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ABSTRACT

Polymer foams play a critical role in contemporary inertial fusion energy (IFE) target designs by enhancing energy yield and optimizing
implosion dynamics. However, the lack of high-resolution characterization of the nanostructure of these foams restricts progress in fusion sci-
ence. In this work, we demonstrate the first high-resolution three-dimensional (3D) reconstruction of a low-density, Si-doped polymer foam
fabricated via two-photon polymerization, using ptychographic x-ray computed tomography (PXCT) at an x-ray free electron laser (XFEL).
This imaging method reconstructs two-dimensional (2D) attenuation and phase information at multiple sample angles that are combined
into a 3D density map used to extract local mass density and determine structural dimensions. We achieve a 2D spatial resolution of
19 = 3 nm on a high-contrast Ronchi pattern target and 78.7 = 3 nm for low-contrast polymer foams, marking a significant advancement for
XFEL-based ptychography of low-density materials. Furthermore, our experimental results reveal an average foam strut thickness of
1.17 * 0.4 um, consistent with fabrication expectations, and a reconstructed average mass density of 0.35 g/cc, aligning closely with the pre-
dicted density of 0.29 g/cc. These findings provide important insights for improving foam design and refining radiation hydrodynamics
modeling in future IFE experiments. Our study establishes PXCT at an XFEL as a powerful tool for high-resolution characterization of
fusion-relevant materials, paving the way for enhanced target performance in IFE research.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0272192
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I. INTRODUCTION incorporating polymer foams into fusion targets.” '’ These foams

Recent advancements in inertial fusion energy (IFE)' research enable higher burn-up fractions and gains, improve control over

aim to bring fusion power closer to commercial viability.”® Many implosion dynamics, and simplify target fabrication.'”'* Tailoring the

designs for achieving high energy gain require precise control over tar- structure of the polymer foams is also important for plasma dynamics

get implosions,”” which depend on complex material interactions during the implosion process, linking material design directly to fusion
and hydrodynamics. One approach under investigation involves performance."”
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Radiation hydrodynamics modeling is crucial for optimizing
these targets, but its accuracy depends on a detailed characterization of
the foam’s micro- and nanoscale structure. High-resolution imaging
techniques provide essential input for refining these models. Here, we
characterize a Si-doped polymer foam pillar (Cys H7,Sis O5s) fabricated
using two-photon polymerization'”'” at the Lawrence Livermore
National Laboratory, to improve understanding of its structural
properties.

We image the foam using ptychographic x-ray computed tomog-
raphy (PXCT),'* *" a lensless coherent x-ray imaging technique that
reconstructs a high-resolution three-dimensional (3D) volume from
two-dimensional (2D) ptychographic projections.”’ As an x-ray dif-
fraction imaging method, PXCT recovers both amplitude and phase
information, enabling quantitative mass density analysis and high-
resolution imaging of weakly absorbing materials like polymer
foams. While PXCT has been demonstrated at synchrotrons,'” x-ray
free-electron lasers (XFELSs) offer advantages such as higher brilliance
and coherence, improving resolution and data acquisition speed. This
experiment presents one of the first instances of PXCT performed at
an XFEL."*

Using the Linac Coherent Light Source (LCLS) at the SLAC
National Accelerator Laboratory, we generate a high-resolution 3D
image of a Si-doped foam pillar. We report localized mass density and
wall thickness measurements to refine and improve future radiation
hydrodynamics modeling and demonstrate a robust 3D visualization
approach for low-density materials.

Il. METHODS

In this section, we describe the PXCT method at the LCLS. We
describe the experimental setup, reconstruction of the 2D projections
and 3D volume, and how we subsequently extract the mass density
from the 3D volume.

A. Experimental setup

Ptychotomography of the foam samples was conducted at the x-
ray pump probe (XPP) instrument at the Linac Coherent Light Source
(LCLS). As shown in Fig. 1, our experimental setup closely follows the
designs used by Carr et al.”” and Pound et al.”’ Coherent, ultrafast
pulses of 8.87keV x-rays at 120Hz were passed through a silicon
monochromator and then focused onto the sample with a Fresnel
zone plate with a focal length of 53.2 mm and an aperture of 150 um.

