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ABSTRACT

Single-Shot, Ultrafast, Multi-Frame X-Ray Imaging of Defect-Bearing
Ablator Materials in Extreme Conditions

Daniel S. Hodge
Department of Physics and Astronomy, BYU
Master of Science

Characterization of the dynamic behavior of defect-bearing ablator materials subjected to
extreme conditions is essential in advancing fusion energy as an reliable and abundant energy source.
By understanding how materials evolve spatially and temporally we can minimize hydrodynamic
instabilities, which are major contributing factors to energy yield degradation in inertial confinement
fusion (ICF) experiments. In this thesis we demonstrate the capabilities of an ultrafast x-ray imaging
(UXI) detector, the Icarus V2, where we capture multiple frames of single void-bearing sample
compressed by a high-intensity laser shockwave. Using the Matter in Extreme Conditions (MEC)
instrument at the Linac Coherent Light Source (LCLS), we conducted two experiments with the
x-ray free electron laser (XFEL) multi-pulse mode, delivering four nanosecond-separated pulses
to a sample impacted by a laser shockwave, obtaining multiframe images of a single sample in
the holographic and direct imaging regime with the UXI detector. In contrast to the low temporal
resolution provided by current cameras, the Icarus V2 can capture images with high temporal
resolution, which can be used to determine the mechanisms that prevent thermonuclear ignition in
ICF experiments. For images captured in the holographic regime at our XFEL energy of 8.23 keV,
we realized that the shock front was obscured by strong phase-contrast effects. We recognized that
by increasing the XFEL energy while in the holographic regime, more distinguishable features could
be revealed behind and along the shock front. Alternatively, in the direct-imaging configuration we
discovered that the evolution of microstructural features were directly recognizable in comparison
to the holographic regime at lower XFEL energies. Overall, the images captured by the UXI
in both regimes demonstrated our ability to obtain multiframe images of processes that occur
over several nanoseconds for single samples, which has never been done before. Moreover, the
capabilities of the UXI enable extraction of quantitative information over multiple frames, which
can help with uncovering the underlying physics involved in high energy density (HED) physics
experiments and other experiments involving non-repeatable ultrafast phenomena. Specifically,
insight into the behavior of the void can be gained by performing phase retrieval on the images
and obtaining the areal density of the materials during laser-shock ablation. Generally, the UXI
improves data acquisition speed and operational efficiency, which extends this camera’s functionality
to experiments that occur at various time scales or experiments that require multiple images to be
captured.

Keywords: ultrafast, x-ray, imaging, shock, void, Icarus V2, UXI, MEC, pulse, void-shock, hetero-
geneities, inhomogeneities, fusion, XFEL
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Chapter 1

Introduction

1.1 Motivation: Inertial confinement fusion (ICF)

Inertial confinement fusion (ICF) was introduced by Nuckolls [1] in 1972 as a promising method
that has the potential to generate a vast amount of energy from a small fuel target, yielding cleaner
and more abundant energy than modern sources. Additionally, as compared to nuclear fission based
methods, the fuel for fusion can be refined from ocean water, making it clean and abundant. ICF is
a process which involves high-intensity lasers dynamically compressing a fuel target, which in turn
increases the temperature and density of the fuel, initiating thermonuclear ignition. This process is

illustrated in Fig. 1.1.



Figure 1.1 The image provided here was taken from Herrmann et al. [2] and it illustrates
the processes that occur in ICF experiments. Multiple lasers are used to rapidly heat the
ablator shell (~mm in diameter) producing a plasma. The yellow arrows show the plasma
that is imploding outwards, followed by large inward forces (red arrows) that compress the
fuel. The compression causes an increase in temperature and pressure, heating up the fuel
and ignition occurs.

Although simple in concept, achieving successful fusion ignition requires a high degree of uniformity
and symmetry [3], requiring a material without imperfections or voids. This stipulation is impractical
since voids and imperfections are naturally-occurring in common ICF ablators, such as glow
discharge polymer, high density carbon, and sputtered beryllium [4—7], resulting in a degradation
of energy yield in current ICF experiments [8]. Several mechanisms [8—10] have prevented high
energy yield, motivating the necessity for imaging shocked material instabilities at the nanoscale
and understanding how its structure evolves spatially and temporally.

