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ABSTRACT: Laser-driven shock waves in matter propagate with multiple kilometers per second and
therefore require sources like a laser-driven backlighter, which emit the X-rays within picoseconds,
to be able to capture sharp images. The small spatial extent of shocks in low-density materials
pose challenges on the imaging setup. In this work, we present a design process for a single-shot
X-ray phase-contrast imaging system geared towards these objects, consisting of a two-grating Talbot
interferometer and a digital X-ray detector. This imaging system is optimized with respect to the
detectable refraction angle of the X-rays induced by an object, which implies a high phase sensitivity.
Therefore, an optimization parameter is defined that considers experimental constraints such as the
limited number of photons, the required magnification, the size and spectrum of the X-ray source,
and the visibility of the moiré fringes. In this way, a large parameter space is sampled and a suitable
imaging system is chosen. During a campaign at the PHELIX high-power laser facility a static test
sample was imaged which is used to benchmark the optimization process and the imaging system
under real conditions. The results show good agreement with the predicted performance, which
demonstrates the reliability of the presented design process. Likewise, the process can be adapted to
other types of laser experiments or X-ray sources and is not limited to the application presented here.

Keyworps: Inspection with x-rays; Models and simulations; Plasma diagnostics - interferometry,
spectroscopy and imaging; X-ray radiography and digital radiography (DR)
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1 Introduction

Compared to imaging based on X-ray absorption contrast, phase-contrast imaging (PCI) exploits the
refraction of X-ray [1]. Being sensitive to the refraction of X-ray has the potential to better discriminate
low-Z elements or small density contrasts [2]. Consequently, it is being intensively investigated
for medical imaging of soft tissues [3—-5], as well as non-destructive testing [6, 7]. Currently the
propagation-based approach [8] and the grating-based approach [9-13] are investigated for high
energy density (HED) experiments.

This paper aims to design a grating interferometer that is capable of acquiring differential phase-
contrast images of a laser-driven shock wave in matter at the Petawatt High-Energy Laser for Heavy
Ion Experiments (PHELIX) [14] at the GSI Helmholtzzentrum fiir Schwerionenforschung GmbH.
In this scenario, a grating-based approach is favored over propagation-based phase-contrast imaging.
First, the limited photon flux from the uniformly emitting X-ray backlighter [15] together with the long
propagation distances between source, target, and detector required for the propagation approach [16]
causes a high level of photon noise. For the grating-based approach, these strict requirements for long
propagation distances do not apply. Furthermore, the grating-based approach is proportional to the
first derivative of the phase shift induced by an object, whereas the propagation-based approach is,
in the first approximation, sensitive to the second derivative [2]. This implies that the grating-based
approach is more sensitive to weak density gradients [2]. Since the induced phase shift is directly
proportional to the projected electron density of an object [1], the grating-based approach promises
advantages for retrieving the projected electron density, which is of interest in HED science.

Grating-based phase-contrast imaging requires a well-designed setup to obtain high-quality
images. One parameter to determine the quality of a grating setup is the contrast of the fringe pattern,
which is used for retrieving the differential phase-contrast images. Further, when imaging tiny objects
with low density variations, the phase sensitivity is a crucial parameter as well. Unfortunately, both



parameters influence each other, and hence cannot be tuned independently. To account for that, both
parameters must be considered when designing the grating interferometer.

There is already a wide variety of publications on the optimization of grating-based phase-contrast
imaging systems [17-20]. Most of them investigate a three-grating Talbot-Lau setup [18, 20] that
uses the phase-stepping technique [21], as these setups are widely used in medical applications and
non-destructive testing. However, these setups usually have completely different X-ray sources and
are optimized for other samples, making the procedure hard to adopt. When the focal spot of the
X-ray backlighter is small enough and thus provides sufficient spatial coherence, one of the two
absorption gratings used in the Talbot-Lau setup can be omitted [22]. This is also the case for X-ray
backlighter sources with sufficiently small extent [9]. Omitting one absorption grating significantly
increases the photon statistics but also limits the number of possible grating configurations due to
source blurring. Single-shot acquisition, which is required to image lase-driven shock waves in matter,
makes the moiré imaging technique [23, 24] essential.

In this paper, we present our method of optimizing a two-grating Talbot interferometer with
respect to fringe visibility, phase sensitivity, and photon noise for imaging a laser-driven shock wave at
a pump-probe experiment. Geometric constraints and requirements of the grating setup are discussed
with respect to the expected sample. Data from a previous experiment performed at the PHELIX
facility is used as a reference point for optimization. Wave-field simulations are performed to obtain
an optimal set of grating parameters. Finally, the designed imaging setup is evaluated with data
acquired during a recent experiment at the PHELIX laser facility.

