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X-ray phase-contrast techniques can measure electron density gradients in high-energy-density
plasmas through refraction induced phase shifts. An 8 keV Talbot-Lau interferometer consisting of
free standing ultrathin gratings was deployed at an ultra-short, high-intensity laser system using K-
shell emission from a 1-30 J, 8 ps laser pulse focused on thin Cu foil targets. Grating survival was
demonstrated for 30 J, 8 ps laser pulses. The first x-ray deflectometry images obtained under laser
backlighting showed up to 25% image contrast and thus enabled detection of electron areal density
gradients with a maximum value of 8.1 £ 0.5 x 10 cm™ in a low-Z millimeter sized sample. An
electron density profile was obtained from refraction measurements with an error of <8%. The 50 +
15 pm spatial resolution achieved across the full field of view was found to be limited by the x-ray
source-size, similar to conventional radiography.

I. INTRODUCTION

The Talbot-Lau interferometer is a phase-contrast diagnostic used in medical and
biological applications [1, 2] recently adapted for use in High Energy Density (HED) plasma
experiments [3, 4, 5]. The Talbot-Lau X-ray Deflectometry (TXD) technique can deliver
electron density gradients from x-ray refraction angle measurements and provide additional
simultaneous information such as attenuation [4], elemental composition (Zefr) mapping [5],
and small-angle scatter [6]. TXD is a powerful low-Z matter diagnostic for x-ray energies in
the range of 10-100 keV because the refraction signature is much stronger than attenuation in
this energy range.

Refraction can be a powerful HED diagnostic, particularly for Inertial Confinement
Fusion (ICF) experiments since implosion capsules are mostly composed of low-Z materials
[7], and hence, it can present advantages over standard attenuation based plasma density
diagnostics. Recently, it has been shown that TXD provides diagnostic capabilities beyond
electron density measurements [8]. TXD can simultancously diagnose refraction and
attenuation, and by combining these two, it can diagnose material mixing through elemental
composition measurements. The diagnostic can also detect the presence of micro-instabilities
through small-angle scatter measurements [6].

The TXD technique has been benchmarked in the laboratory using x-ray tubes
(copper, tungsten, and molybdenum anode) as sources, where its performance as an electron
density diagnostic in a HED relevant geometry was first tested [3, 4, 5]. In order to
investigate the capabilities of the Talbot-Lau interferometer as an electron density diagnostic
in a HED plasma experiment, the feasibility of the TXD technique in such an environment
must be validated. Such an experiment should demonstrate Talbot pattern formation and
electron density retrieval using a high power laser-target interaction to produce an x-ray
backlighter as a viable x-ray source. Therefore, a test under laser produced x-ray illumination
was performed on the Multi-TeraWatt (MTW) facility at the Laboratory for Laser Energetics
(LLE) [9, 10, 11, 12]. The MTW laser is a single-beam, hybrid chirped-pulse amplification
laser system used as a prototype front-end test bed for the OMEGA-EP laser facility [13, 14]
and as backlighter development platform.
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Figure 1. Above: X-ray backlighter illumination schematic in reference to the source and phase gratings (go and
g1) and the spectrograph view angle. Below: Interferometer rail system deployed at MTW. The Talbot-Lau
interferometer setup is similar to the interferometer presented in Ref. {4}

Il. TALBOT-LAU INTERFEROMETER SETUP

The Talbot-Lau (TL) interferometer, shown in Figure 1, was mounted on an 8 inch
port cover in the MTW target chamber. The TL interferometer was composed of a source
grating (go) of 2.4 um period, a phase grating (g1) of 4.0 pm period, and an analyzer grating
(g2) of 12 pm period. In order to transmit 8 keV x-rays, the gold and nickel gratings are
membrane supported [4]. The objects to be imaged, either an acrylic rod or a flouro-nylon
fiber, were placed between go and gi. The source grating was located anywhere between 9
and 35 mm from the laser foil target, which is placed at the center of the MTW chamber. The
interferometer orientation was such that it viewed the copper target 45° off the target normal.

