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Abstract:19

With its ability to efficiently probe low-Z materials, X-ray phase imaging methods have recently20

raised high interest in multiple fields from biology and medical applications to high energy21

density (HED) physics. Initially developed with synchrotron light and X-ray tubes, we present22

a novel grating based Talbot X-ray deflectometer (TXD) diagnostic which was coupled with23

laser-generated K-𝛼 X-ray sources. The Multi-TeraWatt laser (𝐼 > 1 × 1014 W cm−2) was used24

as a testbed for diagnostic development. It was found that x-ray source chromaticity plays an25

important role in TXD. Indeed, the broadband spectrum of laser-generated X-ray sources may26

strongly impact image quality and thus diagnostic performance. We qualified X-ray emission27

from different laser-produced sources and determined laser, target, and deflectometer parameters28

that optimize TXD performance. We present the first results of referenceless grating-based X-ray29

imaging at high-power laser facilities and discuss the implications of this new development in30

HED research.31

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement32

1. Introduction33

Since the first demonstration of free propagation X-ray phase contrast imaging with synchrotron34

source [1], multiple phase imaging based methods have been developed or been transferred toward35

other X-ray sources [2–5]. These methods can provide enhanced imaging contrast surpassing36

absorption-based methods when the complex optical index (defined as 𝑛 = 1−𝛿+ 𝑖𝛽) of a medium37

follows 𝛿
𝛽
≫ 1 [6]. Therefore, refraction-based imaging methods can enable the characterization38

of foams [7] in laboratory astrophysics experiments or deuterium-tritium in inertial confinement39

fusion, for example.40

For high energy density (HED) physics, X-ray sources can be generated using high intensity41

lasers (𝐼 > 1 × 1014 W cm−2) with pulse duration ∼ 1 ns interacting with metallic solid samples42

[8, 9]. Such intense laser-matter interaction enables the generation of hot electrons that can43

collisionally ionize the K-shell electrons of the metallic sample, thus leading to X-ray radiation,44
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most commonly emitted from the cold K-𝛼 line. Depending on the photon energy needed45

for experimental characterization, different target materials can be laser-irradiated to obtain46

specific x-ray emission. These laser-generated X-ray sources have demonstrated high potential in47

single-shot pump-probe experiments in the HED field [4, 10] at facilities such as OMEGA [11],48

LULI2000 [12], NIF [13] or Laser Mégajoule (LMJ) [14]. However, laser-produced plasmas emit49

incoherent broadband x-rays with limited flux, which often translates in low signal-to-noise ratio50

(SNR). As a consequence, optimizing X-ray backlighters is necessary to obtain high contrast51

X-ray radiographs.52

The optimization of the emissivity of K-𝛼 laser-generated X-ray sources is necessary to53

provide sufficient photon statistics for high resolution X-ray radiographs but also to overcome the54

X-ray background surrounding the irradiated targets to be imaged. Typically, the lifetime of a55

laser produced X-ray source corresponds to the duration of the laser pulse used to generate it.56

Therefore, even with pulse duration of the order of 100 ps, the spatial resolution of radiographs57

can be limited to a few microns by the motion blur only. Additionally, the K-𝛼 emission is also58

usually accompanied by a strong continuous bremsstrahlung emission. Each wavelength emitted59

from the source contributes therefore to the final image, thus degrading the resolution due to60

chromaticity. The last potential issue to face with laser X-ray generated sources is the size of the61

source itself: the larger the source, the lower the resolution. To diminish the effective source62

size, one may make use of pinholes to enhance the resolution of the radiographs. However, this63

solution comes to the cost of available photons for the radiography.64

In this paper, we study different backlighter configurations for grating-based Talbot-Lau X-ray65

interferometry, a refraction-based imaging method, at the MTW laser [15]. This grating based66

imaging diagnostic makes use of the Talbot effect [16], which consists on the self-imaging of a67

periodical object at particular planes, known as Talbot planes, when illuminated by coherent [17]68

or partially coherent light [18]. In the presence of incoherent sources, such as those produced by69

the aforementioned laser-generated X-ray sources, the Talbot-Lau imaging technique relies on70

the Lau effect [19] to enable X-ray interferometry with initially spatially incoherent light. In this71

case, an additional grating is used to provide a collection of partially coherent sources, which72

enable the formation of the fringe pattern [3].73

Talbot X-ray Deflectometry (TXD) allows for independent transmission and phase change74

measurements from Fourier analysis [20, 21] of the interferometric pattern. Obtaining ion75

density from X-ray attenuation signals retrieved with TXD is equivalent to standard absorption76

radiography. The electron density from a sample can thereafter be unveiled by measuring77

refraction angles from the changes of the interferometric pattern [22, 23]. The possibility to78

measure strong electron density gradients is highly relevant to the characterization of a wide range79

of HED plasma phenomena which are critical for the benchmark of theoretical and numerical80

models such as heat transport, turbulent diffusion coefficients, or self generated B fields [24, 25].81