SEM Image of Foam

Sample Translation
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An order sorting aperture was placed 6 mm upstream of the focus
(47.2mm downstream of the lens). The sample was then placed
1.22 mm downstream of the focus to provide a spot size of approxi-
mately 3 um full width at half maximum (FWHM). The sample was
rastered through the spot with 90% overlap through over 1000 posi-
tions and then rotated after each tomography scan. A JungFrau 1M
detector was placed 3.2m behind the sample.”* An evacuated flight
tube with Kapton windows was placed between the sample and the
detector to minimize air scattering losses.

B. 2D projections

Ptychography is a coherent diffractive imaging technique that
reconstructs high-resolution images by analyzing overlapping diffrac-
tion patterns from scanned illumination spots. We use ptychography
because of its unique ability to recover both the amplitude and the
phase of scattered x-rays, providing information on both x-ray attenu-
ation and phase shifts induced by the sample. For low-contrast materi-
als with minimal x-ray absorption, phase contrast often provides more
valuable information,”” as it offers higher sensitivity and can be corre-
lated with the material’s mass density. Polymer foams, due to their low
density, exhibit weak x-ray attenuation and minimal phase contrast,
presenting significant challenges for high-resolution imaging and
characterization.

To monitor the sample position and detect potential anomalies
during scanning, 2D ptychography images were reconstructed in real-
time using the GPU-accelerated KMPty software.”*® Early recon-
structions of the polymer foam pillar confirmed the anticipated weak
x-ray attenuation and minimal phase contrast, highlighting the need
for contrast enhancement.

Prior to experimentation, we included silicon in the polymer stoi-
chiometry to enhance x-ray scattering and improve image contrast.
During the experiment, we further increased the average atomic num-
ber of the foam sample to increase x-ray scattering by briefly soaking
the foam pillars in a colloidal gold solution. We applied the colloidal
gold coating by depositing a droplet onto the pillar, allowing the foam
to absorb it for one second. Excess residual liquid was removed.

C. 3D reconstruction

To collect the images required for a 3D tomographic reconstruc-
tion of the foam pillar, we recorded 800 ptychography scans with a

FIG. 1. Schematic of ptycho-tomography
10t experiment. A zone plate focuses the
XFEL beam onto a foam pillar sample.
The sample is rastered and rotated
through the beam. A detector located
3.2m away collects far-field diffraction pat-
terns of scattered x-rays. The diffraction

Pixel Intensity

IFE Foam
Pillar pattern shown (right) displays photon
Zone Plate 102 counts per pixel from a single exposure
Q o collected from one position of a 2D raster
Q . scan.
10
‘ Scanning and
Rotation Stage
1074
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FIG. 2. The plotted 2D ptychography centroids of each of the 800 projections used to create the 3D tomography scan. The image demonstrates how the overall alignment

improves as a result of the image registration procedure.

0.45° step size over a full 360° rotation. However, a key challenge in
the reconstruction process was accurately aligning the 2D ptychogra-
phy projections after they were measured and reconstructed. Data col-
lection occurred over two days, during which the sample was
periodically repositioned on the beamline, leading to shifts in the 2D
reconstructions. To achieve a high-resolution 3D reconstruction, each
2D image must be precisely aligned along the same axis of rotation;”’
otherwise, misalignment introduces blurring and artifacts into the final

3D reconstruction. Previous tomography studies outline several align-
ment strategies, including the joint iterative re-projection,” vertical
mass fluctuation,”” and optical flow™’ algorithms. Each of these algo-
rithms was tested, but due to the low-contrast nature of the projec-
tions, significant noise, and lack of sharp features to align to, these
algorithms were largely unsuccessful.

We applied the following sequence of alignment strategies in the

given order:

Phase Values

0.002

0.001

0.000

—0.001

—0.002

FIG. 3. Slices through a 3D reconstructed volume and SEM images of a polymer foam pillar before and after a colloidal gold solution soak. (a) The reconstructed volume with
a cubic cutout (left) and three orthogonal slices (right) to show the internal structure of the foam pillar. (b) SEM image of a similar Si-doped foam pillar before imaging. (c) SEM
image of the foam pillar after soaking in a colloidal gold solution, which caused the empty space between struts to fill in.
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FIG. 4. lllustration of the single-image FRC technique. We split the image into four
sub-images. Then we performed an FRC calculation on two pairs of sub-images,
which are averaged to calculate an overall FRC curve.

