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Achieving practical inertial fusion energy (IFE) requires the development of target designs with well-characterized mi-

crostructure and compression response. We measured shock dynamics in low-density (17.5-500 mg/cm3) aerogel and

two-photon polymerization (TPP) foams using X-ray phase contrast imaging (XPCI) methods and Velocity Interferom-

eter System for Any Reflector (VISAR). By analyzing shock front evolution, we examined how target type and density

influence shock propagation and energy dissipation. Talbot-XPCI shows that aerogels support a smooth, bowed shock

front due to their homogeneous nanometer-scale pore network. In contrast, TPP foams exhibit irregular, stepwise prop-

agation driven by interactions with their periodic micron-scale lattice. Shock velocity follows a power-law relation:

aerogels deviate from classical ρ−1/2 scaling due to pore-collapse dissipation, while TPP foams follow the trend with

larger uncertainties from density variations. Comparisons with xRAGE simulations reveal systematic underestimation

of shock speeds. These results provide the first experimental constraints on shock propagation in TPP foams over a

wide density range and highlight the influence of internal structure on anisotropic shock behavior. Our findings support

improved benchmarking of EOS and hydrodynamic models and inform the design of foam architectures that promote

implosion symmetry in IFE capsules.

I. INTRODUCTION

The achievement of ignition at the National Ignition Facil-

ity (NIF)1–3 marked a pivotal moment in inertial fusion en-

ergy (IFE) research, demonstrating energy gain feasibility us-

ing inertial confinement fusion (ICF).2,4 However, realizing

the goal of practical fusion energy requires a deeper under-

standing of target physics with the development of advanced

diagnostic capabilities to analyze material behavior under ex-

treme conditions.5,6 A future IFE plant demands target de-

signs enabling production at high manufacturing rates to sup-

port high-repetition-rate operations (∼10-20 Hz), a cadence

necessary for commercial fusion energy applications.7,8 The

precision required for cryogenic NIF targets, such as sub-

micron uniformity and micron-scale fill tubes to mitigate jet-

ting, presents substantial challenges for rapid manufacturing.4

Acquiring high-quality experimental data under extreme con-

ditions is essential to validate simulations and refine target de-

signs for scalable production.5,9

In addition to target microstructure, the performance of an

IFE capsule depends critically on the fraction of laser energy

that is converted into the initial ablation pressure (Pabl), known

as drive coupling.5,10 Future drivers for IFE power plants will

fire at high repetition rates (∼ 10–20 Hz) with pulses in the
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FIG. 1. Schematic of the experimental setup at MEC for simultaneous VISAR and Talbot X-ray phase contrast imaging. A pump laser

(λ = 527nm) delivers ∼ 60J of energy in a 150 µm spot size on target, over a 10 ns duration to drive a shock through foam targets. The VISAR

diagnostic provides time-resolved measurements of breakout times, while Talbot-XPCI captures density gradients and structural evolution in

the shocked foam.

kilojoule range, a stark contrast to today’s megajoule-class,

single-shot facilities like NIF.11 To achieve the same implo-

sion pressures with three orders of magnitude less energy,

the specific coupling (GPa kJ−1) must increase substantially.10

Low-density foams offer an ideal platform to explore this

scaling because their porosity influences volumetric absorp-

tion and the efficiency with which the generated pressure is

transferred. Hence, measuring shock velocity and front mor-

phology in foams provides a macroscopic proxy for driver-

coupling efficiency under IFE-relevant conditions and guides

the interpretation of subsequent target response.

In this context, deuterium–tritium (DT) wetted foam cap-

sules have emerged as promising alternatives to traditional

solid-layered DT targets in ICF experiments.12,13 Their porous

microstructures enhance robustness against hydrodynamic in-

stabilities by promoting more uniform shock propagation and

reducing interface mixing during implosions.9 This behavior

is consistent with earlier work by Sacks and Darling,13 who

proposed that small pore size, low-density foams 14 can pas-

sively stabilize DT layers against gravitational slumping and

hydrodynamic distortions during implosion.13 These foam-

based targets can be manufactured more rapidly with fewer

precision constraints, offering a viable path for scaling to

high-repetition-rate fusion facilities.13,15

Micro and nanofabrication using two photon polymeriza-

tion (TPP), also known as two-photon lithography (TPL), is

relatively new.16 These methods enable custom-tailored mi-

croarchitectures for specific bulk densities and gradient pro-

files, which may improve energy absorption and optimize

shock compression dynamics.17–19 Recent advancements in

projection-based parallelized printing with ultrafast lasers of-

fer new pathways to economically scale TPP target production

efficiency for IFE.16,20

The use of TPP printed lattices in high-energy density

(HED) experiments is even more recent, reflected by the

scarcity of experimental measurements.15,17–19,21–23 The com-

plex morphology of these targets results in Attwood num-

ber variations for the many interfaces encountered, which can

generate transmitted and reflected waves interacting with each

other. Furthermore, modeling these targets can be challeng-

ing, as they are not necessarily symmetric, computationally-

intensive 3D simulations are required. Despite these chal-

lenges, TPP printed lattices hold great promise for IFE with

the ability to tailor targets with precisely manufactured struc-

tures, unlike their chemically synthesized counterparts.