However, to quantitatively evaluate the phase-shifts induced by a sample to a X-ray wavefront,82

acquiring a reference image of the unperturbed interferometric pattern is necessary, since the83

fringes shift due to the presence of a refracting sample even if it is unperturbed.84

In this type of experiments, x-ray source brilliance and photon flux are usually limited by a85

number of experimental factors that lead to low SNR, making interferometry data analysis and86

phase retrieval challenging [26,27]. Nevertheless, accurate phase retrieval has been demonstrated87

using a different x-ray backlighter source to record reference images [28]. Recently, Pérez-Callejo88

et al. [21] successfully retrieved a differential phase map from a low SNR Moiré image and a set89

of reference images recorded through phase-stepping methods [29]. This technique has shown90

enhanced resolution and contrast capabilities when compared to single-shot Moiré and thus,91

reference image recording through phase-stepping is a viable alternative for high-power laser92

facilities. However, phase-stepping procedures can be time consuming and thus incompatible93

with next generation high repetition rate facilities such as in ELI-beamlines [30] and XFEL94



Fig. 1. (a) Experimental setup used for x-ray backlighter studies for Talbot-Lau X-ray
Deflectometry imaging diagnostics performed at the MTW laser. DC-HOPG spec-
trometer orientation shown with respect to Cu foil target irradiated at 45◦. Backlighter
target orientation is shown for each type explored: (b) Cu wires with CH foil backing,
(c) Cu flat foil irradiated at 90◦, (d) bookend configuration: Cu wire in between two
CH flat foils, and (e) Cu flat foil irradiated at 45◦.

facilities [31].95

Our study addresses this challenge by self-estimating the phase background from sample96

interferograms instead of acquiring separate reference images. This method simplifies the97

experimental imaging procedure with a Talbot-Lau interferometer since no reference or phase-98

stepped data set is needed and closer matches the operation procedures at laser facilities. To99

enable referenceless Talbot-Lau X-ray phase contrast imaging, it is mandatory to have a clear100

signal. While the X-ray imaging conditions would be easier fulfilled at XFEL facilities [32–34]101

due to their sharp spectrum and extreme brilliance [35], we aim here to demonstrate the feasibility102

of such imaging methods within a single shot at high power laser facilities where the X-ray103

sources generated by laser will provide broader X-ray spectra and lower brilliance. Therefore, it104

is mandatory to optimize both the emission lines and the flux of the laser-driven X-ray sources to105

improve these aspects to enable single-shot Talbot phase contrast imaging at high power laser106

facilities.107

This paper is structured as follows. The details of the Talbot-Lau interferometer and X-ray108

backlighter targets used at the MTW laser are presented in Sec.2. In Sec.3, we analyze the spectra109

from different laser-produced x-ray sources and their brilliance. The quality of TXD fringe110

patterns was evaluated considering the X-ray backlighter source characteristics in Sec.4, which111

are correlated to the backlighter target type. The last section presents x-ray transmission and112

phase map reconstruction of a polymethyl methacrylate (PMMA) rod, using TXD imaging where113

no reference image is available. Single-shot TXD acquisition mode is discussed and compared to114

absorption radiography methods currently available at high-power laser facilities.115

2. Experimental setup at MTW laser116

2.1. Talbot-Lau setup117

The Talbot-Lau interferometer used in this study (Fig.1) is composed of 3 gratings. The source,118

beamsplitter and analyzer gratings (hereafter referred to as 𝑔0, 𝑔1 and 𝑔2 respectively). The119

𝑔0 grating had a pitch of 𝑝0 = 2.4 𝜇m and its purpose is to generate partial spatial X-ray120

coherence [6, 36] following the Lau effect. The 𝑔1 grating was a 𝜋-shift grating with a pitch of121

𝑝1 = 3.85 𝜇m. This grating was used as the self-imaging Talbot object. Finally, 𝑔2 had a pitch of122

𝑝1 = 3.85 𝜇m, and was used to perform spatial filtration before the detector.123



Fig. 2. Interferometer fringe contrast curves for the 8 keV Talbot-Lau X-ray Interferom-
eter calculated with the X-ray WaveFront Propagation (XWFP) code [37] as a function
of X-ray wavelength for three different Talbot orders.