1. Manual shift alignment—each projection was manually adjusted in
the Fiji’' image processing software by visually shifting the image
such that the tip of the sample pillar was centered horizontally and
aligned to a consistent vertical height across all projections.

2. Cross-correlation shift (2 iterations)—each projection was
aligned by shifting it according to the peak value of its cross-
correlation with the adjacent recorded projection, which was
taken at the same position but rotated by 0.45°.

3. Horizontal center-of-mass centering’°—implemented using the
Tomopy Python library.”

4. Projection matching alignment (3 iterations)’’—using a refer-
ence reconstructed volume from the previously aligned projec-
tion, each measured projection was aligned to its corresponding
simulated projection (forward projection of the volume at the
same angle) by shifting it to the position corresponding to the
maximum cross-correlation value.

5. Horizontal center-of-mass centering’ —reapplied  using
TomoPy " to correct for any accumulated drift introduced dur-
ing projection matching.

As a result, the 3D tomography algorithm was successfully recon-
structed with high resolution, enabling the analysis presented in Sec.
[11. The improvement in alignment following this procedure is shown
in Fig. 2.

After alignment, we evaluated over 15 tomography algorithms
from the Tomopy Python library, using GPU-accelerated algorithms
from the Astra’* extension toolbox. The simultaneous iterative

reconstruction technique (SIRT) produced the best high-resolution 3D

ARTICLE pubs.aip.org/aip/pop

reconstruction for this dataset. Although the supervoxel model-based
iterative reconstruction (SVMBIR) " python package’s implementation
of the MBIR algorithm produced similarly high-resolution results,
SIRT was preferred due to its ability to generate a 3D reconstruction
approximately 18 times faster than the MBIR implementation.

D. Mass density calculation

We calculated the mass density distribution by using phase shift
information to estimate localized mass density.zz’;“’ Each voxel, or 3D
pixel, in the ptycho-tomography reconstruction corresponds to a phase
shift of diffracted x-rays caused by material density at the voxel location.
These phase shifts are proportional to localized electron density, which
we then converted to a mass density based on the material’s assumed
chemical composition. Appendix provides more details of the process.

lll. RESULTS

In Sec. 111, we present our imaging results, including analysis of
resolution from a high contrast test object and the IFE foam. We also
present the retrieved IFE pillar morphology and mass densities.

A. Imaging resolution

Before producing the 3D volume reconstruction, we expected the
reconstructed foam pillar to resemble the structure shown in the scan-
ning electron microscopy image in Fig. 3(b), with a repeated lattice of
1.1 um diameter bars connecting supporting struts. However, analysis
of the reconstructed 3D volume revealed changes in the pillar’s geome-
try, likely caused by the colloidal gold solution used in an attempt to
improve the convergence of the ptychography reconstruction process.
It appears that the solution caused the space between the struts in the
outer wall to fill in. The alteration in the pillar’s shape was confirmed
with scanning electron microscopy, as shown in Fig. 3(c).

Resolution was evaluated using a single image Fourier ring corre-
lation (FRC) technique’”*® with a half-bit threshold.” This method
partitions the reconstructed 2D image by assigning every other pixel to
one of four subimages (see Fig. 4). We compare the Fourier transforms
of two subimages to assess frequency-dependent correlation, which
corresponds to concentric rings in Fourier space. We then average the
results from two different FRC calculations to calculate an overall FRC
correlation curve for the single image. The resolution is defined as the
spatial frequency at which the correlation curve falls below the half-bit
threshold [see Fig. 5(b)].

1.0

Fourier Ring Correlation

0.8F

o
o

Correlation
o
IS

0.2

—— FRC
—— Smoothed FRC

—— Threshold FIG. 5. Projections through a recon-
structed volume and resolution measure-
ment. (a) Many 2D projections combine to
form a 3D reconstructed volume. A recon-
structed probe is produced for each scan.
An example reconstructed probe is shown
(inset). (b) Fourier ring correlation (FRC)
imaging demonstrates a 78.7 nm resolu-
tion using a half-bit threshold (see Sec.
[I'A'and Fig. 4 for explanation of method).

