) and
(d). Because of the cylindrical nature of the experiment, only half of ech simulated
image is displayed.

shown in Figs. 3(a) and 3(b), respectively. The target is clearly vis-
ible in the transmission image at z > 0, since the 0.5 mm of PMMA
absorbed a significant amount of X-ray photons. Further, edge
enhancement on the target edge due to propagation-based phase-
contrast is noticeable. The shock front, visible as a darker half-sphere
inside the target, has propagated about 130 ym into the material.
It is also visible in the DPC image, where the strong density gra-
dient at the shock front produces a phase shift of ~0.2 rad. Since
grating-based phase-contrast imaging is only sensitive perpendicu-
lar to the vertically aligned grating bars, the signal from the shock
front becomes weaker where it extends in the vertical direction. Both
transmission and DPC images suffer from the source size of ~30 ym
in the vertical direction, owing to the orientation of the backlighter
wire. Also clearly noticeable is the noise in the retrieved transmis-
sion and DPC images, which strongly affects the data quality. A
significant contributor is the microfractured grating G,. The noise
stemming from this source is nonstatistical and shows a periodicity
of about nine pixels. In the DPC image, the noise appears as locally
confined areas with a slight offset compared with the expected DPC
values. A further contributor to the image noise is the limited photon
flux from the X-ray backlighter.

We performed 2D radiation hydrodynamics simulations using
the FLASH code to benchmark the measurement results. These
simulations were performed in a cylindrical symmetric geometry
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and with a maximum resolution of 250 nm. SESAME Table 7740
for polycarbonate’’ was used as the material’s equation of state.
Its opacities were generated with the multigroup opacity code
TOPS.** Consistent with focus images taken during the beamtime,
the focal spot of the driver laser was modeled as a main focal
spot with a Gaussian intensity distribution with 17 ym FWHM,
together with a larger 80 ym FWHM spot at lower intensity.
Only about 20% of the laser energy measured during the exper-
iment was needed to match the propagation of the shock front
in the simulations to the experimental results. A possible reason
for this discrepancy might be the high intensity of about 0.7 x
10" W/cm? and the long wavelength of the laser driving the shock
wave. In this regime, the amount of laser absorption via inverse
bremsstrahlung can be decreased by more than 50% owing to the
high quiver velocity of the electrons in the laser electric field. Fur-
thermore, parametric instabilities start to become noticeable, leading
to significant backscatter through, for example, stimulated Brillouin
and Raman scattering.” The FLASH simulations only considered
inverse bremsstrahlung and did not take parametric instabilities
into account. Therefore, in the simulations, a lower laser energy
was used to model a realistic amount of laser energy coupling to
the plasma.

To compare the results from the radiation hydrodynamics sim-
ulations with the retrieved image modalities from the experiment,
the simulated data were post-processed. To incorporate the propa-
gation effects in the transmission image, an incoherent X-ray source
illumination was assumed.*® The differential phase-contrast image
was calculated using the relation between the density distribution
of the target and the expected phase-contrast signal given by Engel-
hardt et al.”® The final results are presented in the lower half of
Fig. 3.

For a quantitative comparison between the simulation and the
experimental data, lineouts were calculated within the red dashed
lines in Fig. 3. The results are shown in Figs. 4(a) and 4(b) for the
transmission and differential phase-contrast images, respectively.
The blue crosses are the column-wise averaged values of ten detec-
tor pixels. To account for the vertical defects of the grating G, we
applied a sliding average window of three pixels in the z direction
for the transmission signal and six pixels for the DPC signal. The
results are shown by the dark blue lines. The light blue bands indi-
cate the estimated standard deviations. Since the nonstatistical noise
from the grating defects makes a simple error estimation approach
infeasible, the standard deviation of a region where no object was
present was used as an estimate for image noise. For different posi-
tions in the grating, we obtain on average standard deviations of
0.017 and 0.12 rad for the transmission and differential phase-
contrast images, respectively. The signal from the simulation is
shown in red.

Overall, the simulations agree reasonably well with the exper-
imental signals. The greatest difference is in the signal amplitude
of the target’s edge at z = 0 in the DPC image. A possible reason
for the discrepancy is a lack of spatial resolution in the DPC signal,
resulting from the Moiré fringe period of 16 ym. Rapidly chang-
ing density gradients, such as those present at the target edge, will
be smeared out in the DPC signal. Furthermore, the applied slid-
ing average algorithm acts as a low-pass filter and thus decreases
the amplitude for sharp-edged signals. More discrepancies emerge
in the area between 50 ym and the shock front at about 125 ym. The
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FIG. 4. Lineouts from the areas marked in red in Fig. 3 averaged along the r axis:
(a) transmission image; (b) differential phase-contrast image. The red lines are
obtained from the simulated images and the blue crosses from the data obtained
in the experiment. The light blue bands indicate the standard deviation of the data.
The dark blue lines show the data along the z direction smoothed.

discrepancies appear to be more pronounced in the phase-contrast
signal. This highlights the advantage of having an extra signal in
addition to the transmission image.