The Talbot planes produced by the 𝜋-phase grating 𝑔1 are located at the positions:124

𝐿 = 𝑚
𝑝2

1
8𝜆

, (1)

where 𝜆 = 1.54 Å (i.e. 8 keV photon energy) is the X-ray wavelength used in the experiment, and125

the Talbot order 𝑚 is an odd number for 𝜋-shift phase gratings [36]. Our system was designed to126

work in the 𝑚 = 3 order.127

To optimize the signal quality delivered by the diagnostic, the distances between gratings must128

follow the Lau conditions to enable X-ray diffraction [28]:129

𝑝0
𝑝2

=
𝐷

𝐿
, (2)

where D is the 𝑔0 − 𝑔1 distance. The divergence of the X-rays and the splitting introduced by the130

𝑔1 grating produce a magnification of the Talbot diffraction pattern. At the position of 𝑔2, the131

Talbot magnification can be expressed as:132

𝑀𝑇 =
𝐿 + 𝐷

𝐷
, (3)

Note that Talbot magnification must be taken into account when re-scaling Talbot distances [36].133

To minimize grating ablation due to driver laser proximity, an 𝑀𝑇 = 6 magnification was used.134

In this case, the 𝑔1 − 𝑔2 distance re-scales as:135

𝐿 = 3𝑀𝑇

𝑝2
1

8𝜆
= 21.66 cm, (4)

which considers the 𝑚 = 3 Talbot plane and the 𝜋-shift behavior of the beam-splitter 𝑔1. Thus,136

the 𝑔0 − 𝑔1 distance is fixed to 𝐷 = 4.67 cm according to Eq.2.137

Additionally, the phase grating was rotated 𝜃𝑀 = 0.3◦, producing Moiré patterns with138

periodicity given by:139

𝑃 =
𝑝1

2𝑠𝑖𝑛
(
𝜃𝑀
2

) = 735 𝜇m. (5)



Fig. 3. X-ray transmission curves for TXD diagnostic (blue) obtained with XWFP. A
second transmission curve (red) includes a 25 𝜇m Al foil and a 25 𝜇m Cu foil to account
for the source grating protective shield and the CCD camera detector filter, respectively.

Note that the acceptance bandwidth to optimize the fringe contrast is also restricted [38]:140

𝛿𝜆 =
𝜆0

2𝑚 − 1
≈ 0.3 Å, (6)

The interferometer was designed to operate at 𝜆0 = 1.54 Å (i.e. 8 keV photon energy), the main141

copper K-𝛼 wavelength. Consequently, it is necessary to optimize X-ray flux from Cu K-shell142

emission between 1.84 Å and 1.24 Å (or 6.74 keV to 10 keV).143

Fig.2, shows XWFP [37] interferometer contrast calculations for the 8 keV TXD diagnostic144

system as a function of X-ray energy, showing three different Talbot orders. It is clear that145

the bandwidth of the main peak (∼ 8 keV) becomes narrower with increasing Talbot-order (in146

accordance to the first-order approximation in Eq. 6).147

Considering the above, the optimization of x-ray emission from the copper backlighter for148

TXD diagnostics focuses mainly on the K-𝛼 and He-𝛼 emission lines. In our experiments, copper149

targets of different geometries were explored. Since variations in laser intensity and laser-matter150

interaction determine which atomic processes are dominant, different laser parameters such as151

energy, spot size on target, and pulse duration were explored.152

An 25 𝜇m aluminum debris shield was placed in front of the source grating. A 25 𝜇m copper153

filter was placed in front of the X-ray CCD camera to filter low energy emission and protect the154

detector from debris and stray light. The total transmission of the Talbot-Lau diagnostic with155

its shields and CCD filters was 𝑇𝑇 ∼ 10 % for a photon energy of 8 keV, supported by previous156

experiments [39] and theoretical calculations, shown in Fig.3. While photon energies below157

8 keV are minimized, x-ray transmission above 12.5 keV is significant and may impact diagnostic158

quality.159

2.2. Experimental geometry at MTW laser160

In this MTW laser experiment, laser intensity was varied between 1 × 1015 W cm−2 and161

7×1016 W cm−2 with pulse duration of 𝜏 = 7−11 ps and energy of 𝐸𝑙𝑎𝑠𝑒𝑟 ≈ 11−28 J [40]. Most162

shots were performed at 𝜏 = 7 ps and 𝐸𝑙𝑎𝑠𝑒𝑟 = 25 J. On-target intensity was varied by modifying163

laser spot on target from 75 𝜇m to 251 𝜇m. TXD images were recorded using single shots. It is164



worth noting that the MTW laser usually provides no more than 11 shots per day for this type of165

experiments.166

The distance between the X-ray source (i.e., backlighter target) and the 𝑔0 grating was set167

to 4 cm to minimize grating damage from backlighter target debris. The angle between laser168

incidence and diagnostic line of sight was 90◦. The Moiré fringe pattern was recorded with an169