Evidence exists that internal inhomogeneities, such as defects and voids in the ablator shell,
is the primary cause of instabilities in ICF experiments. Namely, Rayleigh-Taylor (RT) and
Richtmyer-Meshkov (RM) instabilities, prevent symmetry of compression and produces low energy
yield [8,11]. The RT instability occurs during the ablation phase in the fusion process (second panel
in Fig 1.1). The surface imperfections grow when a low density ablated material is accelerated

toward high density material, progressively increasing distortion effects at the interface of these two
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materials [12—14]. As the ablator-fuel interface continues to be compressed, the instability growth
amplifies, causing the imploding shock to deviate from spherical [15]. Moreover, this causes the
perturbation information to be carried through the ablator shell and rippling the interface between
ablator and fuel [15]. This instability is illustrated in panels (a) and (b) in Fig. 1.2. The resulting
outcome is a premature, turbulent mixing that lowers the density and temperature essential for
fusion ignition. This dynamic process is the most dominant instability and occurs because these

two fluids seek to minimize their combined potential energy [12—14].

Light

Figure 1.2 The image and simulation provided here were taken from [16]. a: Diagram
depicting the RT instability at the fuel-ablator interface where the light ablator shell is
pushing on the denser, heavier fuel. b: 3D simulation of the RT instability created by
Lawrence Livermore National Laboratory (LLNL) using the Miranda code [16]. This
simulation displays a zoomed in version of what we would expect to see at surface of the
material shown in (a) when a light ablator shell pushes on dense fuel. Red indicates regions
of higher temperature, blue indicates regions of lower temperature, and the other colors
indicate regions of mixed temperature. The presence of varied temperatures contributes to
the RT instability.

The RM instability is viewed as the impulsive counterpart of the RT instability [17, 18]. When a
high pressure shock wave impulsively accelerates a perturbed interface between two fluids [18],
the RM instability is created. Although RT and RM instabilities occur in different physical

circumstances and stages in the implosion process, they have similar features in their evolution
3



and can interact with each other, causing non-linear mixing and "jetting" of the material, further
preventing successful fusion ignition [15, 19-21]. The effect of both RM and RT instabilities can
be seen in Fig. 1.3. The densities displayed in this simulation indicate that the density is widely

distributed due to these instabilities.

t=22.83ns

bang time
km/s (bang )

500
I 375

80 um

Figure 1.3 The image provided here is a 3D simulation of the ICF implosion which was
taken from Clark et al. [19]. This image is split into two parts: (1) The left portion of the
image displays the fluid flow speeds. Blue regions indicate slower speeds while red regions
indicate faster speeds. (2) The right portion of the image illustrates how instabilities can
affect the implosion of the fuel target. The color bar displayed here shows how the density
is not uniform, initiating the perturbations that are protruding outwards.

Therefore, characterization of ablator materials and their physical and chemical composition
during shock compression is essential to maximize energy output for ICF experiments — a necessary
condition to enable fusion energy as an abundant energy source. Imaging techniques can be used to

determine the asymmetries and instability growth that arises during compression due to voids or
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imperfections within the ablator material. Although recent advancements have been made toward
fusion energy [22], further exploration is required into how defects and voids alter the fusion energy

process and produce low energy yield.

1.2 Areal density for void-shock interactions

Currently simulations, such as the one shown in Fig. 1.3, indicate that jetting and other undesirable
features arise when instabilities such as RT and RM are present during laser ablation. To determine
if these simulated predictions are accurate and to quantify how voids impact ablator performance
during laser shock compression requires knowledge of the dynamic evolution of the density of
the sample as the shockwave interacts with the void. This is challenging to determine due to the
need for high resolution (sub-micron) imaging and ultrafast time scales. One possible solution is to
image these samples with coherent x-ray imaging (CXI) techniques to extract the areal density of a
sample (see Chapters 2 and 3). The areal density, in units of g/cm?, is defined as the line-integrated

mass density ¢ (x,y). In literature [10, 19,23], it is usually expressed as

R
o(x,y) = /O p(x,y,z)dz (1.1)

where p(x,y,z) is the density of the sample in units of g/cm?, R is the thickness of the sample in
units of cm along the x-ray propagation direction, and the integration is carried out over the extent
of the sample along the optical axis. Areal density is a key performance parameter for ICF science
that informs us about the quality of compression or implosion [10].