2 Methods

2.1 Talbot imaging

Phase-contrast imaging allows to extend standard absorption-based imaging by additionally probing
refractive effects to complement standard radiography techniques. Hence, both parts of the complex
refractive index n = 1 — ¢ + i3, with ¢ the refractive index decrement and £ the imaginary part [1], can
be probed. This is done in this work using Talbot interferometry, also known as Talbot deflectometry or
shearing interferometry [21, 25-27]. The optimization presented in this work is based on a two-grating
interferometer and a laser-driven X-ray backlighter source [28] in combination with a digital detector.
A sketch of this setup is shown in figure 1. A tungsten backlighter (D is irradiated with an intense
laser pulse (2 and, as a result of the generated plasma, emits a broad X-ray spectrum [15]. To achieve
a high magnification, the micro-structured sample 3 is placed close to the backlighter. The phase
grating G| (5 and the absorption grating G, (6), are placed downstream of the object. The X-rays
are finally detected with a pixelated detector (7.

Grating-based phase-contrast is based on the Talbot effect [29]. When illuminating a grating
with a spatially coherent X-ray source, self-images of the grating appear downstream of the periodic
structure. For absorption gratings with period p, these structures appear after a certain propagation
distance, called the Talbot distance, Z, = 2p?/A. For phase-shifting gratings, self-images occur before
the Talbot distance, called fractional Talbot distances [25]. The exact positions depend additionally on
the ratio between the grating bar width and the grating period, called the duty cycle (DC), and the
phase-shift the grating imprints on the phase front. One specialty for m-shifting gratings is that the
self-image has twice the frequency of the G period; an effect referred to as frequency doubling [25].
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Figure 1. Scheme of a Talbot interferometer with a laser-driven X-ray source. The backlighter wire (D has
a diameter of 5 pm and is irradiated with a laser @. A solid target (@ is hit by another intense laser pulse (@),
creating a propagating plasma. The density distribution 3) simulated in a plane of the target is depicted within
the target and on the top left in a logarithmic scale. Note that the simulation is radially symmetric around the
pump laser propagation direction. The two gratings (& and (© are aligned to each other to form a moiré pattern,
which is imaged by the detector (7).

If an object is in the beam path, altering the phase front impinging on G, the Talbot pattern
is shifted. Hence, the Talbot effect translates a phase shift into a spatially resolvable intensity shift.
Unfortunately, the fringe pattern and its spatial shift cannot be detected due to insufficient spatial
resolution of common hard X-ray detectors. A second grating, G, is superimposed to overcome this
limitation. If the angle and period of the G, grating and the magnified Talbot pattern match within
small variations, a moiré pattern is formed [30]. This moiré pattern can be tuned to the required
periodicity. The information of the phase-shift is then encoded in this enlarged pattern [30]. The
contrast of the moiré pattern is called visibility and can be quantified by

t

V= maX_I:min’ (21)

13

max T {min

with Ipax and I, the maximum and minimum intensity [1].

Image retrieval for single-shot acquisition is done by comparing two images: a reference image
Ier , where no object is present, and an object measurement /j. The moiré pattern of these images
can be written according to Takeda et al. [24] as

I(x,y) =Axy (14 Vyysin(2n/Am - x+ ¢y y)), (2.2)

with image coordinates x, y, amplitude A, , the fringe visibility V , the phase of the moiré pattern
¢,y and A, the distance between two maxima of the moiré pattern. The analysis is done in Fourier
space, since there the high-frequency moiré pattern is separated from the low-frequency object



signatures. Following Takeda et al. [24] with slight modifications introduced by Seifert et al. [31], the
parameters Ay y, Vy y and ¢, can be retrieved individually. The transmission image 7', the differential
phase image Ag and the dark-field image Df are calculated using the following expressions: [23, 32]:

A obj
9
A ref

Vobj

Ap = @ obj — ¢ ref 5 Df = Vo (2.3)
ref

T =

with the variables A, V and ¢ introduced in equation (2.2). The indices ref and qp; refer to the reference
and the object measurement, respectively. The transmission image 7', the standard radiograph, is
retrieved by removing the moiré modulation and thus only using the amplitude A. The differential
phase-contrast image A¢ is derived by calculating the difference between the two phases ¢ of the moiré
pattern. The dark-field image Df is a measure for the fringe visibility ratio. It indicates small angle
scattering of the probing X-rays and occurs at object boundaries and granular or fibrous materials [33].
Dark-field imaging is attractive for probing the micro-structure of objects with macroscopic spatial
resolution [34]. But since this publication strives for a quantitative analysis of ¢ and £, the dark-field
will no longer be taken into consideration.