The Moiré deflectometry images were recorded using an Andor Ikon-M x-ray CCD
camera, which was mounted behind the analyzer grating g», along the TL interferometer and
target line of sight. The camera has an array of 1024x1024 pixels of 13 um. The CCD chip
was cooled to —65°C to reduce dark current. The camera detector plane was located ~500 mm
from the laser target, giving the Talbot-Lau interferometer system an overall object
magnification of ~9. The x-ray emission from the copper K-lines was measured through x-ray
spectroscopy using a Highly Oriented Pyrolytic Graphite (HOPG) crystal spectrometer [15].

In TXD, the dynamic range of the electron density measurement depends on the x-ray
energy, Talbot geometry/grating period dimensions, and object to grating distance.
Additionally, the system spatial resolution will also limit the electron density retrieving
capabilities in the Fourier filtering process. The Talbot order used [1,2] was determined by
the object to grating distance restriction imposed by MTW target chamber geometry and the
angular sensitivity required to appropriately retrieve electron density information from the
objects probed with the Cu x-ray backlighter. More details on geometrical characteristics and
restrictions are further detailed in Ref {3,4}. The distance between source and phase gratings
was 44 mm. The object was located 31 mm from the source grating, hence the effective
angular resolution was Wefr ~77 prad. In general, the lower limit for fringe shift
measurements is ~1%, which translates to + 0.8 prad refraction angle for the TL setup used.
The fringe shift measurement upper limit is one period, which is well above the fringe shift
observed in the experimental images. It should be noted that better system angular and spatial



resolutions would yield higher fringe shifts, particularly at the rod edges, which will be
explored in future experiments.

1. X-RAY BACKLIGHTER

The MTW laser delivered a 1.054 um beam of 1-30 J in 8 ps, to a Cu foil of 500 x
500 um? area and 20 um thickness with on-target intensities of 10'7-10'° W/cm?. The Talbot-
Lau Interferometer viewed the target at an angle of 45°. About 50% of the laser energy was
focused onto a 5 pm diameter spot using an f/2.5 off-axis parabola at a 45° angle of
incidence, as shown in Figure 1. The laser-plasma interactions generated target confined
energetic electrons giving way to copper K-shell emission; Ky at 8.05 keV and Kp at 8.91
keV, originating from the cold bulk material during the fast electron lifetime [16, 17]. The
laser was defocused up to 134 um on the target surface in order to reduce the hard x-ray
background.

The backlighter radiation was filtered by a combination of thin foils. A protective
filter, either 50 pm aluminized Mylar or 25 pm aluminum, was set in front of the source
grating and an additional filter of 25 um copper or 25 pm aluminum was placed in front of
the x-ray CCD in order to prevent stray light from reaching the detector. The combination of
foils filtered out x-rays below 4 keV, so that the radiation transmitted through the
interferometer consisted primarily of 8-9 keV copper K-shell x-rays. Figure 2 shows Kq and
Kg emission curve for the copper anode x-ray tube source, the theoretical interferometer
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fringe contrast curve (Contrast = , where Imax and Imin are the maximum and

maxtImin

minimum fringe intensity, respectively), and the transmission curves for the filter foils. The
expected interferometer contrast curve was computed with the XWFP code [18] using the
grating parameters and including the geometrical broadening of the Talbot pattern by the
finite source grating openings. The selected filters allowed for interferometer contrast of
30% using a copper anode x-ray tube as source and 27% at MTW with the copper x-ray
backlighter source.
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Figure 2. Left axis: Interferometer contrast curve. Right axis: Filter transmission curves. Copper anode x-ray
tube emission (a.u.) shown as well.

I11. EXPERIMENTAL RESULTS

In order to assess the TXD performance under laser driven x-ray backlighter
illumination, a variety of parameters were studied. Backlighter x-ray output and source size
delivered important information about spectral quality and spatial resolution. Source grating
survival was tested at target-to-grating distances of ~1 to 4 cm and laser energies between 1-
30 J. Lastly, photon count and interferometer contrast were evaluated in order to determine if



the x-ray backlighter output and the resulting Moiré image allowed accurate electron density
retrieval.