When retrieving areal density from intensity images captured in the x-ray regime, it is necessary

to consider the complex refractive index. This relation is expressed as

n(x,,z) = 1-0(x,y,z) +if(x,y,z). (1.2)



The decrement to unity 0 is the real part of the refractive index that describes the changes in the
wave’s velocity due to oscillations of free and bound electrons, which leads to wavefront phase
variations as the x-ray wave propagates through a material. 3 is the imaginary part of the refractive
index that describes the absorption of a material. The parameters x and y describe the transverse
dimensions of the sample, and z describes the propagation direction of the x-rays. When considering
x-ray energies away from absorption edges, 6 and 3 are expressed as functions of the electron

density p(x,y,z) as [24]

p(x,y,2)reA?

O(x,y,2) = o (1.3)
and
o u(xy,2)A
B(x,y,z) = B (1.4)

where r, is the classical electron radius (2.82 x 10713 m), A is the x-ray wavelength, and u(x,y,z)
is the linear attenuation coefficient in units of inverse length. The last quantity required for areal
density extraction is the phase ®(x,y) of the sample’s exit surface wave (ESW) and its relation to

the refractive index n(x,y,z). This relation is expressed as

q)(xay> = —k/5(x,y,z)dz, (15)

with k as the wave vector. The integral is performed along the propagation direction of the x-rays.
By inserting Eq. 1.3 into Eq. 1.5 and simplifying the expression we are left with

—P(x,

%: /p(X,y,Z)dZ, (16)

Te
which is the projected electron density. Equation 1.6 shows that the phase ® is mandatory to

determine areal density. Hence, there is a requirement to retrieve the phase map P of an illuminated



sample. However, in experiment, phase information is lost because electromagnetic radiation (i.e.,
x-rays) oscillates too rapidly for modern detectors to capture the phase and only intensity is recorded.
Thus, techniques are implemented to recover the phase (phase retrieval) from intensity patterns (see
Sec. 4.1). Discussion about CXI and the various phase retrieval methods are in Sec. 4.1. With these
methods, we can generate a phase map that corresponds to our sample, which can then be used to
determine the density distribution of our sample, yielding insights into why instabilities form when

a compressive wave impacts a void within an ablator material.

1.3 LCLS XFEL and implementation of the UXI camera

With advances in coherent and brilliant hard x-ray sources, such as the Linac Coherent Light
Source (LCLS) x-ray free electron laser (XFEL) [25-28], we can image nanoscale materials in
these extreme states: 1) high pressures (GPa), 2) high temperatures (1000’s of Kelvin), and 3)
x-ray radiation environments (up to 25 keV [28]). This makes XFELs particularly valuable for
high energy density (HED) physics experiments since these extreme conditions are involved. Hard
x-rays generated by an XFEL are beneficial because we can view the internal structure of dense
materials or plasmas, even when materials are dynamically changing. Additionally, XFELs enable
high temporal resolution with x-ray pulse lengths as short as a few femtoseconds [28], enabling
time-resolved measurements that are unattainable by other modern x-ray sources. This aspect
of XFELs is applicable to many physics experiments and applications since many fundamental
interactions happen over this timescale [27,28], thereby making XFELs an ideal tool for studying
dynamic phenomena and single-shot imaging. The general functionality of an XFEL is shown in

Fig. 1.4.
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Figure 1.4 A diagram depicting the functionality of XFELs from [29]. Initially, a
compressed electron bunch is accelerated to relativistic velocities and radiates incoherent
spontaneous radiation. As the electrons pass through an undulator they emit radiation that
retroactively acts on the electron bunch [30], separating it into micro bunches which emits
a brilliant, femtosecond pulse of highly coherent x-ray radiation.