This study leverages Talbot diagnostic techniques for X-ray

phase contrast imaging (XPCI) and the Velocity Interferome-

ter System for Any Reflector (VISAR) to investigate shock

dynamics in porous foams. Aerogel targets are used as a

well-established benchmark24–36 before extending the anal-

ysis to TPP lattice foams. Talbot images can track shock

front evolution with high diagnostic sensitivity, resolving the

density gradients and mesoscale interactions within the foam

structure37. VISAR diagnostics provide precise breakout time

measurements to estimate shock velocity. In concert with hy-

drodynamic simulations, we determine microstructure influ-

ence (e.g., engineered porosity) in shock propagation, provid-

ing critical insights for advanced target design. These studies

underscore the need to refine models by incorporating lattice-

driven shock dynamics. Our results showcase TPP lattices

as a promising platform for IFE target development, offering

a new level of control over density and structural uniformity
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compared to conventional foams, which is crucial for main-

taining energy coupling and hydrodynamic stability through-

out the implosion process.

The remainder of this paper is organized as follows. In

Section II we describe our experimental configuration, includ-

ing target fabrication (aerogel and TPP foams), the pre-layer

stack, the Talbot X-ray phase-contrast imaging (XPCI) diag-

nostic setup, and the VISAR breakout-time measurements.

Section III presents the shock-front evolution observed by

Talbot-XPCI and VISAR, quantifies shock velocities across

foam densities, and compares these data with xRAGE hydro-

dynamic simulations. In Section IV we discuss key findings:

the macroscopic signatures of driver coupling in low-density

foams, deviations from the ideal ρ−1/2 scaling due to energy-

dissipative pore collapse, and the distinct lattice-driven per-

turbations in TPP foams. Finally, Section V summarizes our

conclusions and outlines future directions for refining driver-

coupling models and extending these diagnostics to IFE target

development.

II. METHODS

A. Experimental Setup

The experimental setup is shown in Figure 1. At the Linac

Coherent Light Source (LCLS) facility, foam samples were

driven by the Matter in Extreme Conditions (MEC) long-

pulse laser.38 A 10 ns flat-top pulse delivered an average of

(61.74±3.02) J per shot, with energies ranging from 51.01 J

to 68.31 J. The beam was focused to a 150 µm spot size on

target with estimated intensity of ∼3.4×1013 W/cm2. Foams

bulk density ranged from 17.5 mg/cm3 to 500 mg/cm3, with

a 300 µm width, and 300 or 500 µm length. The sample set

included aerogel (porous) foams and TPP polymer struts in

a simple cubic lattice design. The aerogel foams exhibit ex-

pected pore size on the order of tens of nanometers (∼ 50 ±
20 nm). For TPP targets, bulk density was controlled through

strut thickness variation and limited by 3D printing capabil-

ities ( 3-4 µm). Thus, significant variations were expected

for the lowest nominal densities. Microscope metrology was

conducted to estimate bulk density for each TPP target from

strut thickness measurements. To maintain consistency in our

dataset, we excluded TPP foams that deviated by more than

2σ from the average density within a given target batch:

|ρi − ρ̄|> 2σ

where ρ̄ is the mean density of the batch and σ is the standard

deviation of the density distribution.

Each full target assembly consisted of three pre-layers on

the side facing the drive laser: an ablator, an aluminum shield,

and a pusher layer of ∼60-80 µm total thickness. A high-

energy shock wave was generated by irradiating the target ax-

ially, reaching ablation pressures of ∼250-350 GPa (as seen

in our xRAGE simulations). The pre-layer structure differed

between aerogel and TPP targets and was consistent within

target type.