A. Backlighter spectrum

Previous studies [18] analyzed Kq backlighter emission where a peak of 70 um spatial
half-width was found to be surrounded by a 400 um diameter halo of weak Ku emission
corresponding to two-thirds of the Ka emission. Additionally, the Kq intensity at the source
center did not increase with increasing laser intensity and the size of the halo increased when
the laser intensity was increased. These findings indicate that the large x-ray backlighter
source size obtained (~80 um FWHM) could be due to a distribution of x-rays within a range
of intensities and/or energies. Furthermore, it was observed that the emission spectrum
contains a continuum background extending to higher x-ray energies, which could affect the
overall spot size of the backlighter.

Figure 3 shows the copper backlighter spectra recorded with the HOPG spectrometer
obtained for a 30 J, 8 ps laser pulse defocused at 134 um. The conversion efficiency
calculated using the HOPG spectrograph data was found to be 3 x 10, with a 0.30 Kp/Kq
ratio. This value is unusually high, particularly when compared to the ratio of 1.15 obtained
in Ref {21}. The high Kp/Ka ratio measured could be a result of the significant radiation re-
absorption in the direction of the HOPG spectrometer due to the very shallow angle of view
onto the foil (9.5 degrees with respect to the foil surface, as shown in Figure 1), so that the
opacity correction model used in these calculations might not be the most accurate match.
Therefore, since the optical thickness for the Ko line was higher than the optical thickness for
the Kp line in the plasma, it lead to a higher detected ratio for this particular configuration. It
should also be noted that any alignment errors in the detector angle of view will have a large
effect on the measured HOPG signal, which might explain the relatively high shot to shot
fluctuation that was observed as well. Furthermore, the laser was defocused in order to
optimize contrast by reducing the hard x-ray background component from the backlighter
emission while the pulse duration was stretched from 1 ps to 8 ps. Laser defocusing results in
a much lower laser intensity, which correlates with a lower K4 signal. Previous studies have
shown that the conversion efficiency of laser energy into K signal decreases with laser
intensity below ~1x10'® W/cm? [21].
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Figure 3. Cu K, and Cu K emission spectrum recorded with the HOPG spectrometer for 30 J, 8 ps laser shots
defocused by 134 pm.



A more systematic and thorough investigation of backlighter source size, where K-
line emission size can be measured independently from higher energy source size, could be
performed using a curved crystal imager [22]. Additionally, backlighter spectra should be
characterized beyond source size and K-line emission in follow-up experiments to properly
evaluate the optimal backlighter characteristics needed for TXD diagnostics. Moreover, the
hard x-ray background from the direct line of sight between the source and the detector could
be reduced by filtering the x-ray source with reflective optics. This new configuration would
limit the backlighter emission to the 8 keV range, which could potentially deliver a smaller
source size from pure Cu K-edge emission. Given that higher energies would not be a
concern for this particular setup, laser de focusing would not be necessary, hence the overall
intensity would increase, positively impacting the photon statistics with the potential added
benefit of a smaller source size.

B. Source grating survival

Because low-energy Talbot-Lau gratings are free standing membranes, grating
survival assessment was one of the main tasks in the experiment. The high x-ray radiation
produced by the laser-target interaction can potentially ablate the source grating bars and/or
cause them to expand, thus affecting the Talbot pattern. The source grating is the most
vulnerable to the laser-target interaction given its proximity to the foil target and small
period. The go grating is made of 2.4 um period gold bars with a maximum tolerable
expansion of ~0.1 um (<5% of the period). The grating disassembly time is given by the
plasma sound speed (Cs) and if we assume a charge state Z~10 for gold, then Cs[um/ps]
~0.0036 T2 [eV]. Thus, an expansion of 0.1 pm in 10 ps would require a temperature of ~5.3
eVv.