2.2 Phase sensitivity and smallest detectable refraction angle

One major difference between absorption-based imaging and GBPCI is that the differential phase-
contrast signal Ag of the investigated object is sensitive to the spatial arrangement of the object
and the relative alignment of the gratings. According to [21, 22, 35] the differential phase-contrast
signal is given by

_27-d(G1,Gy)

Ag
Pg, - M(ovj,Gy)

- Aaghi(x,y), (2.4)
with A the wavelength of the probing X-rays, d (G, G2), the inter-grating distance, Pg, the period
of G2, M(ovj,G,) the magnification of the object into the G plane and Aaopj(x,y) the angle of
refraction induced by an object. The refraction angle Aapj(x, y) can be calculated in the projection
approximation [1] using

Zobj .

Adopj(x,y) = aﬁ ( / b 597 (x, ¥, 2) dz) , (2.5)
X 0

with 63bj the refraction index of the object material and zop; the thickness of the object sample [1].

The coordinate system matches the one shown in figure 1. Note that equation (2.5) is valid for a

monochromatic X-ray source. If a polychromatic source is used, the refraction angle Aa,p; will change

depending on the X-ray energy, which should be taken into account.

However, equation (2.4) is not suitable for optimization as it does not incorporate noise stemming
from the limited photon flux or low visibility. Following [17, 20], a good measure for the overall
performance of a grating setup regarding the resolution of the differential phase-contrast signal is
the minimum observable refraction angle ap,, which is given by

Pg, - M(obj,Gy)

27-d(G1.Ga) -std (Agp) , (2.6)

@min =

with std(Ag), the standard deviation of the differential phase-contrast image A¢, with no object in the
beam path, as a measure of the uncertainty. In this work, std(A¢) is either determined using an area



in the reconstructed differential phase-contrast image where no object is present (free-field), or by
following [20, 36, 37] for an analytical expression for an estimator of the noise

V2
VN

with V the visibility of the fringe pattern and N, the mean number of photons per pixel. Note that

std(Ag) o

Q2.7)

equation (2.7) is precise for the phase-stepping technique and proportional for the moiré imaging [38].
Equation (2.6) and (2.7) are used in section 3.4 to evaluate the performance of the simulated grating
interferometer.

3 Setup design

To optimize the imaging system for laser-driven plasma shocks, it is crucial to take the characteristics
of such experiments into account. Since laser-driven plasma shocks typically propagate with multiple
kilometers per second [39], an X-ray source with a short emission time is necessary. A laser-driven
X-ray backlighter provides such a short flash. However, this source comes with a limited photon flux
and a quantitatively unknown spectrum that additionally varies from shot to shot. This makes a purely
analytical approach difficult. For this reason, existing data from campaign P186 at the PHELIX laser
in 2020 will also be analyzed and incorporated into the design process.

3.1 Detection efficiency and design energy

When imaging with a polychromatic source, it is important to keep in mind that the X-ray transmission
through matter, the induced phase shift and the detection efficiency of the detector is highly dependent
on the X-ray energy. Thus, a detector image / can be calculated using

=S ),
_ZZM@?MM’ (3.1)

with [;, the i-th raw detector image, simulated with monochromatic X-rays with a wavelength A;,
and a weighting factor w(4;). The indices i and j enumerate the simulated X-ray energies. The
weighting factor w(A4;) is calculated using

w(d) =S8 -C-Ey, (3.2)

with S, the spectrum of the X-ray backlighter, C the detection efficiency and E,, the associated
photon energy. To optimize the grating setup in the correct X-ray energy range, the weighting
factor w(A;) is determined first.

For X-ray sources, like conventional X-ray tubes, XFELs and Synchrotrons, the spectrum S
is well known. However, this does not hold true for laser-driven X-ray backlighter sources. The
emitted spectrum is highly dependent on the backlighter target material and the laser intensity [15]. In
general, the spectrum consists of bremsstrahlung [15] and backlighter material dependent fluorescence
lines [28]. However, to our knowledge, the exact X-ray spectrum is unknown. Therefore, the grating
setup is optimized using a monochromatic design energy. This energy is determined based on the
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Figure 2. Comparison between the energy weighted detection efficiencies C - E,, of the setup used in 2020
(orange curve) and the new setup for 2023 (blue curve). The gray vertical bar highlights the 11 to 12 keV region,
which was found to be the dominant energy range for the setup in 2020 [10].

results of the experiment carried out in 2020 and on the energy-weighted detection efficiency C - E,,.
The X-ray energy dependent detection efficiency C, is calculated via

C= TWaferG1 : TWaferGg . TDet. cover * ADet., (3-3)

with TwaterGg, and Twaferg, the relative transmission of the grating wafers, Tpet. cover the relative
transmission of the X-ray detector cover and Ap,;. the absorption characteristic of the detector.

For the 2020 configuration, a dominant X-ray energy of about 11 to 12 keV was determined by
Seifert et al. [40] and verified by Akstaller et al. in [10]. There, the imaging system was realized with
two 500 pm thick polyimide wafers, an 8 pm aluminum foil, Fuji BAS type SR imaging plates and a
5 pm tungsten backlighter wire irradiated with about 30J of laser energy in about 1 ps, distributed
over a spot size with a diameter of about 5 pm.