As previously stated in Sec. 1.1, the dynamic phenomena of interest are the instabilities that arise
when a high-intensity laser compresses a target that contains inhomogeneities such as voids. One of
the several places that we can investigate how these instabilities evolve is at the LCLS. One particular
advantage that the LCLS provides over other facilities is its multi-pulse mode [31,32], where up
to eight pulses separated by a few nanoseconds between each pulse can be used to illuminate a
sample [31-33]. The first experiments utilizing the multi-pulse mode were performed by Hart et
al. [33] where they used two-pulse bunches separated by 4.2 ns to determine microstructure-to-
nanostructure changes of a single copper target. To capture the evolving copper structure they used
an UXI camera, the Icarus V1, to record two frames of a single target. This was the first time where
the combination of an UXI detector and multi-pulse mode were implemented.

In experiments presented in this thesis, we use a high-intensity laser shockwave at the MEC
at LCLS to compress a more complicated sample (hollow glass bubble inside a plastic ablator

material), resembling voids commonly seen in ICF experiments [34]. During compression we
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illuminated this single sample with four pulses generated by the LCLS multi-pulse mode. We
utilized the Icarus V2, an UXI camera, to record multiframe images of a single void-bearing ablator
material during compression, enabling visualization of microstructural features that alter over
nanosecond time scales. The details about the UXI and its capability are demonstrated in Chapter 2
and Chapter 3, which are two manuscripts submitted to different journals. These manuscripts present
novel experiments involving the Icarus V2 camera, which enables us to peer at timescales that have
previously not been achievable, yielding insight into multi-material behavior on ICF-relevant time

scales.



Chapter 2

Initial UXI results captured in the

holographic regime

Below is the text from a manuscript submitted to the SPIE journal titled, ' Visualization of Shocked
Material Instabilities Using a Fast-Framing Camera and XFEL Four-Pulse Train" by D. S.
Hodge, S. Pandolfi, Y. Liu, K. Li, A. Sakdinawat, M. Seaberg, P. Hart, E. Galtier, D. Khaghani, S.
Vetter, F. J. Decker, B. Nagler, H. J. Lee, C. Bolme, K. Ramos, P. M. Kozlowski, D. S. Montgomery,
T. Carver, M. Dayton, L. Dresselhaus-Marais, S. Ali, R. L. Sandberg, A. E. Gleason [35].

Abstract. Many questions regarding dynamic materials could be answered by using time-resolved
ultra-fast imaging techniques to characterize the physical and chemical behavior of materials in
extreme conditions and their evolution on the nanosecond scale. In this work, we perform multi-
frame phase-contrast imaging (PCI) of micro-voids in low density polymers under laser-driven
shock compression. At the Matter in Extreme Conditions (MEC) Instrument at the Linac Coherent
Light Source (LCLS), we used a train of four x-ray free electron laser (XFEL) pulses to probe
the evolution of the samples. To visualize the void and shock wave interaction, we deployed the
Icarus V2 detector to record up to four XFEL pulses, separated by 1-3 nanoseconds. In this work,
we image elastic waves interacting with the micro-voids at a pressure of several GPa. Monitoring
how the material’s heterogeneities, like micro-voids, dictate its response to a compressive wave
is important for benchmarking the performances of inertial confinement fusion energy materials.
For the first time in a single sample, we have combined an ultrafast x-ray framing camera and four
XFEL pulse train to create an ultrafast movie of micro-void evolution under laser-driven shock
compression. Eventually, we hope this technique will resolve the material density as it evolves
dynamically under laser shock compression.