B. Shock Front Evolution from Talbot X-ray Phase Contrast

X-ray Phase Contrast Imaging is a common diagnostic

tool in high-energy-density physics (HEDP).33,39–41 It is an

imaging method which makes use of the phase shift im-

posed on a wave front as it travels through an inhomoge-

neous medium.33,42 Shock waves result in a rapid change in

density and are ideal target for this diagnostic and they have

already been extensively studied using standard absorption

radiography.43–47 The Talbot-XPCI diagnostic in our experi-

ment follows principles similar to those used in HEDP appli-

cations as discussed by Valdivia et al.48–50 Our setup leverages

the LCLS X-ray free electron laser brilliance coupled with a

long pulse (10 ns) laser present at the MEC with the MEC X-

ray Imaging (MXI) instrument51,52 to image and locate shock

front positions in both TPP and aerogel low-density foams,

with higher accuracy compared to standard absorption-based

radiography,34 and better resolution compared to previous

XPCI experiments.33,40 We generated the Talbot XPCI images

using the Talbot Interferometry Analyzer and Numerical Tool

(TIA/TNT) code developed by Pérez-Callejo et al.53,54

FIG. 2. Talbot XPCI of 50 mg/cm3 aerogel foam during shock

compression.53 (a) Transmission-only radiograph. (b) Talbot-XPCI

phase-integrated map using TIA/TNT post-processed53 shows a sin-

gle, gently curved shock front that spans the full field of view as a

bright-to-dark transition with almost no lateral corrugation. Ahead

of it, the unshocked aerogel remains nearly featureless, while the

region behind the front darkens uniformly. The front’s continuity

indicates that the interconnected, sub-micron pore network offers a

nearly homogeneous impedance, so the shock advances as a smooth,

quasi-planar (bow-shaped) surface with only minor, long-wavelength

curvature set by the drive geometry.

C. Breakout time measurements using Velocity
Interferometer System for Any Reflector (VISAR) Diagnostics

We employed a dual VISAR interferometer setup, with

each VISAR viewing the rear side of the target. A window

was attached to the rear of the foam targets to ensure high-

fidelity reflection of the probe laser beam for precise breakout

time measurements. The dual VISAR configuration provided

redundancy and enabled independent breakout time determi-

nation for each shot.
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Aerogel (500 µm) Aerogel (300 µm) TPP (300 µm)

Density VISAR Density VISAR Density VISAR

(mg/cm3) shots (mg/cm3) shots (mg/cm3) shots

20 4 20 2 17.5 1

50 10 50 1 35 3

100 4 100 0 70 2

250 5 250 0 105 3

500 3 500 0 - -

TABLE I. Number of VISAR shots per target type and density. The

table summarizes the number of VISAR measurements obtained for

each target category: aerogel foams (500 µm and 300 µm lengths)

and TPP lattice foams (300 µm). Each shot is counted only once,

despite the fact that two VISAR breakout times were recorded per

shot.

The VISARs produced fringe patterns, as shown in Fig-

ure 3. However, no fringe motion was observed, prevent-

ing us from using impedance matching for direct shock ve-

locity measurements using Doppler shift. Instead, we deter-

mined shock breakout times by processing raw VISAR data

and applying calibration corrections to subtract t0. Each shot

yielded two breakout times, which were then used to estimate

the shock velocity. To obtain exclusively the shock speed of

the foam, we subtracted the transit time of the shock in the

pre-layer region.

FIG. 3. VISAR images showing shock breakout for (left) a 35

mg/cm3 TPP lattice foam and (right) 100 mg/cm3 aerogel foam.

Shock breakout times were determined using fringe phase

analysis with the Fourier transform method described in55. No

rear window was used on our target configuration. Conse-

quently, we do not observe fringe motion, which would be

expected if a window were present. Instead, the diagnostic

signal consists of continuous fringe visibility, followed by an

abrupt loss of reflectivity when the shock reaches the rear sur-

face. This loss of reflectivity is used as a surrogate for shock

breakout. As shown in Figure 3, aerogel foams exhibited uni-

form breakout patterns, whereas TPP lattices displayed irreg-

ular, modulated fringe behavior. To account for this, the earli-

est observed breakout time was defined as the breakout time,

marking the first detectable shock arrival at the rear surface of

the target. This method provided a robust and consistent ap-

proach for estimating shock velocities across foam densities,

even in the absence of continuous fringe motion.

D. Complementarity of VISAR and Talbot Imaging

The integration of VISAR and Talbot X-ray phase con-

trast imaging provides a comprehensive diagnostic framework

for examining shock propagation in foam materials. While

VISAR measures breakout times at the target’s rear surface,

Talbot imaging enabled tracking of the shock front position

at discrete time intervals. Therefore, VISAR shock speeds at

breakout is an average over all phases of the shock develop-

ment, while Talbot-XPCI offer an instantaneous shock posi-

tion measurement of the shock.

This complementary approach is particularly valuable as it

allows us to probe shock front dynamics at different stages:

while the drive laser is on, after the laser is turned off, and as

the shock reaches the rear of the target. By capturing the shock

evolution at multiple points in time, we can assess whether

localized structural features from target manufacturing —de-

tected early in the Talbot-XPCI images- persist and influence

the overall shock front development at later stages, ultimately

affecting VISAR fringe patterns at breakout.

III. RESULTS

A. Shock front position as a function of time using Talbot
X-ray Phase Contrast Imaging

Shock front positions for aerogel foams, measured using

Talbot-XPCI, are shown in Figure 4. The data reveal the bal-

listic phase of shock propagation, consistent with previous ex-

periments by Rigon et al.24 on aerogel foams of similar den-

sities. Their study describes this initial phase as being dom-

inated by the ablator-shield-pusher system until a sufficient

mass of foam is swept by the shock.24 As a result, higher-

density foams begin to decelerate earlier than lower-density

foams.