At a few millimeters from the backlighter, go is far enough to not be directly heated
by the laser backlighter. Based on Ref. {23}, only a small fraction of relativistic electrons
would reach the grating from the backlighter foil. Therefore, the backlighter emission of soft
x-rays is expected to be the main heating mechanism. Considering a laser backlighter of 100 J
with 30% soft x-ray conversion efficiency 3 mm away from the source grating, then the x-ray
fluence is ~0.3 J/mm? at the grating location. If 100% of the soft x-ray are absorbed in the
gold bars and assuming all the absorbed energy goes into increasing the gold temperature, the
estimation of T ~1 eV indicates that any morphological variation in grating geometry would
occur after the main x-ray pulse originated from the picosecond backlighter. These
calculations suggest that the interferometer should be able to deliver an accurate Moiré
deflectometry image before any morphological changes occur in the gratings.

The first TXD measurements using a laser driven x-ray backlighter at MTW
experimentally demonstrated grating survival for laser energies of up to 30 J, and pulse
duration of 8 ps. The protective foil placed directly in front of the source grating kept it from
direct interaction with the x-ray backlighter even at a grating to target distance of ~1 cm.
Nevertheless, grating survival and accurate Moiré image retrieval should be explored for
smaller distances and using higher power lasers which would serve as scaling and reference
point for future grating survival studies.

Phase grating survival and further testing of source grating survival will be the focus of
future experiments. Consequently, an OMEGA EP experiment would allow performing TXD
under typical HED experimental conditions with a plasma object, where not only can the
source grating be modified by the backlighter x-rays, but the phase grating can be also be
affected by plasma heating and emission. It should be noted that grating survival is only
necessary for the duration of Moiré pattern acquisition. Therefore, if gratings are modified
once the acquisition has taken place, they can be replaced shot-to-shot, at a reasonable cost.



C. Photon count

For a single laser pulse of 30 J, 8 ps, the x-ray CCD recorded, on average,
approximately 15,000 counts per pixel. This translates to 12 photons absorbed and, taking
into account the 40% quantum efficiency, the number of photons incident per pixel is ~30.
The photon count, although low, was found to be adequate for image processing, and while
there is room for further improvement by increasing laser intensity, we were able to obtain
fringe shift information from the Moiré images and the respective angular refraction maps
were retrieved with a 50 + 15 pum spatial resolution. Note, however, that increasing laser
intensity will in turn impact grating survivability.

D. Spatial resolution

A Moiré image obtained for a 1 mm diameter acrylic rod at MTW is shown in Figure
4. Using the edge method we obtained an x-ray backlighter FWHM of ~75 + 12 um.
Furthermore, the experimental Moiré image was compared to simulations [19] in order to
determine source size. As observed in the figure, a FWHM of ~80 um was found to be the
best match, agreeing with the direct source size edge measurement. These comparison images
demonstrate that smaller source sizes will deliver better refraction angle characterization,
specially at interfaces, which is highly relevant when measuring material mixing.
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Figure 4. Experimental Moiré image of a | mm diameter acrylic rod obtained at MTW using an 8 keV copper
K-line backlighter. For comparison, simulated Moiré patterns are superposed for sources of a) 10 um, b) 50
um, and ¢) 80 pm FWHM. Additionally, a plot with the refraction angle profiles for these three simulated
sources is shown in (d).

E. Interferometer contrast

Fringe contrast is an important parameter in Talbot interferometry. Phase retrieval
codes rely on accurate fringe shift tracking, therefore better contrast improves the electron
density gradient retrieval process. In the laboratory we achieved a maximum contrast of 30%
using an x-ray copper anode tube, while under x-ray backlighter illumination at MTW we
obtained a maximum of 27%. This result is quite encouraging, in particular when considering
the low photon statistics in the MTW configuration explored.