78.7 nm

H H H s
239 121 81 61 48
Resolution (nm)
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To assess the resolution of our method, several scans were taken
of a high-contrast (e.g., 150 nm Pt on a SiN substrate) Ronchi pattern
target (see Fig. 6). Using this technique, the high-contrast target recon-
struction produced a resolution of 19 = 3nm. This is a high spatial
resolution record achievement for XFEL-based ptychography mea-
surements to date. Resolution measurements on a low-contrast projec-
tion through the Si-doped polymer foam pillar produced a resolution
of 787*3nm. We found that the FRC-based resolution was
both sample-dependent, with higher-contrast objects yielding better
spatial resolution, and scan-dependent, due to beam jitter in the focus-
ing optic.

B. Pillar dimensions and mass density

A 3D thickness mesh of the foam pillar, generated using the
Dragonfly 3D World software 2024.1 (Comet Technologies Canada
Inc., Montreal, QC, Canada), displays the pillar’s thickness at each
point in the volume (see Fig. 7). The thickness mesh displays a color-
coded 3D map representing the local thickness of the foam pillar by
calculating the shortest distance between opposing surfaces within a
volume. The Si-doped polymer foam after the colloidal gold solution
soak exhibits slight shape variations, making direct comparison chal-
lenging. Nevertheless, the mass density distribution shows an average
thickness of 1.17 + 0.4 um, which is consistent with the expected fabri-
cation value of 1.1 um from a scanning electron microscope image.

This study also aimed to compare the expected and measured
mass density of the Si-doped foam pillar based on 3D volume recon-
struction. The expected density was estimated based on the fabrication
materials and processes. The photo-crosslinked Si-doped polymer has
a solid density of 1.2 g/cc. The 3D printed foam has a lattice geometry
that occupies 30% of a cylindrical volume with a 6 um base radius. By
adding porogen into the 3D printing resin formulation that does not
participate in the polymerization reaction, the printed struts have an

mumuumumummmlm 40
il
"""“'%muuuummmmm kb
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R —
—_—
—_—
—
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—_—
—
—
—_—
—_——
o

I

S N
nm = S 1

v i

FIG. 6. 2D ptychography reconstruction of a high-contrast Ronchi ruling target. This
reconstructed phase image demonstrates the capability of high-resolution ptychog-
raphy at the LCLS to achieve 19 nm resolution.
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Thickness
(microns)
3.00

2.27

1.54

0.82

0.09

FIG. 7. Wall thickness measurements of various regions of a Si-doped polymer
foam pillar. We show thickness (in micrometers) for the entire pillar (bottom), the
outer wall (middle), and the interior struts (top). Thickness is measured as the short-
est distance between opposing surfaces within a volume.

estimated porosity of 20%. These parameters yield a predicted average
mass density of approximately 0.29 g/cc within the 6 um radius cylin-
drical region enclosing the pillar.

We show the mass density distribution from the reconstructed
volume in Fig. 8 as a normalized relative frequency distribution of
voxel values corresponding to the mass density at each voxel in a cylin-
drical region within the 6 um radius cylindrical region enclosing the
pillar. The distribution demonstrates an average material mass density
around 0.68 g/cc, but when averaged over the entire cylindrical vol-
ume, we calculate an average density of 0.35 g/cc. We believe that the
observed deviation of 0.35 g/cc from the estimated 0.29 g/cc may arise
from one or more factors: the colloidal gold solution treatment used to
enhance x-ray contrast, genuine density variation within the sample,
or artifacts introduced by averaging the mass density over a limited
axial length of the foam pillar. The imaged volume spans approxi-
mately one unit cell in the z-direction, so cropping effects could con-
tribute significantly to the measured density.

IV. DISCUSSION/CONCLUSION

This work demonstrates that the PXCT is a viable method for 3D
characterization of polymer foams used in fusion targets. Our
approach produced a 3D reconstruction of a Si-doped polymer foam
pillar, structurally consistent with expectations from SEM imaging and
the two-photon polymerization process used in fabrication.