For the new imaging setup, a detector, named Jungfrau detector, manufactured by the Paul
Scherrer Institute (PSI) is used. This charge-integrating detector has a 320 pm thick silicon layer, and
thus absorbs about 85% at 11 keV [41]. Using this detector is beneficial, since hardly any further noise
originating from the detector is added to the acquired image [42]. Further, the spatial resolution is
better compared to imaging plates [43, 44]. However, the Jungfrau detector will significantly change
the X-ray energy dependent detection efficiency of the imaging system. Thus, the influence of the
detector on the dominant imaging X-ray energy has to be evaluated.

The detection efficiencies C for both setups are calculated using equation (3.3) and with tabulated
data taken from [41]. The curves in figure 2 show the product of C and E,, the energy weighted
detection efficiency. For the 2020 setup (orange curve), the tender part of the energy range is suppressed
by the absorbers in the beam path. The higher energies are suppressed a decline in X-ray absorption of
the imaging plate. Note that it was assumed on the basis of Maddox et al. [44] that the absorption
characteristic of the imaging plates is equivalent to its detection efficiency.

For the new imaging setups, the weighted detection efficiency function is plotted in blue. Beside
the new Jungfrau detector, thinner wafers were used for the 2023 setup. The G phase grating is
manufactured on a 500 pm polyimide wafer and the G, on a 200 pm graphite substrate. Moreover,
the aluminum foil is replaced with two 300 pm thick beryllium windows.

These windows are part of a shielding for the Jungfrau detector, which is protective against
electromagnetic pulses (EMPs) [45]. This housing is necessary because the laser-matter interaction



generates strong EMPs in the GHz and THz regime of the electromagnetic spectrum [46], which
corrupt the detector readout and make the images unusable.

Comparing the detection efficiencies in figure 2, it can be clearly seen that the spectral acceptance
of the new setup 2023 is narrower compared to the setup of 2020. This is beneficial, since grating
interferometers exhibit fringe visibility only in a confined energy range (see figure 6). With the new
detector, the higher energies, which mainly contribute to the background signal and thus decrease
the visibility of the fringe pattern, are suppressed. For the subsequent simulation of the grating
interferometer, a design energy of 11keV was chosen.

3.2 Imaged sample

As illustrated in figure 1, the imaged sample is a laser-driven blast wave in dense matter. To determine
the required magnification and the minimal resolvable refraction angle @y, a simulated plasma shock
is investigated. To obtain a number for the required relative improvement in the minimum detectable
refraction angle compared to the previous experiment at the PHELIX laser in 2020, the simulated
plasma shock is compared with data taken during that campaign.

The reference sample from 2020 is a 47 X magnified 25 X 1000 pm small polyimide foil, imaged
edge-on view, see [10]. Figure 3(a) shows the simulated density distribution, integrated along the
X-ray propagation direction, of this foil rotated by one degree. Source and detector blurring is
incorporated by applying convolutions of the density profile with the shape of the source and the
detector point spread function. With equation (2.5), the expected refraction angle Aayp; is calculated
for 11 and 12 keV. Due to the steep density gradient, the refraction angle reaches 120 prad for 12 keV
and about 145 prad for 11 keV, see figure 3(b). The inset figure in the gray box in 3(b) shows the
differential phase-contrast image Ay of the foil obtained in 2020. It can be seen that the differential
phase-contrast signal of the foil is barley visible as vertical dark and bright stripes. The noise of
the phase, i.e. std(A¢), is obviously large.

To generate realistic assumptions for the expected plasma in the 2023 campaign, 2D radiation-
hydrodynamic simulations with MULTI [47] are performed with the parameters feasible at the PHELIX
laser. The inset marked with a 3 on the top left in figure 1 shows the density distribution in a
polycarbonat target, 5ns after the onset of the PHELIX laser. This pulse was simulated with a
duration of 1 ns and an intensity of 5 - 10!> Wem™2. Integrating the density distribution along the
propagation direction of the X-rays results in the density profile plotted in figure 3(c). The small
peak in the blue highlighted area at the right side is the plasma shock-front. The steady decrease
of the density to the left side is caused by material ablation [48]. The resulting refraction angle
is plotted in 3(d) for 10 and 11 keV. The refraction angles induced by the shock-front, reach about
16 prad for 11keV X-rays and 20 prad for 12keV X-rays.

Taking into account the maximum refraction angle of the simulated shock wave as the minimum
value that should be observable, it is possible to calculate the required improvement of api, for the
new setup. To get a signal from the plasma, as simulated for this particular case, with the same
significance as the foil shown in the inset in figure 3(b), ayin must be improved by a factor of at least
9. This value is used in section 4 to benchmark the improvement of the designed grating setup and
to evaluate the reliability of the presented design concept.