When evaluating phase retrieval accuracy, it must be considered that variations
(errors) in the phase retrieval maps are almost exclusively due to both photon count and
experimental interferometer contrast, as shown in Ref. {24}. It should also be considered that
the experimental interferometer contrast is also dependent on the noise level present in the
imaging system. Moreover, the contrast to noise ratio in phase images (obtained through



refraction techniques) is higher when compared to attenuation images. Additionally, given
that the noise vs. resolution trade-off is less efficient for phase imaging, phase contrast
imaging performs best for high resolution systems, which is encouraging for HEDP
applications where high spatial resolution is required [25]. Moreover, the noise level issue
can be improved with better photon statistics and imaging detector, analogous to other
diagnostics.

As seen in Figure 2, the x-ray backlighter spectrum is relevant when considering
TXD performance improvement through interferometer contrast. Emission of copper Kq and
Kp for laser pulses of 1-10 J, 1-10 ps has been demonstrated in previous publications [26, 27].
Similarly, for higher energies (300-2100 J), the backlighter spectrum also contains Hey and
Lyq lines generated from hot surface plasma [28, 29]. Since the contrast curve for our
interferometer in the third Talbot order [30] has a peak at 8.0 keV, with a FWHM of 3.4 keV,
any combination of the aforementioned copper emission lines would produce high
interferometer contrast, as observed experimentally. Interferometer setups for low Talbot
orders (e.g., m=1) would deliver higher contrast while orders up to m=7 [4] would deliver
interferometer contrast of about 25%. These numbers are encouraging for configurations
using the present laser parameters as well as for higher power lasers, which is the next step in
benchmarking the TXD technique as a HED diagnostic.

F. Electron density measurement

A Moiré image of an acrylic rod of 750 pm diameter and a fluoro-nylon fiber of 305
um diameter, obtained using the TXD diagnostic at MTW with an x-ray backlighter, is
shown in Figure 5. The interferometry image (Fig 5b) shows the profile of both objects,
easily distinguishable by their respective x-ray attenuation signatures, where the thicker
plastic rod (left) is more attenuating than the thinner fluoro-nylon fiber (right). The fringe
pattern obtained in the presence of these objects is shifted due to x-ray refraction induced by
the line integrated areal electron density gradient. Since the x-ray refraction angle is
proportional to the fringe shift, a refraction angle map can be retrieved from the measured
fringe shifts between the object and reference images [3, 4, 5]. A line profile of x-ray
refraction angle, averaged over one period, is shown in Figure 5c¢ for each of the objects.
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Figure 5. a) Top down and side view diagrams of the samples imaged. b) Experimental Moiré images of an
acrylic rod of 750 mm diameter and a fluoro-nylon fiber of 305 um diameter (outlined with a semi-dashed line).
c) Plot of the one period averaged line profiles for the simulated (dotted line) and the experimentally retrieved
(solid line) refraction angle.

TXD phase retrieval methods [3] were applied to obtain a fringe shift map, which was
scaled in order to retrieve the fluoro-nylon fiber and the acrylic rod refraction angle profiles.
The maximum angular refraction measured for the fluoro-nylon was ~6 purads and ~9 prads
for the 0.75 mm diameter acrylic rod.

Previous TXD laboratory measurements showed a peak refraction angle of ~21 prad
at the edge of a 0.75 mm diameter acrylic rod. These measurements used an anode x-ray tube
of 15 um source FWHM. The difference in maximum refraction angle measured is mainly
due to the smaller spatial resolution achieved with the copper x-ray tube when compared to
the copper target laser backlighter (10 um v/s 50 um). Nonetheless, this can be attributed to a
blurring artifact which is not a problem special to TXD, since similar results would be
expected from propagation images. Overall, the MTW refraction measurements are accurate
but, due to the large source size and hence low spatial resolution, they are a poorer match to
the theoretical refraction profiles, in particular near object edges.
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Figure 6. Theoretical and experimental (a) areal electron density and (b) x-ray refraction angle profiles for the
305 um diameter fluoro-nylon fiber. Experimental results are shown for a copper anode x-ray tube (15 pm
FWHM) and for the MTW experiment using a copper K-line backlighter (~80 pm FWHM), along with
simulated results.