Phys. Plasmas 32, 102707 (2025); doi: 10.1063/5.0272192
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Additionally, we validated ptycho-tomography as a viable method for
measuring localized mass density within a volume.

We demonstrated that ptycho-tomography effectively overcomes
the inherent challenges of visualizing the micro- to nano-structure of
low-density polymer foams. The low-density foam pillar scatters very
few photons (see Fig. 1); however, those scattered photons encode suf-
ficient information to reconstruct high-quality 2D projections,
enabling accurate 3D reconstruction. Moreover, our results corrobo-
rate the findings of previous experimentation regarding the advantages
of ptycho-tomography at an XFEL.*”

Ptycho-tomography at XFELs could be upscaled in its ability to
analyze the nanostructure of materials in real-time. The high repetition
rate, brilliance and coherence of XFELs enable rapid, scalable charac-
terization. Future laser- or pulsed power-based IFE power plants will
require high-throughput analysis of fusion capsules to sustain ignition
and burn. A new paradigm for establishing the viability and verifica-
tion for batches of capsules will be required for any rep-rated IFE con-
cept. This means innovating methods for marking initial capsule
viability, tracking motion and engagement with the driver are required.
As part of the suite of new diagnostics that could aid in this effort,
advances in computational power and methods such as single-shot x-
ray ptychography™’ could be beneficial. High-throughput x-ray and
optical diagnostics will be critical to IFE power plant operations. Novel
x-ray techniques, such as the ptycho-tomography measurements
described here, are valuable, not only for the characterization of foam
micro- and nanostructures, density, and chemistry requisite in radia-
tion hydrocode models, but also in showcasing how 3D visualization
at the nanoscale can be accelerated, supporting the rapid characteriza-
tion necessary for IFE applications.
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APPENDIX: MASS DENSITY AND CHEMICAL
COMPOSITION TESTS

Phase shift information can be reconstructed from recorded
diffraction patterns using ptychography. Phase shifts arise as x-rays
propagate through a finite-density material, leading to a 2D projec-
tion of the phase as given by

= —kj5<x7y, 2)dz, (A1)

where k represents the wave number and J(x, y,z) represents the
real part of the index of refraction (n = 1 — J + if§) as a function of
wavelength and spatial coordinates x, y, and z. The integration along
z accounts for the total phase shift due to the material’s varying

pubs.aip.org/aip/pop

density in the direction of x-ray propagation. Relative to vacuum,
this results in the phase advancing when encountering denser mate-
rial,"" with higher negativity corresponding to greater material
density.

The reconstructed 3D phase volume provides a voxel mapping
of phase reduction due to the material’s electron density. The total
projected electron density, o, relates to the reconstructed phase dif-
ference by

¢

g, =
where / is the x-ray wavelength and ry is the classical electron
radius. This equation is only valid away from absorption edges, a
condition that is satisfied in this experiment. This electron density
can be scaled over the 23.29 nm voxel size to determine the electron
density with units of n,/m?> at each voxel.

The mass density relates to the electron density by””

A

Om = - U, (A3)
where A is the mass number of the molecule, Z is the number of
electrons in a stable molecule of the sample’s assumed chemical
composition, and u is the atomic mass unit. The resultant mass den-
sity is in units g/cc. The assumed chemical composition corresponds
to the Si-doped polymer foam porogen used to fabricate the pillar:

CysH7,Sig Oys.
Following a colloidal gold soak applied to the polymer foam
pillar to enhance x-ray scattering and improve ptychography con-
vergence, the chemical composition at each voxel changed slightly.

le6
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FIG. 9. Comparison of mass density distributions with varying percentages of cit-
rate. In the conversion from electron density to mass density [see Eq. (A3)], the
varying percentages of citrate influence the ratio of electrons to molecular mass but
produce a negligible effect on mass density.
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The colloidal gold solution consists primarily of citrate (C¢Hs05),
so we tested the impact of different absorption percentages. Across
a range of 0%-50% citrate absorption, the change in mass density
was negligible, as seen in Fig. 9. Thus, we concluded that we can
assume a uniform composition at each voxel for accurate localized
mass density calculations.
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