The required magnification is determined only by the shock-front, highlighted in blue. This
region is separately plotted in figure 3(e) and 3(f). When applying the moiré imaging technique, the
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Figure 3. Overview of the imaged sample in 2020 at PHELIX (first column) and the sample for the campaign in
2023. (a) Integrated density profile of a tilted polyimide foil, imaged in 2020. (b) Calculated refraction angle
for the foil at 11keV (blue) and 12keV (green). The inset shows the reconstructed DPC image (data taken
from [10]). (c) Integrated density profile of the simulated shock in the X-ray propagation direction is shown
in figure 1. The blue marked area at the top left is the shock-front and printed enlarged in (e). The refraction
angles, induced by the plasma shock is shown in (d) for 11keV in blue and 10 keV in orange. The zoom into the
shock-front is depicted in (f). The vertical black lines indicate the spatial extent of the positive gradient of the
shock-front.

differential phase-contrast signal cannot be retrieved individually for every pixel. The pattern used for
retrieving the phase-shift are the moiré fringes, which extend to about seven pixels per period [31].
Thus, we aim for a magnification such that the peak in the refractive angle is covered by at least one
period. With the spatial extent of 26 pm, and a moiré period of 350 pm, the required magnification
of the object into the detector should be at least 14.

3.3 Geometric and experimental constraints

To meet the derived requirements, the spatial arrangement of the imaged sample and the detector must
be considered. Since equation (2.6) for the minimum observable refraction angle ay,;, incorporates
only the magnification of the object into the G| grating, a larger distance between the source and the
detector does not affect the minimal detectable refractive angle but increases the object magnification.
However, increasing the distance between the source and the detector will decrease the number of
photons per detector pixel, and thus will increase the photon noise. Furthermore, if the distance
between the source and object is increased, less photons contribute to the signal of the sample.
Beside these theoretical aspects, experimental constraints must be taken into account. The
electromagnetic pulse protective housing for the Jungfrau detector must fit in the experimental
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chamber of the PHELIX laser. Due to the technical realization of the EMP protective box for
the detector, the minimal distance between the G, grating and the detector is about 300 mm. The
detector was placed at 900 mm in the simulations, the longest conceivable distance d(S, Det.) in
the PHELIX target chamber. As the initial position of the sample, 30 mm is chosen. The realized
magnification is 30 and thus more than required. Further, the small distance to the source increases
the photon flux through the object.

3.4 Optimization parameter and numerical simulation

In section 3.2, a lower limit for the required improvement of the minimal detectable refractive angle
amin Was determined. The same concept is applied for the simulations and a relative improvement
factor ¢ is introduced, which is calculated via

f _ @min, 20 ’ (34)

@min

with the minimal detectable refractive angle amin 20 for the setup 2020 and i, for the setup 2023.
Inserting and rearranging equation (2.6) and (2.7) into (3.4) results in

£- PG,.20 M(ovi,G),20 d(G1,G2) V| N (3.5)
- d(Q,G1) Voo N Ny’ '
Pg, (X d(G1,G2)y Voo N Nao

with Pg, the G, grating period, M opj,G,) the magnification of the object into the G, grating,
d (G1, G,) the inter-grating distance, V the fringe visibility and N the number of photons per pixel
each with the index 20 for the respective values for the setup 2020. Since the number of photons
is unknown, the relative change in number of photons can be expressed via

(3.6)

N _ 1-DCg, Api (d(Q,Det)zo)2
Nyy 1-DCg,,20 Apix,20 \ d(Q,Det) |’

with DCg, the duty cycle of the G, grating, Apix the area of one pixel and d(Q, Det) the total length
of the setup. All variables given in equations (3.5) and (3.6) were either determined in the previous
section, or are varied during the simulation.

The simulation is based on the scalar diffraction theory [1] and follows the implementation given
in Ritter et al. [49]. The simulation uses a wave field propagation through space with the band-limited
angular spectrum method described in [50]. The transmission through objects is implemented using the
projection approximation [1]. The required material constants for the calculation are taken from [51].
Source and detector blurring are taken into account by convolving the magnified source spot and
the detector point spread function [43] with the simulated image. The moiré pattern is generated
by superimposing the G, grating with a slightly different period than the magnified Talbot pattern.
The visibility of the pattern is determined using equation (2.1).

To determine the optimal grating setup, DCg, is varied between 0.48 and 0.77 in steps of 0.15,
Pg, between 8.2 and 13 pm in 0.2 pm steps, d(Q, G1) between 0.14 and 0.42m and d(G1, G2)
between 0.10 and 0.50 m in 0.01 m steps. The height of the G grating was chosen to be optimal
m-shifting for 11 keV and a duty cycle of 0.5. During simulation, the period of G is calculated to
produce a seven-pixel-per-period moiré pattern.