At early times, the shock dynamics are indistinguishable

across different foam densities, as they are primarily governed

by the pre-layer region rather than the foam itself.24 The tran-

sition to the second phase, where the shock starts decelerating,

is evident in Figure 5. In this phase, the differences in shock

dynamics across densities become more pronounced. The rate

of deceleration increases with foam density, as demonstrated

by the variation in shock arrival times at the rear of the target,

as observed in VISAR breakout times also seen in Figure 5.

Figure 4 also includes xRAGE simulations for the shock

front positions in aerogel foams across all tested densities.

At early times (≤ 3.9 ns ), the shock, generated by the drive

laser at the target’s front surface, propagates at the same ve-

locity for all densities. This behavior is expected since all

targets share the same ablator, shield, and pusher layers. Be-

yond this time, lower-density foams are expected to sustain

higher shock speeds, as indicated by the solid lines repre-

senting xRAGE simulation results. The experimental data

show that xRAGE simulations systematically underestimate

the shock velocity.

Dashed lines in Figure 4 represent the best linear fits to the

experimental data. A linear fit was chosen under the assump-
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FIG. 4. Shock front position as a function of time for aerogel foams

of initial densities 20, 50, 100, 250 and 500 mg/cm3 under shock

compression. Filled colored markers show Talbot–XPCI measure-

ments (vertical error bars reflect uncertainties in both time and shock

front position measurements; horizontal error bars reflect foam-

thickness variation), the gray region marks the period after the drive

laser is switched off. Dashed colored lines show linear least-squares

fits to the data, constrained using the xRAGE-predicted ablator tran-

sit time and an ablator stack thickness between 60–90µm. Solid col-

ored lines correspond to xRAGE hydrodynamic simulations. In all

cases, the simulations systematically underpredict the experimentally

measured shock velocities.

tion that, while the drive laser sustains the shock, it should

maintain a relatively constant speed. The shock speeds ex-

tracted from these fits are consistent within error for all densi-

ties, except for the 500 mg/cm3 foam, which exhibits a lower

velocity. The measured shock speeds reported here are con-

sistent with previous studies, including the results of Rigon

et al. (20 mg/cm3 - 500 mg/cm3)24 and Antonelli et al. for

(100 mg/cm3) foams.33.

A more detailed analysis of shock dynamics could be per-

formed by leveraging Talbot-XPCI to extract instantaneous

shock velocities, thereby relaxing the assumption of constant

speed while the laser is driving the shock. While such an anal-

ysis is beyond the scope of this paper, it will be addressed in

future studies. We report in Table II the corresponding parti-

cle velocity (Up), pressure, and density ratio
ρ
ρ0

for the fitted

aerogel shock speeds. These estimated values were computed

FIG. 5. Shock front position as a function of time for different aero-

gel foam densities after driving laser is off using Talbot-XPCI and

VISAR breakout times. Talbot-XPCI combined with VISAR break-

out times show deceleration for all foam densities at later times.

Initial density ρ0 us (km/s) P up ρ/ρ0

(mg/cm3) 3.9 ns ≤ t ≤ 10 ns (GPa) (km/s)

20 32.3±1.6 17.82±1.77 27.61±1.38 6.89±1.03

50 26.01±1.6 28.31±3.52 21.86±1.36 6.27±0.94

100 28.10±1.4 65.12±6.57 23.26±1.18 5.81±0.58

250 27.2±1.5 147.95±16.67 21.87±1.25 5.10±0.26

500 14.6±1.2 79.21±13.73 11.14±0.97 4.22±0.22

TABLE II. Equation of state for aerogel foams using experimen-

tal shock velocity (us) We report experimental shock velocity (us)

from Figure 4 and estimates of pressure (P), particle velocity (up),

and density ratio ρ/ρ0 for different initial densities using SESAME

material number 7387

using SESAME tables.

Figure 6 presents the shock front position for TPP lattice

foams, obtained using both Talbot-XPCI and the averaged

VISAR breakout times per density. Compared to aerogel

foams, we have fewer data points due to experimental con-

straints. Outliers were excluded based on delivered laser en-

ergy (beyond 1σ ), strut thickness measurements obtained via

optical microscopy before the experiment (beyond 2σ ), and

deviations in shock speed (beyond 2σ ). The final dataset, af-

ter applying these selection criteria, is shown in Figure 6. At

early times, the TPP foams exhibit a ballistic phase, similar

to aerogel foams. However, due to their shorter length 300

µm foam and 75.44 µm - 92.72 µm pre-layers region) com-

pared to most of the aerogels we shock compressed, the time

available before the shock reaches the rear VISAR window

is reduced. As a result, only the highest-density lattice foam

(105 mg/cm3) exhibits distinct measurable late dynamic.
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FIG. 6. Shock front position as a function of time for different TPP

densities using Talbot-XPCI53 and VISAR breakout time

.