Andor iKon-L X-ray CCD (1024x1024 pixels of 13 𝜇m) placed behind the 𝑔2 grating.170

To quantify x-ray backlighter emission and flux at 8 keV, a dual-channel highly-oriented171

pyrolytic graphite (DC-HOPG) [41] was used to monitor spectra in the 7 − 10 keV range. Lower172

energies were filtered with Al and Cu foils, as described above. It is worth noting that no173

information was available for emission above 10 keV. Due to vacuum chamber geometry174

restrictions, the angle between DC-HOPG and TXD line-of-sight was 54.5◦, as shown in Fig.1.175

This determined the spectrometer to backlighter target angle.176

In order to optimize the backlighter radiation, we tested six different target geometries. Table 1177

lists backlighter target type and orientations tested. The main backlighter targets used were Cu178

foils oriented at 45◦ with respect to TXD line-of-sight (Fig.1.e). Different foil thickness were179

tested. Foil targets were also set normal to laser incidence (i.e., along TXD optical axis), as180

shown in Fig.1.c. Copper wire targets (20 𝜇m diameter) were tested either with flat plastic foils181

backing (Fig.1.b) or along the side of two plastic foils set at angle in the shape of an open book182

(Fig.1.d), also known as bookend targets [42].183

Backlighter type laser incidence

200 × 200 × 20 𝜇m Cu foil 45◦

200 × 200 × 12.5 𝜇m Cu foil 45◦

200 × 200 × 20 𝜇m Cu foil (edge on) 90◦

200 × 200 × 12.5 𝜇m Cu foil (edge on) 90◦

CH backed 20 𝜇m wire 90◦ (to CH foil)

Bookend 90◦

Table 1. Backlighter types and orientation

2.3. Spatial resolution184

With plane wave illumination, the maximum resolution of a Talbot-Lau interferometer is equal to185

two times the period of the analyzer grating [38]. For spherical waves, the grating transmission186

function has to be considered for back-propagation at the object plane. For the TXD configuration187

presented in Figure 1 the object was placed at a distance 𝑝 = 3.2 cm from 𝑔0, leading to a188

back-projected period of the analyzer grating of 𝑝′2 = 𝑝2
𝑝

𝐿+𝐷 = 1.46 𝜇m. This yields a maximum189

theoretical resolution is 2.92 𝜇m. This limit in the spatial resolution of the interferometer assumes190

an ideal punctual X-ray source which, as mentioned before, is not usually the case when working191

with laser generated X-ray sources. With extended X-ray sources, the on sample spatial resolution192

with a Talbot-Lau interferometer is given by [3]:193

𝑟 = 𝑠
𝐿

𝐷
, (7)

where 𝑠 is the X-ray source size.194

It has been observed in the literature that the size of a laser-generated X-ray sources is generally195

two to four times larger compared to the laser’s on target spot size [43, 44] due to the plasma196

expansion of the source. Similarly, for wire targets we assume that the source size is around 3197



times the wire’s diameter (𝑠 ≈ 60𝜇𝑚) thus leading to improved source size compared to foil198

targets [45]. Making use of Eq.7, the best effort resolution achievable with our interferometer199

corresponds to wire backlighters and is 𝑟 ≈ 12 𝜇m.200

Another limitation to take into account arises from the detector. For our images, we used 2 × 2201

binning, i.e., an effective pixel size of 𝑠𝑝,𝑒 = 26 𝜇m. With a Talbot magnification 𝑀𝑇 = 6 (cf.202

Sec.2.1), the best effort resolution from the detector is 𝑟𝑑 =
𝑠𝑝,𝑒
𝑀𝑇

= 4.3 𝜇m. With the additional203

consideration that photon energy may spread over pixel neighbours, the maximum resolution204

resolvable by the detector is then estimated to be close to 12 𝜇m in this configuration. Therefore205

the 2 × 2 binning corresponds to the optimal recording setting to match the interferometer206

resolution.207

2.4. Benefits of Talbot-Lau interferometry in high-power laser facilities.208

As mentioned in Section 1, propagation-based phase-imaging methods have been successfully209

demonstrated in laser facilities [4]. Nevertheless, due to large source size and incoherence210

of laser-generated X-ray sources, long propagation distances are needed to distinguish phase211

related intensity changes at the imaging plane, often above one meter [46]. This restriction212

leads to low photon flux and, since intensity variations depend on the second derivative of the213

wavefront phase [47], these techniques are usually less sensitive than grating-based phase-contrast214

methods [3, 48].215

Talbot-Lau X-ray interferometers can be made compact and compatible with high-power laser216

facilities. Interferometry requires coherence length 𝐿⊥ to be sufficiently large compared to the217