In the top row of figure 4, three 2D-maps are plotted to show the simulation results. On the
horizontal axis the G, duty cycle DCg, and on the vertical axis the G period Pg, is varied for given
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Figure 4. Simulated results for three different grating geometries, depending on the choice of the G period and
the G, Duty cycle. The positions of G and G, are given in the legend. Top row: relative improvement of @m;n,
¢, the coloured crosses mark the maximium achievable improvement for the given set of parameters. Bottom
row: corresponding visibility maps of the same geometry given in the plot above.

grating positions d(Q, G1) and d(G1,G,). The color code depicts the values of £. The distance
d(Q, G1) increases from 0.18 m for plot 4(a) to 0.30 m for 4(b) to 0.40 m for 4(c), while d(G1, G»)
is kept constant at 0.23 m. The crosses mark the combination of duty cycle and period, that gives
the highest improvement. These positions are subsequently referred to as optimal setups. The largest
improvement of @y, is reached with the compact configuration. However, since the simulation
neglects all sources of noise, the change in visibility should be additionally considered individually.
Therefore, in the bottom row of figure 4, the associated visibility maps, normalized with the simulated
visibility of the 2020 setup, are plotted in the same way. The compact configuration suffers a significant
loss of visibility; the larger ones give a comparable result.

The maximum values of ¢ for every simulated G| and G, position combination are arranged
regarding their G| and G, positions to generate a 2D-map. This map is shown in figure 5(a) and
visualizes the highest achievable relative improvements of &, for a given position of G| and G;. The
three crosses mark the positions investigated in figure 4. The plot in figure 5(b) depicts the change of
the visibility for the selected grating parameters that give the optimal value of £. On the right side of the
figure, the required G period Pg, 5(c), G2 Duty cycle DCg, 5(d) and G, period Pg, 5(e) is plotted.

The 2D-map of & shows that the relative improvement has a wide maximum with values of
about 8. For larger distances d(G, G»), this value does not change, which is counter-intuitive when
considering equation (2.6). It seems, that the improvement from the larger inter-grating distance gets
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Figure 5. Final results gained from the simulation. In (a) the expected improvement of @y, is plotted as
a function of d(Q, G1) and d(G, G;). The coloured crosses mark the position of the setups investigated in
figure 4. The associated grating parameters found via the optimization process are plotted on the right side.
(c) shows the required G period, (d) the duty cycle of G, and (e) the required G, period. The expected change
in visibility relative to 2020, with the parameters given in the right column, is shown in (b).

counteracted with the required larger G, grating periods, see plot 5(e). By looking at the plot 5(b),
a noticeable decrease in the visibility is observable for short distances d(Q, G1) and long distances
d(G1,G>). This is caused by the source blurring. Since the visibility in 2020 was about 15%, a
significant reduction in visibility for the new setup should be avoided.

Thus, before selecting a grating setup, its robustness is investigated. For this purpose, the three
setups marked in figure 5, are benchmarked further. First, the effect of a larger spot size onto ¢ is
investigated. This is important, since the spot size from laser-driven X-ray backlighter can vary from
shot to shot [52]. Therefore, the simulation is performed with varying spot sizes from 1 pm to 15 pm.
The results are plotted in figure 6. The black vertical line at 5 pm marks the source size expected
from a 5 pm backlighter wire. As expected, the minimal detectable refractive angle tends to decrease
for larger spot sizes, since the Talbot pattern is increasingly smeared out, which results in a smaller
moiré visibility. In agreement to previous findings, setup 1 exhibits the highest values for £&. However,
the gradient with which & decreases differs for all three setups. If the source size is only 1 pm larger
than the assumed 5 pm, setup 2 and setup 1 perform comparable.
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Figure 6. Robustness test of three selected setups. The position of these are marked in figure 5. Left: influence
of the X-ray spot diameter onto &, the achievable relative improvement of ani,. The black vertical line marks
5 pum, the expected and simulated spot size of the X-ray backlighter. Right: function of the photon energy
dependent visibility of the three setups. The values are normalized with the maximal visibility value of setup 3.
The gray vertical bar highlights the 11 to 12 keV region.

A further test is the variation of the photon energy, which gives an insight into the spectral
response of the setup. The right plot in figure 6 shows the energy dependency of the moiré visibility.
The values are normalized with the maximum reachable visibility values of setup 3. The gray vertical
bar in the plot shows the 11 to 12keV range. As expected, all three setups reach the highest fringe
contrast at the design energy of 11 keV and exhibit lower contrast for lower and higher energetic X-rays.
Due to the fact that the maximum is relatively broad, the setups will still perform well, even if the
weighted mean X-ray energy of the new setup changes due to the digital detector.