B. Shock front morphology of aerogels and TPP lattice
foams using Talbot-xray phase contrast imaging

Figure 2 compares the transmission-only image with

the phase-integrated map obtained using the Talbot-XPCI

TIA/TNT code.53 The right panel of Figure 2 fully resolves

the intricate structures behind the shock front when compared

to transmission-only radiograph. Our findings not only cor-

roborate that XPCI is a highly effective diagnostic for accu-

rately determining the position of a trailing shock front33 in

low density aerogel foams, but also provide a more detailed

characterization of shock front dynamics upstream and down-

stream.

Figure 7 presents xRAGE simulations of a 100 mg/cm3

aerogel foam alongside the corresponding Talbot-XPCI

images53. The simulations were run in 2D cylindrical ge-

ometry and included multigroup diffusive radiation transport,

flux-limited Spitzer-Härm heat conduction, Laboratory for

Laser Energetics Mazinisin laser package, a directionally-split

Gudonov hydrodynamic solver57. The following EOS tables

were used: Chamber gas SESAME 5760 (He); Al shield: SES

3720 (Al); Ablator SES 7592 (CH); Tube SES 7592 (CH);

Pusher SES 7592; Foam LEOS 5110, SES 7592. The full tar-

get (ablator, shield, pusher and foam) was modeled, but does

not capture purely 3D behavior.

Although the xRAGE simulation underestimates the shock

speed, as shown in Figure 4, it successfully captures the over-

all shock morphology. Figure 7a shows density map with a

non-planar, bowed shock front, an effect influenced by laser

spot size on target and ablation dynamics. These density vari-

ations align with the Talbot-XPCI experimental phase map.

This characteristic shock front morphology has also been

previously observed by Omega experiments and simulations

done by Karr et al.56 In our case, these density gradients arise

from the interaction of the polystyrene ablator, aluminum, and

CH pusher as they expand into the foam before merging at

later times.

Figure 7b shows a synthetic X-ray radiograph from xRAGE

alongside the corresponding Talbot-XPCI Y-gradient map53 at

7.5 ns. It is important to notice that sharp material boundaries

interfaces are not explicitly resolved in the phase-contrast im-

age (Fig. 7a.) due to phase-unwrapping limitation near high-

gradient interfaces, where “infinite” refraction prevents ac-

curate reconstruction and therefore we include here the Y-

gradient map instead.

To better understand the source of the systematic under-

prediction of shock velocity in simulations reported in Table

III, Fig. 7c shows the energy density at the foam entrance

(t=3.9ns), as predicted by xRAGE, to serve as a constraint for

future studies. Since all aerogel foams had identical ablator

stacks, observed differences in shock velocity between exper-

iment and simulation must be due to the material response

models.

Figure 8d shows the Talbot-XPCI phase-integrated map of

a 35 mg/cm3 TPP lattice foam, capturing the spatial distri-

bution of compressed material along the propagation axis.

The bowed shock front, previously observed in aerogel foams

(Figures 2 and 7), is also evident in the TPP lattice, reinforcing

the conclusion that this effect arises form ablation dynamics

rather than material-specific properties. The pre-shock target

structure (Figure 8a) shows the internal lattice before com-

pression, a tilted lattice foam in this case. Figure 8b shows

the transmission-only image, which, due to the foam’s low

density, fails to capture the dynamics in both the unperturbed

region ahead of the shock and the shock-compressed region

behind the shock front. Unlike aerogels, Figure 8c and Figure

8d53 sequence reveal a shock front that is highly modulated

at the lattice period. In the phase-integrated map (8d), the

front is broken into a series of peaks and valleys: sharp, high-

gradient peaks form where the shock encounters a lattice strut,

while valleys appear in the open cells. These “tooth-like” per-

turbations appear incipient downstream (8d)), producing al-

ternating bands of higher and lower areal density. The result

is a shock that advances in an uneven, stepwise fashion with

mesoscale distortions that are entirely absent in the aerogel

case, and that were also observed in their VISAR measure-

ments (Figure 3), where variations in breakout patterns further

confirm this for later times.