10



2.1 Introduction

Studying transient behavior of matter in extreme conditions is vital to the understanding of the
physical and chemical processes found in materials and in nature [36—41]. Imperfections at the
micron scale influence the physical and chemical behavior of all materials, and it is thus crucial to
understand how structural defects alter the materials response to extreme conditions. For example, it
has been proposed that the growth of hydrodynamic instabilities, such as the Rayleigh-Taylor (RT)
and Richtmeyer-Meshkov (RM) instabilities, at present, prevents thermonuclear ignition in inertial
confinement fusion (ICF) tests [3,4, 8, 19]. These instabilities along with implosion asymmetries
contribute significantly to the degradation of materials performance in ICF implosions [3, 19].
During recent experiments at the National Ignition Facility (NIF), degradation was observed when
high-density carbon (HDC) ablator material mixed with the hot spot during the implosion, resulting
in "meteors" or bright spots in x-ray images [4,8]. It has been suggested that the occurrence of these
"meteors" might be caused by the presence of micro-voids in the HDC layer. Therefore, being able
to image dynamic events at the critical nanosecond and sub-micron scale is important to understand
the interaction of shock waves with structural defects, as they may play a crucial role in the seeding
and growth of hydrodynamic instabilities that currently prevent ignition in ICF experiments.

To analyze how instabilities arise in shock-void interactions, we combined the four-pulse XFEL
mode at LCLS, the Icarus V2 ultrafast x-ray imaging (UXI) camera, and laser-shock compression at
the MEC instrument to analyze the evolution of microstructural heterogeneities under nanosecond
laser-driven shock compression. In our experiment, an optical long-pulse laser produces shock waves

that interact with a hollow silica shell void embedded in photoresist polymer SU-8 samples. To
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examine material performance in these extreme states, we used the LCLS XFEL four-pulse train and
the Icarus V2 camera to collect x-ray phase-contrast images. The Icarus V2 detector is an ultrafast
x-ray imaging (UXI) camera developed by Sandia and Lawrence Livermore National Laboratories
for the study of high energy density physics (HEDP) experiments [42]. The fastest non-UXI cameras
can capture images at 200 ns intervals, which is significantly slower than the dynamics of laser-shock
compression on the order of a few nanoseconds. Here, with improved functionality, the Icarus V2
was deployed to record up to four XFEL pulses separated by 1-3 nanoseconds between each pulse,
enabling us to directly visualize how material defects can contribute to the seeding and growth of
hydrodynamic instabilities that evolve on the micron scale upon laser-driven shock compression (see
Fig. 2.1). By combining UXI cameras with a train of high flux XFEL pulses (10'2 photons/pulse) at
the LCLS XFEL, potential 100 nm resolution images can be collected [31,33,40,41,43]. With the
Icarus V2, we analyzed materials in the high pressure regime (several Mbar) and collected a series
of up to four dynamic images separated by only a few nanoseconds that can provide novel insight
on the formation and growth of instabilities in ICF materials [44]. In this work, we present the first

application of multi-frame imaging from a XFEL pulse train to the Icarus UXI detectors.
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Figure 2.1 A schematic describing the experimental setup at the LCLS-MEC showing a
four-pulse train illuminating a laser shock driven void in an SU-8 sample, generating a
series of four x-ray phase-contrast images captured on the Icarus V2 camera. The upper

right of the figure gives an example of changes in the void geometry. (Upper right inset
adapted from ALE3D simulation [45], LLNL.)

2.2 Detector Description

Sandia and Lawrence Livermore National Laboratories developed the UXI sensors that were used in
our experiments [42,46—49]. For our experiment, we implemented the Icarus V2 detector, which was
housed in a 3D printed box. Triggering, data collection, and basic corrections, such as subtracting
pedestals calculated from dark runs, were performed using standard LCLS tools [50]. The DAQ
and camera timing setup were as described in Hart et al. [33]

The Icarus V2 sensor is a 1024 x 512 pixel, 4-frame burst-mode hybrid-CMOS sensor with 25

um pixel pitch. It generates 4 unique and independently programmable shutters from an external
13



asynchronous trigger and distributes these shutters on a row wise manner. The array is split timing
wise into East and West hemispheres to allow for 2 independently timed arrays of 1024 x 256
pixels [33,42,49]. The detector operated in the 1-2 timing mode where there is a 1 ns gate followed
by a 2 ns reset. In a previous experiment at LCLS, the Icarus V1 was implemented to record
wide-angle diffraction signal from two XFEL pulses separated by 4.2 ns for an x-ray pump x-ray
probe experiment to measure ultrafast x-ray heating in copper [33]. This experiment and others
demonstrated the effectiveness and capability of UXI cameras in recording multi-frame material
dynamics [26,31,43].