For the final selection of the grating parameters, all simulated data is taken into account. After
considering possible advantages and disadvantages of a grating setup which is either robust like
setup 3, or is tuned to the limit (setup 1), we have opted for a compromise by choosing the intermediate
configuration. Thus, we decided to use a configuration similar to setup 2. The gratings were
produced by the Institute of Microstructure Technology (IMT/KIT) using the deep X-ray lithography
process [53]. The grating parameters are presented in table 1.

Table 1. Parameters of the manufactured gratings, which were produced on the basis of the simulation studies.
The grating height of G is m-shifting for 11 keV.

Period [pm] | Material | height [pm] | duty cycle | d(S, Grating) [m]
G 10.6 Polyimide 30 0.5 0.30
G» 9.5 Gold 95 0.58 - 0.6 0.538

The expected visibility is about the same as in 2020. Further, the setup is robust regarding a

fluctuation in the X-ray spot size. However, compared to setup 1, the expected improvement of @, is
about 10% lower with 7.1. Thus, the derived threshold of 9 for &, which was derived in section 3.2,
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Figure 7. Top row: raw detector images of a vertically arranged PMMA edge acquired in 2020 (a) and in
2023 (b), smoothed with a 3 X 3 median filter. In 2020 the object thickness was 1 mm and 0.5 mm in 2023. The
intensity is given for the 2020 setup in photostimulated luminescence (PSL) units [44] and for the setup 2023 in
deposited energy in MeV. The moiré pattern was adjusted to a period of 7 pixels in (a) and 6.5 in (b) using the
method described in [9]. The black scale indicates 50 pm in the object plane. Due to the different magnification
and pixel size, the effective pixel size in the object plane differs significantly. Bottom row: reconstructed
transmission images generated with the respective object measurement above.

could not be met with the assumptions made. However, there are expected improvements in image
quality which have not been considered yet. First, according to [11], the noise in the differential
phase-contrast image can be reduced by about 13% when using multiple reference images for the
reconstruction. Applying this technique would increase the improvement & to 8.1. Further, the
Jungfrau detector adds, compared to imaging plates, less noise to the acquired image. To the best
of our knowledge, there is no publication available that compares these types of detectors. Hence,
estimating a number for potential improvements is difficult and therefore omitted.

4 Experimental verification of the design process at the PHELIX laser

For an experimental benchmark, data acquired at the PHELIX laser with the optimized setup is
compared with data from 2020. To this end, the retrieved transmission and differential phase-contrast
images are compared at first qualitatively, followed by a quantitative analysis.

Detector images of object measurement are shown in the top row of figure 7; on the left side, the
data from 2020, on the right side, from 2023. Both targets are sheets of PMMA with a respective
thickness of 1 mm in 2020 and 0.5 mm in 2023. The sheet is positioned vertically at the right side
of the image. These images are used in combination with a reference image to reconstruct the
transmission and the differential phase-contrast image modality. To ensure a valid comparison, the
same reconstruction algorithm and corrections are applied.

The reconstructed transmission images are shown in the lower row of figure 7. Although a thinner
sample was probed in 2023, the image shows a higher absorption contrast than the 2020 image. This
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Figure 8. Top row: reconstructed differential phase-contrast images generated with the object measurement
shown in figure 7. In image (a) the edge is barely visible, whereas in (b) the edge is clearly visible as a dark
vertical bar. The red frame marks the area which is used to determine the standard deviation of the DPC signal.
Note that the noisy spot at the top left of the image (b) is caused by a defect in the G grating, which was caused
by laser ablated material impinging onto the grating surface. The plots in the bottom row show the averaged line
outs from the region marked by the black horizontal lines in the images above.

result can be explained by the weighted detection efficiencies (see figure 2) and highlights the advantage
of the Jungfrau detector being less sensitive in the high-energy part of the X-ray spectrum compared
to image plates. Further, a pronounced propagation-based phase-contrast signal is visible along the
PMMA edge in the image of 2023. Since this publication is focused on grating-based phase-contrast
imaging, the transmission image modality is not discussed any further. A detailed analysis of a static
test sample imaged with propagation-based phase-contrast at the PHELIX laser can be found in [10].

The differential phase-contrast images are presented in the top row of figure 8. As the direction of
X-ray propagation is not parallel to the edge of the PMMA target, the edge is effectively a steep wedge.
This density gradient can be seen as negative differential phase-contrast values and is clearly visible
in image 8(b), generated with the new setup. In contrast to this, the DPC signal of the edge is only
faintly visible in image 8(a). To evaluate this finding in more detail, the DPC images are averaged
within the region marked with the black lines. This region is equivalent to 50 pm in the object plane
for both setups, which accounts for the effect of the different magnification. Still, the PMMA edge
cannot be distinguished from the noise in the line-out from the DPC image acquired with the setup
2020. In contrast to that, the edge exhibits significantly larger DPC values for the image acquired with
the setup from 2023 and is clearly visible. The noise in the free-field is evaluated for both images
within the red rectangle. For this, the values are plotted as a histogram and a Gaussian distribution is
fitted. For image 8(a), the standard deviation std(A¢) is 0.33 and 0.17 for image 8(b).