interferometer’s shear length 𝐿𝑆 , i.e., 𝐿𝑆
𝐿⊥

< 1. The shear length in Talbot-Lau interferometry is218

given by 𝐿𝑆 =
(𝑚− 1

2 )
𝑀𝑇

𝑝1. In our case, 𝑚 = 3 with 𝐿𝑆 = 1.60 𝜇m, and lateral coherence length219

becomes 𝐿⊥ = 𝜆𝐷
𝑝0

= 2.99 𝜇m [36,38].220

The best focusing effort in our experiment enabled a spot size of 75 𝜇m. To at least conserve221

the 𝐿𝑆
𝐿⊥

ratio obtained with our diagnostic, the propagation distance between the X-ray source and222

the 𝑔1 phase grating would need to be increased significantly if no source grating or pinhole is223

to be used. Talbot-Lau interferometry is therefore a good compromise between sensitivity and224

diagnostic compactness.225

3. Spectral analysis and X-ray source comparison criteria226

3.1. Spectral analysis of the backlighter227

The number of photons emitted in 4𝜋 sr can be retrieved from spectra signal 𝑆𝑚 using [49]:228

𝑆 = 4𝜋
𝑆𝑚𝜂𝐶𝐶𝐷

𝑄𝐸𝑇 𝑓 𝑖𝑙𝑡𝑒𝑟Ω
, (8)

where 𝑄𝐸 is the detector quantum efficiency, 𝑇 𝑓 𝑖𝑙𝑡𝑒𝑟 is the combined filter transmission in the229

desired energy range, 𝜂𝐶𝐶𝐷 = 4.25 ± 0.3 eV/ADU is the characteristic response of the detector,230

and Ω is the solid angle emitted by the source that reaches the spectrometer detection area.231

Fig.4, shows DC-HOPG spectra in the 7 − 10 keV energy range for the backlighter targets232

tested. K-𝛼 emission is enhanced when using 20 𝜇m foils, with a slight increase for normal233

laser incidence. At 45◦ angle, higher continuous background emission is observed, which may234

decrease interferometer contrast (Fig.2). Both types of wire targets offered lower K-𝛼 flux due to235

the lower cross section between the laser spot and copper surface.236

From these results, it may seem that foils irradiated at normal incidence offer the best X-ray237

backlighting conditions for TXD, producing lower continuous emission and higher photon flux,238

increasing Moiré fringe visibility and optimizing diagnostic accuracy. Considering that the239

interferometer has low transmission below 8 keV, contrast decrease can be attributed to harder240



Fig. 4. Spectra recorded by DC-HOPG spectrometer corresponding to the different
backlighter configurations irradiated with a laser intensity of 1 × 1015 W cm−2. The
Low energy channel (7.8 - 8.5 keV) is shown on the left and the High energy channel
(8.2 - 9.15 keV) is shown on the right.

X-rays (𝜖𝑝ℎ𝑜𝑡𝑜𝑛 ≥ 12 keV) [50]. Moreover, the effects from these energy contributions can be241

measured directly from Moiré fringe pattern and SNR.242

Nevertheless, although the wire targets provide lower X-ray flux, these targets were still243

considered as they may provide enhanced spatial resolution when compared to foils [45].244

3.2. Conversion efficiency245

Laser to K-𝛼 conversion efficiency (𝜖𝑐𝑜𝑛𝑣) is a relevant criterion to compare x-ray backlighter246

photon flux obtained for a given laser intensity. This coefficient can be expressed by:247

𝜖𝑐𝑜𝑛𝑣 =
𝐸𝐾𝛼

𝐸𝑙𝑎𝑠𝑒𝑟
, (9)

where 𝐸𝐾𝛼
is the total energy irradiated in the K-𝛼 range by the X-ray source, and 𝐸𝑙𝑎𝑠𝑒𝑟 is the248

total energy contained in the laser pulse [49]. This conversion efficiency factor measures our249

ability to convert laser energy to X-ray energy irradiated under the form of 8 keV K-𝛼 emission250

for the various backlighter configurations tested.251

Fig.5 shows the K-𝛼 conversion efficiency and average value (dotted line) measured for each252

backlighter target configuration at different laser intensities. Note that photon flux trends (Fig.4)253

agree with those observed for conversion efficiency, indicating higher percentage of laser energy254

converted to K-𝛼 emission from flat foils in comparison to wire targets.255

Remarkably, the conversion efficiency of foils is nearly an order of magnitude higher than for256

wires. Lower conversion efficiency is attributed to the laser spot being larger than the wires, and257

therefore only a small fraction of the laser energy is deposited on the wire and can be converted to258