C. Estimation of shock speeds using VISAR breakout times

Table I shows the number of breakout time measurements

for aerogels and TPP foams. Previous work32 have used

breakout times to estimate the average shock speed at the

rear side of the target, providing an integrated measurement

across all phases of late-stage shock development. By com-

bining these measurements with equation of state (EOS) ta-

bles, such as SESAME, EOS values have been reported for
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7

FIG. 7. Comparison of xRAGE simulation results with Talbot-XPCI experimental images for a 100 mg/cm3 aerogel foam target. (a) Simulated

2D density map at 7.5 ns, overlaid with the Talbot-XPCI phase-integrated map53 captured 7.5 ns after target irradiation by a square pulse

that launched the shock wave. Simulation predicts a non-planar, bowed shock front structure due to laser spot size and ablation dynamics,

which is consistent with the experimental Talbot-XPCI phase map. A similar shock front morphology has been reported in refraction-enhanced

x-ray radiography at Omega experiments56. (b) Synthetic radiograph generated from the simulation at 7.5 ns, shown side by side with the

experimental Y-gradient phase image.53. This comparison reveals strong agreement in front morphology but a mismatch in shock position. (c)

Simulated energy density map at 3.9 ns, jsut before the shock enters the foam. This plot provides a constraint on the energy density delivered

through the ablator-pusher stack.

FIG. 8. Talbot X-ray phase contrast imaging of a 35 mg/cm3 TPP tilted lattice during a shock compression experiment using TIA/TNT

post-processed images.53 (a) Talbot-XPCI phase integrated map of the cold target overlaid with a schematic representation, providing a scale

reference for the imaged region. (b) Transmission-only radiograph following shock compression, capturing the structural evolution of the

target. (c) Talbot-XPCI Y-gradient image (rads/ µm) map, highlighting variations in density gradient across the foam structure, revealing fine

details of the shock front interaction with the lattice structure and compression features (± 300 nm spatial resolution). (d) Talbot-XPCI phase-

integrated map showing the spatial distribution of compressed material along propagation axis, with higher densities corresponding to darker

regions. The localized interactions between the shock front and the TPP lattice progressively shape the overall shock evolution, resulting in

mesoscale modifications distinct from the more uniform propagation observed in aerogel Talbot-XPCI images.

low-initial-density porous foam targets (1.45–1.6 g/cm3), en- abling further exploration of the EOS plane.32 We utilize a
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8

similar approach here and report the estimated shock speeds

(at breakout) in Figure 9 as a function of initial foam density

for both target types, with error bars reflecting uncertainties in

density measurements, breakout time determination, and tar-

get dimensions. Data highlight a clear trend: average shock

speed decreases with increasing foam density for both aero-

gel and TPP lattices. This inverse relationship reflects the in-

creased resistance of denser materials to shock propagation,

as expected from fundamental shock physics.

FIG. 9. Shock speed uS as a function of initial foam density ρ0

for TPP and aerogel targets, obtained from VISAR breakout times.

Vertical error bars combine uncertainties from target length, break-

out time VISAR image processing, and standard error from repeated

measurements; horizontal error bars reflect strut thickness variation

in TPP foams and uncertainty for aerogels. Shaded bands are the 1σ
confidence intervals on each fit. Solid black curves represent theo-

retical scaling uS = Aρ
−1/2
0 fit independently to each data set, with

Aaerogel = 175.9 ± 6.7 (MSE=21.2), AT PP 103.10 ± 10.47 (MSE

= 8.29). Dashed curves are free-exponent power-law fits uS = Bρδ
0

yielding Baerogel = 86.36 ± 15.7, α = −0.3494±0.0375 (MSE =

0.26, R2 = 0.99), BT PP = (62.39 ± 34.39) β = −0.3716±0.1372

(MSE = 2.58, R2 = 0.79)

Figure 9 compares the theoretical scaling law US ∝ ρ−1/2,

commonly used in hydrodynamic models of porous materi-

als, with a power-law relation of the form US ∝ ρ−α for both

aerogel and TPP foams. The solid gold and purple curves rep-

resent the ρ−1/2 scaling for aerogel and TPP foams, respec-

tively, with the shaded regions indicating 1σ = 0.68% con-

fidence band. The power-law ρ−α fits are shown in orange

and blue dashed lines for aerogel and TPP foams respectively.

Aerogel and TPP foams follow the theoretical scaling law. In

particular aerogel foam dataset follows closer a power-law fit,

while TPP data can be described by both the theoretical and

power-law relation fit within error bars.

Density Talbot-XPCI shock speeds VISAR shock speed xRAGE shock speed

(mg/cm3) for t ≤ 10 ns (km/s) at breakout (km/s) 3.9 ≤ t ≤ 10 ns (km/s)

20 32.3±1.6 29.67 ± 2.46 23.35

50 26.01±1.6 22.00 ± 1.34 20.99

100 28.10±1.4 17.27 ± 0.95 18.96

250 27.2±1.5 12.91 ± 0.7 16.19

500 14.6 ± 1.2 8.967 ± 1.12 14.49

TABLE III. Aerogel shock speeds US using Talbot-XPCI, VISAR,

and xRAGE simulations

Density Talbot-XPCI shock speeds VISAR shock speed

(mg/cm3) for t ≥ 10 ns (km/s) at breakout (km/s)

17.5 22.30 ± 4.5 19.97 ± 1.51

35 14.81 ± 1.87 16.20 ± 3.4

70 14.16 ± 2.82 15.46± 1.88

105 8.47 ± 1.45 10.07± 1.48

TABLE IV. TPP shock speeds US using Talbot-XPCI combined with

VISAR breakout times, and VISAR breakout only.