For the quantitative evaluation of the gained improvement of the minimal detectable refractive
angle, the definition of @y, and the optimization parameter ¢ are used. Inserting equation (2.6)
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into equation (3.4) results in

20 . 2420 23 1y23
£= PGz M(Obj,Gl) PG2 M(Obj,G,) . Std(Agp)zo _ @D
d (G1G2)™ d (GG std(Ag)?
[
phase sensitivity term noise term

with the inter-grating distance d (G1, G2), Pg, the period of G2, M(opj, G,) the magnification of the
object into the G| plane and std(A¢) and the standard deviation of the differential phase-contrast image.
The indices 20 and 23 indicate the associated setups. The expected improvement & can be separated
into a phase sensitivity term and a noise related term. The phase sensitivity term consists only of
values that can be measured with high accuracy and can therefore be considered to be predictable
with negligible uncertainty. Inserting the numbers, given in table 1 for the setup 2023 and in [10] for
the 2020 setup, the phase sensitivity term is improved by a factor of 3.7. This means that the signal
visible in the DPC image will be 3.7 times higher for the 2023 setup than for the 2020 setup when
imaging the same object. With this factor, the larger DPC signal in figure 8 for the new setup can
be understood. The noise related term in equation (4.1) incorporates the photon flux and the fringe
visibility which were estimated in the simulation. Therefore, this term may differ from the simulated
expectation. With the previously determined values for std(Ag), the standard deviations in the DPC
images, the noise term is 2.0. This means that the noise in the DPC has been reduced by a factor of
two, resulting in a lower threshold for a significant signal in the DPC image. The total improvement
of the minimal detectable refraction angle is & = 7.4. In section 3.2 it was stated that the required
improvement in the minimum detectable angle of refraction to resolve the simulated plasma shown
in figure 1 was & = 9. This value could not be achieved by optimizing the imaging setup alone. By
applying the multiple reference frame noise reduction method [11], the improvement of the minimal
detectable refraction angle £ can be further increased. An additional gain of ¢ could be achieved by
using a probe-laser with higher energy. The higher energy implies a higher photon flux and thus,
according to equation (2.7), a lower noise in the differential phase contrast image. Further, it should
be noted that the required factor ¢ is highly dependent on the investigated object. For example, if
a stronger pump laser is used, a larger shock with higher compression can be expected, inducing
larger angles of refraction. Subsequently, less improvement of ani, would be already sufficient to
generate a significant signal in the differential phase contrast image.

The simulated improvement for the chosen setup 2 in section 3.4 was about ¢ = 7.1. This
is in very good agreement with the experimental result of & = 7.4. This indicates that the noise
term was correctly estimated. However, one could argue that the experimental improvement could
also be influenced by parameters outside the range of parameters considered in the current version
of this optimization process. For example, the noise characteristic of the detectors used were not
incorporated. Further, the simulation was performed monochromatically, omitting the effect of the
spectrum. However, by incorporating experimental data from 2020 into the optimization process,
the effect of these unknown parameters has been minimized, thus implying that a good agreement
between simulation and experiment can be expected. Hence, this fairly good agreement of prediction
and experiment shows that the assumptions made are valid and can be used to reliably optimize a
setup for high phase sensitivity. For the presented grating setup the minimal detectable refraction
angle ap, is, following equation (2.6), about 10 prad.
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5 Conclusion and outlook

A design process for a highly phase-sensitive two-grating Talbot-interferometer is presented. The
optimization of the interferometer is performed with respect to the minimal detectable refraction
angle. Since this interferometer is designed for a pump-probe experiment with a laser driven X-ray
source, the photon flux and the visibility is incorporated in the optimization procedure as only
single-shot acquisition with a limited number of photons is possible. The predicted performance
of the grating interferometer is with a minimal detectable refraction angle @y, of 10 prad, in fairly
good agreement with the experimental data.

With a known spectrum, the presented design approach can also be used to optimize a grating
setup for different backlighter materials that have their fluorescence lines at lower X-ray energies. This
can be beneficial for imaging laser-driven shock waves in low-density foams, since the expected density
gradients are smaller which could be partially compensated with higher values of the X-ray energy
dependent refractive index decrement 6. Further, with slight modifications, the approach can be also
used for optimizing a Talbot interferometer for common laboratory X-ray transmission microfocus
tubes. In that way, this paper provides a flexible and well documented method for optimizing a Talbot
interferometer with respect to the minimal detectable refraction angle.
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