The Icarus V2 camera is part of the UXI sensor family and is a multi-frame hybridized com-
plementary metal oxide semiconductor (CMOS) sensor [42]. It is "hybridized" because a custom
readout integrated circuit (ROIC) is bonded to an array of silicon photodiodes, which are 25 yum
in pitch and is sensitive to soft and hard x-rays [49]. The Icarus V2 can capture images on the
nanosecond time scale utilizing MOSFET switches as electronic shutters [42]. These shutters
remove readout speed limitations by storing these frames in-situ on in-pixel storage elements and
then reading off the stored charge on a slower timescale [47]. The shutters, also known as the "gate"
in the context of UXIs, controls the pixel’s integration time and gain [49].

This type of camera can collect data at the speeds required for ultra-fast timescale experiments.
The collection speed is dictated by how many memory elements can fit into a given pixel [47].
Essentially, each pixel has a buffer that acts as temporary storage for the intensity measured by that
pixel. The transfer of charge from the pixel to this buffer and clearing the pixel is fast enough to

record data within 1 ns [47]. The use of a UXI camera was crucial for the success of the in-situ
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experiments presented here.

2.3 Experimental Details

To study the shock-void wave interactions, we imaged the evolution of micro-voids within the
sample with multiframe x-ray phase contrast imaging. We used a train of four x-ray pulses with
pulse widths between 40-80 fs at 8.23 keV to observe micro-void compression in low density
polymers at the sub-micron length scale (see Fig.2.1). For the first time, with the Icarus V2, we
acquired a series of four x-ray phase-contrast images (XPCI) at the LCLS.

At the MEC instrument we used the 60 J, Nd:glass laser system to provide long-pulse laser
ablation to shock our samples [40,41]. This system operates at 1054 nm and the pulse is split into
two arms to eventually become frequency-doubled to 527nm [40,41]. The pulse-shaping capabilities
at MEC allow users to produce laser pulses with duration ranging between 2 and 200 ns. [40,41].
For two experimental runs (runs 292 and 295), we used a 10 ns quasi flat-top optical pulse. The
laser was focused down to a 300 um spot on the sample.

Figure 2.2 shows the temporal profile of the laser drive pulse that was used in our experiment.
The main drive pulse was set to have a quasi-flat top square profile of 10 ns duration. The pulse
profile recorded by the oscilloscope (Fig. 2.2) shows a temporal modulation that deviates from an
ideal flat top shape. This effect has been mitigated later during the experiment by acting on the
pulse slicer (Pockels cell). Furthermore, an additional low-intensity pulse was detected, as shown in

the inset in Fig. 2.2. The presence of two distinct features in the driver profile, i.e., a low-intensity
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pre-pulse preceding the main laser pulse, results in a double-stage compression. An initial shock at
moderate pressure is launched through the sample, followed by the main compression shock wave.

The signature of both the low- and high-pressure shock have been identified in the PCI images, as

discussed in the following section.
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Figure 2.2 Oscilloscope trace of the shape of the optical laser shock drive profile for run
246. The inset plot shows the shape of the pre-pulse (1)), i.e., a low-intensity laser pulse
that drives compression at moderate pressure prior to the main flat top drive pulse. t0 is
the start of the main compressive wave on the sample.

The XFEL four-pulse train at LCLS provides four bursts of x-ray pulses [51], which enabled
us to image in-situ, the changes in the sample’s structure on the UXI camera. The pulses have
adjustable time separation (see Fig. 2.3) and captured the x-ray phase-contrast images of the sample

in real time during shock compression. While four frames were recorded with the UXI, the third
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frame had consistently low signal either due to low x-ray pulse intensity or fluctuating timing, and

therefore it is not shown here.