The complementarity of Talbot-XPCI and VISAR measure-

ments becomes evident in Tables III and IV. For the lowest-

density aerogel foams (20 mg/cm3), the estimated shock speed

(29.67 ± 2.46) km/s using VISAR breakout times closely

matches the shock speed reported by Talbot-XPCI in Figure 4

during the early times (≤ 10 ns) of shock propagation, while

the other densities underestimate their speeds. This behav-

ior can be understood24 by considering that, due to its very

low density, this target takes longer to transition from the bal-

listic to the deceleration phase. As a result, shock breakout

occurs while still in the ballistic regime, as the shock has not

yet accumulated enough mass behind itself to initiate decel-

eration. The opposite case occurs in Table IV. Talbot-XPCI

data tracked laser-off shock front propagation and therefore

VISAR average shock speeds at breakout naturally overesti-

mate Talbot-XPCI shock speeds, except for the lowest density

foam that -similarly to the aerogel case- remains in the balistic

regime.

IV. DISCUSSION

A. Shock speed scaling in aerogel and TPP foams

The shock velocity trends observed in aerogel and TPP

foams follow theoretical predictions but exhibit key differ-

ences due to their distinct microstructural characteristics. The

average shock speeds over the entire dynamic process are

lower in TPP lattice foams compared to aerogel foams at

breakout. Moreover, aerogel foams show a best-fit exponent

of α = −0.35 ± 0.04, slightly deviating from the theoreti-

cal ρ−1/2 scaling that assumes full energy conservation in a

strong shock regime. In contrast, TPP foams appear to follow

ρ−1/2 within error bars (see Figure 9).

Note that the VISAR breakout speeds plotted in Figure 9

correspond to an initially supported shock followed by an un-
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9

supported transient once the drive laser turns off. Although

one might expect a longer target under identical drive condi-

tions to yield a lower breakout speed and thus making the in-

ferred density scaling law length-dependent, for our 300 and

500 µm aerogel foams the early, supported regime is indis-

tinguishable between 300 and 500 um aerogel of a specific

density, i.e. none broke out before laser off. Figure 9 shows

that the 300 µm and 500 µm aerogel foams exhibit statisti-

cally breakout speeds within statistical/measurement error de-

spite the longer unsupported interval in the 500 um samples.

Moreover, Figures 5 and 6 show that although the shock be-

comes unsupported after 10 ns, there is no abrupt deceleration

immediately after laser is turned off; any gradual slowing is

most noticeable at densities above 100 mg/cm3 in both TPP

and aerogel foams. Nevertheless, caution is warranted when

using breakout speeds for density-scaling studies: they pro-

vide a useful late-time benchmark but do not, by themselves,

satisfy the assumption of a continuously driven shock, which

is why we use Talbot images to provide a more complete pic-

ture of shock dynamics.

B. Energy dissipation in aerogel foams and deviation from
theoretical scaling

For an ideal strong shock of initial mass density ρ0, the

Rankine-Hugoniot relations predict that shock velocity should

scale as us ∝ ρ
−1/2

0 . Assuming that the shock energy is

fully converted into kinetic and internal energy, we can write

Eshock =
1
2
ρ0u2

s +einternal = E0 (constant). For a strong shock,

the initial pressure is negligible compared to the shocked

pressure, so P0 ≈ 0. Therefore, the momentum conser-

vation for the shock jump condition P − P0 = ρ0usup be-

comes P = ρ0usup. Using the equation of state (EOS) for

an ideal gas-like material, we can relate pressure to inter-

nal energy using P = (γ − 1)ρ0einternal , where γ is the adia-

batic index. Putting together the energy conservation equation
1
2
u2

p+
P

(γ−1)ρ0
=constant with P= ρ0usup gives us us ∝ ρ0

−1/2.

We can express the energy flux across the shock front as

E ∼ 1
2
ρus, where energy flux remains conserved as the shock

propagates. Figure 9 suggests aerogel data departing slightly

from the ρ0
−1/2 and fitting better the curve described by

∝ ρ0
−0.29, indicating that a fraction of the shock energy is

lost e.g. to pore collapse or turbulence, rather than entirely

converted to bulk kinetic and thermal energy. We can account

for these losses by introducing a density-dependent dissipa-

tion term ε(ρ0):

Eshock = E0 − ε(ρ0) (1)

where ε represents the energy dissipated per unit mass. Then

Equation 1 suggests:

u2
s ∼

E0 − ε(ρ0)

ρ0
(2)

E0 −ε(ρ0) ∝ ρ0u2
s ∝ ρ0

1(ρ0
−0.35)2 = ρ0

1−0.70 = ρ0
0.30 (3)

where we used us ∝ ρ0
−0.35 obtained from Figure 9.