X-rays. This is therefore a strong limitation in the conversion efficiency from laser to K-𝛼 photons259

when using large laser spots compared tot the wire diameter.260

In Fig.5, the error bars correspond to the standard deviation of the mean photon production for261

a given backlighter configuration and laser intensity reproduced 3 times. The larger error bars262

obtained for wire targets can be explained by jitter related to target area irradiated. Similarly,263

random speckle pattern in the laser spot can contribute to non-uniformity in the laser intensity264

distribution within the target area irradiated, leading to large shot-to-shot fluctuations. While265



Fig. 5. Conversion efficiencies for K-𝛼 emission measured for each backlighter target
configuration as a function of laser intensity. Conversion efficiencies for copper foils
of 12 𝜇𝑚 and 20 𝜇𝑚 thickness irradiated at 45◦ and at normal incidence are shown
along with 20 𝜇m diameter copper wire targets backed by either a single CH foil or two
adjoined CH foils in the bookend configuration.

wire targets generate smaller X-ray sources, their suitability for TXD diagnostics is hindered by266

laser jitter effects which are accompanied by lower conversion efficiency.267

Note that non-uniformity effects are less important when irradiating foil targets as they offer268

a larger interaction region, which is consistent with the results obtained. Copper foil targets269

show increased photon flux and foil thickness of 20 𝜇m nearly doubles the conversion efficiency270

of 12.5 𝜇m. Moreover, due to laser pointing and target alignment fluctuations, K-𝛼 conversion271

efficiency is similar for normal and 45◦ laser incidence considering the error bars.272

3.3. Brilliance of the laser-generated X-ray sources273

X-ray brilliance enables quick comparison between different X-ray sources in terms of spectral274

bandwidth. It is defined as275

B =
¤𝑁𝑝ℎ𝑜𝑡

𝑆 · Ω · 0.1%𝐵𝑊
, (10)

where 𝐵𝑊 = 𝑑𝜔
𝜔

, S is the source size, Ω is the source divergence Ω and ¤𝑁𝑝ℎ𝑜𝑡 =
𝑑𝑁𝑝ℎ𝑜𝑡

𝑑𝑡
is the276

photon fluency. Brilliance is generally given in units of photon/s/mrad2/mm2/0 1%BW [35]. In277

the case of pulsed X-ray laser-generated sources, peak brilliance provides better insights because278

it only takes into account the X-ray source parameters over the short lifetime of the X-ray source279

which is about the laser pulse duration (instead of using time derivative of the emitted photons).280

As mentioned above, TXD methods are independent from the X-ray source size (since the281

effective source size is given by 𝑔0. For this reason, the easiest way to enhance the brilliance282

of our X-ray source is to optimize photon flux by finding backlighters with optimal conversion283

efficiency.284

Fig.6 shows the estimated peak brilliance for each backlighter type as a function of laser285

intensity. Source brilliance increases with intensity as a consequence of larger energy and286

stronger focusing. For these estimations, the bandwidth of the K-𝛼 source is taken equal to the287

width of the K-𝛼 peak, ∼ 100 eV divided by the K-𝛼 photon energy 𝜖𝐾−𝛼 = 8.05 keV. Given that288



Fig. 6. (a) Estimated peak brilliance of the laser generated X-ray sources depending
on the laser intensity and irradiated backlighter. (b) Zoom in the dense region of
experimental points of brightness.

the generated plasma emits X-ray in all directions, the divergence of the X-ray source has been289

taken to be Ω = 4 𝜋sr.290

In our experiment we did not have any imager to measure precisely the size of the X-ray source.291

Nevertheless, the literature shows that the size of the X-ray source is generally about 2-4 times292

larger than the cross-section between the backlighter surface and the laser spot [43–45]. For this293

reason, we used an average source size value of 3 times the cross-section between the backlighter294

surface and laser spot. Nevertheless, we are including the uncertainty in the source size in the295

error bars of Fig. 6.296

For intensity 𝐼 = 1× 1015 W/cm2 to 1× 1016 W/cm2, wire backlighters have brilliance similar297

to foils. Thus, the use of wire targets is of interest within the laser intensities explored, showing298

potential advantages over foil targets which is yet to be confirmed for a larger intensity range299

according to the presented data set.300

4. Imaging results301

4.1. Backlighters impact on the Talbot pattern formation302

Fig. 7 shows the TXD images recorded using x-ray backlighting from: copper foil (top) irradiated303

at 45◦ (left) and normal to the laser (right), and copper wire (bottom) backed with a single CH304

foil (left) and a double CH foil in the bookend configuration (right).305

The fringe contrast measured from the Talbot pattern is highly dependent on the x-ray306

backlighter brilliance. The phase contrast curve shown in Fig.8 was obtained by averaging307

intensity over twenty-five pixels. The highest contrast measured (31 %) corresponds to a Cu308

wire target. Cu foil targets delivered fringe contrast of 20 − 30 % and bookend targets delivered309