B. LULI

At the LULI2000 laser facility (Ecole Polytechnique, Palaiseau,
France), we used the PICO2000 beam to irradiate a 5 ym-thick tung-
sten backlighter wire with laser pulses at ~100 J and pulse durations
of 1 ps, focused to a spot size of roughly 15 ym. The NANO2000
beam of the facility was used to irradiate a 20 ym-thick plastic
ablator from a foam target of density 0.25 g/cm®. The laser pulse
carried 200 J energy in a flat-top pulse of 1.5 ns duration at 527 nm.
We employed a phase plate to produce an approximately constant
intensity over a diameter of 500 ym, yielding a nominal intensity
of 7 x 10" W/cm?. According to our simulations, the shock wave
should be nearly planar in the first few nanoseconds after the laser
irradiation, before becoming spherical. A copper flag was used to
shield the detector from the preplasma emission. The data presented
here show the shock wave after 30 ns.

Using the tungsten spectrum measured during the PHELIX
experiment, we fine-tuned our grating interferometer. The thick-
ness of the grating G; bars was chosen to be 7-shifting at 10 keV
and the grating positions were adjusted accordingly. For the grat-
ing G, we switched from a graphite to a polyimide wafer to prevent
microfractures. The new parameters are listed in Table II. These
changes nearly doubled the fringe visibility, to 28% + 3%. The raw
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TABLE Il. Parameters of the imaging setup used at the LULI facility. The thickness of
the grating G4 was chosen such that it was 7-shifting for 10 keV. The grating G4 was
fabricated on a 10 ym polyimide membrane wafer and the G, grating on a 500 ym
polyimide wafer.

Position (mm) Period (um) Height (um) Material DC

Target 30
Gy 250 10.6 22 SU8 0.5
G2 448 9.5 70 Gold  0.66

Detector 645

dark-field
0.6 0.8 1.0

transmission DPC (rad)

0.75 1.00 1.25 -0.5 0.0 0.5

400
200
E o
—-200
—400
250 500 250 500 250 500
z (um) z (um) z (um)

FIG. 5. Experimental results from the LULI beamtime: (a) transmission; (b) DPC;
(c) dark-field image. The dark spot in the transmission image is a sapphire bead,
which will not be discussed in this paper. The highly absorbing vertical area on the
left side is a copper flag to shield the detector from preplasma emission.

detector image and a lineout, showing the moiré pattern, are plot-
ted in Figs. 2(b) and 2(d), respectively. With the polyimide wafer for
the grating G, we were also able to reduce the number of microfrac-
tures to nearly zero, greatly improving the image quality. However,
a comparison of the deposited energy in the silicon layer of the
JUNGFRAU detector during both experiments in Figs. 2(a) and 2(b)
shows a clear difference in backlighter strength. Normalized to the
distance between source and detector, the photon flux of the back-
lighter X-rays at PHELIX was about six times higher compared with
the experiment at LULI This is most likely due to the small over-
lap between the 5 yum backlighter wire and the large focal spot size
over which the laser intensity was distributed. The effect of a low
backlighter flux can be seen as Poisson noise in the transmission,
DPC, and dark-field signals, displayed in Fig. 5. Despite this noise,
the shock wave remains distinctly observable within all three image
modalities.

These images highlight an additional advantage of grating-
based phase-contrast imaging for HED physics. As discussed by
Pfeiffer et al.,’* grating-based phase-contrast imaging is capable of
measuring the amount of small-angle scattering via the dark-field
signal. Employing a low-density foam target with sub-micrometer
pore sizes, encased in a Kapton tube of 1500 ym diameter, resulted
in a dark-field signal of 0.75 + 0.03, visible in areas unaffected by the
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shock wave penetration. However, the signal in the shocked area
increased to 1.03 + 0.03, indicating a loss of microstructure within
the foam. With this successful demonstration of the dark-field’s
capabilities, it might be the perfect tool for measuring foam homog-
enization times. Additional applications might be the detection of
other small-scale density variations such as turbulence or hydro-
dynamic instabilities,' which can be challenging to detect using
conventional radiography.

IV. CONCLUSION AND OUTLOOK

Transmission, differential phase-contrast, and dark-field
images of laser-driven shock waves in dense matter have been
presented. The shock fronts are clearly visible in all three image
modalities. A FLASH simulation shows good agreement with the
acquired data in the transmission and differential phase-contrast
images.

This successful demonstration of grating-based phase-contrast
imaging underscores its potential as an additional diagnostic tool
in laser plasma physics. Its application is especially interesting in
cases where the observed density variations are small, for exam-
ple when observing the interaction of a shock wave with an object.
While we were able to greatly improve our setup between experi-
ments, the results from the beamtime at LULI indicate that the key
route to further refinement lies in enhancing the X-ray source flux.
A promising technique featuring a small source size and directed X-
ray emission might be laser-driven betatron X-ray emission using
either gas jets'” or foam targets.® Additionally interesting would be
the implementation of grating-based phase-contrast imaging at an
X-ray free-electron laser. Using dark-field measurement on shocked
plastic foam, we have developed a new plasma diagnostic method
that could be useful in measuring the homogenization time of a
heated foam target or detecting small-scale density changes such as
hydrodynamic instabilities.

SUPPLEMENTARY MATERIAL

See supplementary material for a calibrated spectrum of the
tungsten backlighter measured at PHELIX.
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