Icarus V2 Camera

Adjustable Time Electron Beam Dump

Spacing

Sample

Be CRLs

4 Electron Bunches

Undulator

Figure 2.3 A schematic describing the XPCI setup and the pulse separation the the XFEL
four-pulse train at LCLS. (Figure adapted from Hart et al. [33])

The highly coherent XFEL beam and the Icarus V2 detector enabled time-resolved phase-
contrast imaging with high spatial resolution. To obtain high resolution images, we used 40
Beryllium compound refractive lenses (50 pm radius of curvature and 300 um aperture) to focus
the XFEL pulses to a 150 nm spot FWHM 197 mm behind the optics, which expands to 275 um at
the photoresist SU-8 samples 158 mm behind the focus. We calibrated the spot size using a 12.5
um pitch nickel grid.

Since a single target is destroyed within microseconds for each laser shock drive, we loaded
several samples on cartridges at a time. The setup included a motorized stage with six degrees of
freedom, which gave an area of 150 mm x 25 mm to mount targets. We stationed the Icarus V2
detector 4.583 meters after the samples at the end of a long flight tube connected to the samples and
capped with a polyimide window. The effective magnification of the setup is 29 giving us an effective
pixel size of 850 nm, much larger than the potential resolution of 150 nm from the nanofocused

spot. This resolution is pixel- size and geometry-limited in our experimental configuration due to
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the larger field of view desired (275 pm) on the sample.

2.4 Data Analysis

At the MEC instrument, we recorded multiple runs with the Icarus V2 camera. However, during the
alignment of the system some pixels on one half of the detector were exposed to unattenuated light,
damaging part of the detecting area (possibly caused by a spurious reflection of the shock laser drive
or XFEL beam being unattenuated). These damaged image areas can be seen in run 292 involving
this fast-framing detector. An example of the inpainting algorithm is illustrated in Fig. 2.4 using a
static frame from run 292. We applied this algorithm to three additional frames for run 292 and refer
these inpainted images from here on out. To fill the damaged areas in the images, both the texture
and the geometry of the images were considered. Through the use of the built-in exemplar-based
inpainting algorithm in MATLAB, we were able to fill in dead pixels by simultaneously propagating
textures and geometry. Fig. 2.4 demonstrates the efficiency of the inpainting algorithm that has been
applied to the images presented in the following (Fig. 2.5). This algorithm is based on the work of
Criminisi et al. [52]. The benefit of using this algorithm is that it does not suffer from blurring via

diffusion processes in large damaged regions.

18



275 microns

Figure 2.4 Example of inpainting of damaged pixels in run 292 where we captured a
series of x-ray phase-contrast images with the Icarus V2 fast-framing detector. The left
image represents a real image we recorded on the Icarus V2 with damaged rows and
columns shown with green boxes. The right image displays the results of exemplar-based
inpainting [52].

The exemplar-based algorithm begins by a user locating a specific region to be fixed or filled.
This is the "target" region, while everything else in the image is the "source" region. The priority of
filling in this algorithm is based on a confidence and data term, which helps determine the priority
of the patch to be filled in the "target" region. The patch with the highest priority in the "target"
region is chosen to be filled from the most similar patch in the "source" region. This best patch is
found by the sum of square differences (SSD). Simultaneously, the data term propagates geometry
and the confidence term propagates textures into that "target" region. There is a trade-off between
the confidence and data terms, such that the linear structures or geometry is synthesized first before

textures fill in the dead pixels. The confidence value is updated and the process repeats until the

"target" region is entirely filled.
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A.5 Analysis: Application of the transport-of-intensity (TIE)

method

Figure A.4 XPCI simulations of the void for different SiO, thicknesses ¢ (row) and L
(column).

Fig. A.4 displays simulations of differing shell thicknesses # (row) and varying sample to detector
distances L (column) for the hollow SiO; shell using the angular spectrum method. We compared
the experimental data to the simulated images in Fig. A.4 and concluded that the presence of a
distinct dark band with bright bands on either side of the void in the experimental data indicated
that L>0 mm. After further analysis between the simulated and the experimental images, we
deduced that the best value for L was +5 mm. This value was used for the TIE based phase
retrieval approach to obtain mass density maps (areal density) of our sample undergoing laser
shock compression. Additionally, this distance was used as the effective propagation distance for

generating dynamic multi-frame void-shock XPCI simulations using phase and attenuation maps
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calculated from xRAGE.
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