A similar comparison of laboratory and MTW results can be made for the fluoro-
nylon object. Figure 6a shows an additional angle of refraction profile obtained at MTW for
the fluoro-nylon fiber along with the profiles obtained in a laboratory setting using a copper
x-ray tube and a theoretical refraction profile. Horizontal numerical integration and scaling of
the x-ray refraction angle map (Fig 6a) delivered an areal electron density map (Fig 6b).
These plots indicate that source size is a highly relevant parameter when performing TXD
measurements since it directly impacts spatial resolution, and thus, it has a strong effect in
electron density retrieval. If Gaussian blurring is taken into account, the overall areal electron
density profiles are accurate. This is also evident in the simulated profiles shown in Figure 4.

However, in addition to the statistical noise, the edges of the areal electron density
profile can deviate from the expected values (as seen in Fig. 6b) due to iterative centering
methods not being included in the trapezoidal numerical integration of refraction angle
profiles. Much information has been reported elsewhere about proper integration of peak
functions and the comparison between integration methods [31]. Moreover, the application of
better integration methods in Moiré image processing would improve the overall electron
density retrieval accuracy. In particular, given that axial symmetry is expected in most of the
HEDP experiments which would benefit from Talbot-Lau interferometry, Abel inversion
methods should be further explored. Furthermore, generalized Abel inversion for non axi-
symmetric objects should be analyzed and developed as well [32] in order to obtain a
comprehensive density retrieval method for the TXD technique.

An areal electron density value of 0.050 + 0.001 g/cm? was obtained at the center of
the fluoro-nylon fiber when probed with the x-ray backlighter at MTW. Using the sample
symmetry information, a local electron density value of 1.66 + 0.03 g/cm® was retrieved.
Given that the tabulated density value for this particular fluoro-nylon sample is not available,
the results were compared to the tabulated values of 1.78 g/cm? for Polyvinylidene Fluoride,
thus yielding an error of <8%. In contrast, an error of <6% was found through the TXD
method using a laboratory source of 15 pum FWHM.

The underestimation of electron density and areal electron density values is expected
considering our sources of error in measurement and calculations in addition the small
dimensions of the probed object (when compared to the probing source size). Nonetheless,
the results detailed above are encouraging, particularly considering the large backlighter
source size. The comparison with simulated profiles and tabulated values demonstrates that
TXD could be a reliable and accurate electron density diagnostic for HED plasmas. However,
further studies under improved experimental conditions are needed to benchmark the TXD
technique. Namely, the results here shown indicate that source size backlighter quality
improvement should deliver even more accurate electron density information.

SUMMARY:

The Talbot-Lau X-ray Deflectrometry technique has been demonstrated using laser
backlighter x-ray illumination. We tested its capabilities as an HED diagnostic for electron
density mapping. Grating survival was demonstrated with 30 J, 8 ps laser pulses 1 cm away
from the target. High contrast images were obtained even at low photon count with a system
spatial resolution of ~50 um. The Moiré¢ images obtained at MTW with an 8 keV x-ray
backlighter show fringe shifts of under 10% with an angular sensitivity of 80 prads.
Considering that the TXD technique is capable of obtaining fringe shifts of a few periods, the
given electron density range for the diagnostic is ~2x10? to ~2x10%° ¢m. The results



obtained suggest the TXD technique in combination with high power laser backlighter
systems would provide a better photon budget and thus, should yield Moiré images capable
of delivering electron density information in HED plasma experiments, in particular for ICF
applications, with an error of <8%.

It should be noted that the imaging limitations here observed (such as spatial
resolution and statistical noise) impact the TXD technique in the same way that radiography
diagnostics would be affected. Therefore, the limitations are not unique to the TXD
technique, but rather a common blurring artifact due to the x-ray backlighter characteristics.
In brief, the overall imaging conditions can and should be optimized through backlighter
improvement. Even considering these limitations, the preliminary results here presented show
the potential capabilities of TXD as a viable diagnostic for HED plasma experiments.
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