19 % contrast. The latter is explained by higher ratio of continuous background radiation to310

K-𝛼 emission when compared to Cu foils and CH-backed Cu wires.311

Considering imaging quality, CH-backed Cu wires are the most suitable backlighter targets for312

high contrast TXD diagnostic accuracy. The X-ray sources produced by these targets achieve a313



Fig. 7. Talbot radiographs (Moiré deflectograms) recorded using x-ray backlighter
emission from the different target configurations tested. Pictures shown have median
filtering of 3x3 pixels.

higher spatial resolution due to higher brilliance at laser intensity 𝐼 = 4 × 1015 W/cm2. However,314

the reduced backlighter target area is a challenge for laser focusing. As mentioned previously,315

this can lead to high variablility in K-𝛼 conversion efficiency and total photon flux production,316

including various levels of associated noise. In extreme cases, spectrum broadening may occur if317

the laser partially irradiates the target stalk. Recall that broad spectrum decreases contrast due318

to the chromaticity dependance of the interferometer, which will lead to the absence of Moiré319

fringes.320

Note that the larger spatial extent of flat foil targets ensures that the x-ray spectra obtained321

will correspond to copper emission exclusively. Therefore, flat foil targets offer better x-ray322

production and reproducibility shot to shot. Moreover, for the laser incidence angles tested (45◦323

and 90◦) target alignment is easier to perform with regards to the facility constraints.324

Moiré fringe quality for Cu wire backlighters is comparable to 45◦ Cu foil with lower production325

of X-ray photons. This is a direct illustration of the importance of enhanced brilliance considering326

working intensity of 4 × 1015 W/cm2 (Fig.6). That is, with copper foils targets, one can rely on327

higher photon statistics, and with wires, one can rely on higher brilliance.328

4.2. Toward single-shot referenceless phase imaging329

The raw Moiré image of a PMMA rod recorded using a copper wire backlighter target is shown330

in Fig. 9.a. Wire backlighter have been chosen here due to the enhanced fringe contrast they can331

provide as shown previously. The fringe pattern perturbation produced by the X-rays passing332

through the rod is clearly observed at the edges of the rod. Through Fourier analysis of the signal,333

the phase and transmission information can be retrieved from this pattern. In these studies, the334

analysis was performed using the Talbot Numerical Tool (TNT), a sub-module of the Talbot335



Fig. 8. Moiré fringe profiles obtained for the backlighter target configurations studied:
flat foils irradiated at 45◦ and 90◦, wires, and bookends. The average of the raw
intensity signal is shown in solid black line, the profile fit is shown as a dashed line,
and the corresponding error is shown as colored area.

Interferometry Analyzer (TIA), which has been developed by our team and described in previous336

publications [20, 21].337

The analysis was performed as follows. We first obtained the phase and transmission images338

of the PMMA rod (750 𝜇m diameter) placed between the source and phase gratings. By339

using a high-quality backlighter from the different sources studied in this work, we ensured a340

high-quality fringe pattern. Therefore, we can assume an ideal reference image, that is, a flat341

mean illumination and a linear phase following the unperturbed fringe pattern. This allows us to342

retrieve the transmission and phase changes induced the PMMA rod. It should be noted that the343

limitation of this method reposes on the characteristics of the gratings. If any of the gratings344

used in the interferometer have structural defects that affect their pattern or periodicity, accuracy345

will be compromised as this methods assumes uniform and ideal reference. Therefore, defects346

from the instrument transmission function will be conserved in the final image.347

The transmission and differential phase maps obtained are shown in Fig.9.b and c, respectively.348

The non-uniformities observed in these images arise from the phase unwrapping process, which349

is highly sensitive to noise. The noise associated to the raw Moiré TXD image is caused by the350

broadband properties of laser-generated X-ray sources.351

Fig. 9.d shows a line-out of the transmission image Fig.9.b, compared with the theoretical352

transmission of a cold PMMA rod. The differences between the red and yellow theoretical lines353

arise from the spatial resolution and including the polychromaticity of the spectrum.354

Fig. 9.e shows the refraction angle induced by the rod computed from the differential phase355

image. This refraction angle is obtained from the measured fringe shift 𝐹 =
𝜙

2𝜋 and the angular356

efficiency of the diagnostic 𝑊𝑒 𝑓 𝑓 =
𝑝0
𝑙

. The denotation 𝜙 is the signal’s phase, 𝑝0 = 2.4 𝜇m the357

periodicity of the source grating, and 𝑙 = 3 cm is the distance between 𝑔0 and the PMMA rod.358

The experimental measurement is compared to a theoretical curve computed using the XWFP359

code. This curve has been blurred by a 12 𝜇m FWHM gaussian to account for image resolution360

as described in Sec.2.3.361

The most important merit of the work presented is that no reference image has been used to362

retrieve the phase and transmission information from the raw Moiré image shown in Fig.9.a.363

As mentioned in the introduction, standard interferometry diagnostics require an object and a364

reference image to obtain the absolute phase change by accounting for the background phase365



Fig. 9. Phase retrieval process through single-shot referenceless TXD imaging. (a)
Moiré deflectogram of a 750 𝜇m diameter PMMA rod. (b) Transmission image
retrieved with TNT tool. (c) Phase image obtained from Fourier analysis of the fringe
pattern. Transmission (d) and refraction angle (e) line profiles for the PMMA rod,
both theoretical and experimental. The resolution of the theoretical curve is 12 𝜇m
following the results in Sec.2.3. The line-out profiles in (d-e) were obtained for the
region between the 2 red lines shown in the figure to avoid the brighter region observed
in the center of the image. This area corresponds to a 23 𝜇m integration region.

associated to the X-ray wavefront. By optimizing the backlighter properties, the signal quality366

and fringe contrast is significantly increased, which allows for single-shot imaging in similarity367

to standard radiography methods.368

Notably, since the number of laser shots in an experimental campaign is limited at high-power369

laser facilities, referenceless Talbot-Lau X-ray phase contrast imaging represents an important370

advantage as it can provide transmission and refraction information in a single shot. Moreover,371

it has been recently demonstrated that ex-situ phase-stepped Moiré references can be recorded372

immediately before laser shots on the OMEGA-EP laser [21]. Considering that phase-stepped373

images can be time costly and require additional diagnostic preparation and support, referenceless374

imaging could present a viable and reliable option for Talbot X-ray phase contrast diagnostics.375

5. Conclusions and future work376

X-ray phase contrast imaging is a valuable tool to extend the information obtained from single-shot377

radiography in pump probe experiments. Measuring the phase with accuracy is a mandatory step378

to retrieve meaningful information on more complex dynamics in laser-generated plasma systems.379

Talbot X-ray deflectometry is a promising diagnostic method to probe dense laser-generated380

plasmas due to higher penetration of X-rays when compared to optical light. With the ability to381

probe ion and electron density in a single shot, this diagnostic is therefore a valuable tool for382

future studies of transport, diffusion coefficients, turbulence and more generally for laboratory383

astrophysics and ICF.384

We have demonstrated the importance of X-ray source development as it strongly impacts385

diagnostic accuracy through imaging quality. The study here presented focused on foil and386

wire targets in standard X-ray backlighter configurations found at high-power laser facilities.387



The development of copper K-𝛼 X-ray sources was the main focus considering a single 8 keV388

Talbot-Lau Interferometer design. It was found that optimization of either X-ray flux or X-ray389

source brilliance is possible, where flat copper foils oriented at normal incidence generate higher390

X-ray flux while wires deliver higher brilliance, enabling high fringe contrast of the order of391

≈ 30 %. Since X-ray backlighter flux shall overcome self-emission from the probed plasma392

object, normal incidence on copper foils may be preferred in high-power laser experiments. In393

materials science or biological applications, where laser-generated X-ray sources can also find394

interest, wire targets may be of interest considering the smaller X-ray source size and higher395

brilliance provided. Further, a good compromise between X-ray source flux and brilliance396

could be reached in irradiating a planar metallic foil coupled with a pinhole aperture [51, 52] or397

micro-dot targets [53]. These approaches could enhance TXD diagnostic accuracy at high-power398

laser facilities and thus, these approaches will be studied in the future.399

Most importantly, this study shows that TXD techniques can enable single-shot retrieval400

of X-ray transmission and phase information from a sample using laser-driven X-ray sources401

in similar conditions to standard X-ray radiography diagnostics at high-power laser facilities.402

Additionally, in view of future developments of high repetition rate laser facilities, where data403

management is challenging [21], it was demonstrated that TXD diagnostic methods can provide404

extended information without increasing data sets volume compared to traditional absorption405

radiography.406

Furthermore, this method also finds interest at XFEL facilities which provide enhanced X-ray407

probing capabilities at high repetition rates. In these experimental facilities, X-ray beam jitter408

can lead to phase map variations from shot to shot. The capability of self-estimating background409

phase and transmission signals from radiographs will enable a more systematic analysis approach410

that takes into account the change of X-ray source position variations, for example. This method411

is also compatible with optimal use of high-repetition rate beamtime capabilities while enabling412

lighter data sets which can speed up data analysis processes since no extra reference is needed.413

However, it is important to consider more sophisticated approaches in the future with advanced414

X-ray beam illumination and phase functions modeling considering that planar fitting may not be415

sufficient to accurately retrieve information from a single-image to overcome grating defects.416
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