Equation 2 suggests that instead of full energy conserva-

tion, some fraction ε(ρ0) is lost, modifying the available

shock energy. Physically, this means that when shock com-

presses the foam targets, energy is dissipated in the material

(e.g. through pore collapse for aerogel foams) and therefore

the slight deviation from the expected ρ0
1/2 scaling as a direct

consequence of this energy dissipation mechanism.

C. Influence of Microstructure on Shock Dynamics

The characteristic VISAR imprint of TPP foams (Figure

3) is explained by the high-resolution Talbot-XPCI image

maps that show the interaction between the shock front and

the lattice, causing not only local inhomogeneities, but also

mesoscale effects. The details of this particular dynamic will

be discussed in future work, although similar local interac-

tions such as shock–bubble interactions, have been previously

modeled and measured by Kurzer-Ogul et al.57 to study radi-

ation and heat transport. Clearly, TPP shock front evolution

differs from those seen in aerogel foams in Figures 2 and 7,

confirming that Talbot-XPCI offers an extraordinary platform

to look into these local interactions–that control the overall

mesoscale shock dynamics–as it provides higher resolution

and increased sensitivity to density gradients when compared

to standard absorption radiographs.

D. Experimental Benchmarking and Implications

By validating our aerogel foam results against previous

studies24,33,34,36, we establish a benchmark for future shock

experiments in low-density TPP foams. While TPP foams

have been previously investigated by Dattelbaum et al.22 us-

ing gas-gun-driven plate impact experiments and XPCI, re-

porting shock speeds of 1.36 km/s for 1.183 g/cm3, and for

densities of 1.178-1.184 g/cm3 reporting shock speeds of 3.51

- 5.70 km/s23, our study expands the understanding of TPP

foams by exploring densities < 105 mg/cm3, an unexplored

TPP equation-of-state regime under HED drive conditions.

Further study has to be done to refine scaling laws for energy

dissipation on TPP foams as we report here that they reach

lower shock speeds when compared to aerogel foams of simi-

lar densities.

Although the laser energy and profile were modeled to

match experimental conditions as closely as possible, Figure

7a. and 7b. show a mismatch on the shock front position as

a function of time. Limitations in the current CH EOS may

cause the simulated CH ablator to deliver less energy density

to the foam than occurs experimentally, resulting in underpre-

dicted shock speeds. Alternatively, the energy density may be

accurate, but the EOS and opacity models for the foam may

underestimate the shock propagation speed. To help distin-

guish between these possibilities, we show in Fig. 7c the en-

ergy density at t=3.9ns, just before the shock enters the foam.

This energy density profile provides a quantitative reference
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for future comparisons and model validation. Since all aero-

gel foams used identical ablator stacks, any systematic dis-

crepancy in shock velocity between experiment and simula-

tion is likely attributable to material response models, rather

than drive inconsistencies.

V. CONCLUSION AND FUTURE WORK

Our measurements provide the first direct comparison of

shock propagation in aerogel versus TPP (two-photon poly-

merized) foams at densities between 17.5 and 500 mg/cm3

under HED drive conditions. The structural modulation of

the shock front observed in TPP targets highlights the in-

complete homogenization of additively manufactured foams

at the microscale, particularly when the lattice periodicity is

on the order of tens of microns. This anisotropy in shock

propagation, which varies with shock orientation relative to

lattice geometry, is an important constraint for wetted-foam

capsule designs12 that rely on uniform compression for im-

plosion symmetry. These findings suggest that the lattice scale

must be reduced to below several microns to avoid introducing

hydrodynamic perturbations or late-time instability seeds as

seen in the VISAR breakout imprint and Talbot-XPCI phase

contrast images. This is directly relevant to advanced IFE con-

cepts where novel AM foam capsules are being considered18,

and supports ongoing efforts to develop smoother, smaller-

pore AM targets.

In addition, we emphasize that the intensity regime stud-

ied here (∼ 1013 W/cm2) represents a lower bound for direct-

drive IFE concepts. Higher intensities (a few 1014 W/cm2),

improved focal spot quality, and smoothing techniques com-

monly employed in direct drive will likely reduce sensitivity

to small-scale inhomogeneities. Nonetheless, our results de-

fine a conservative constraint on shock uniformity under mod-

erate drive and provide quantitative inputs for EOS bench-

marking, foam selection, and ablator-stack optimization in fu-

ture capsule design.

The ability to resolve shock front evolution and morphol-

ogy at these conditions reduces uncertainties in how low-

density materials behave during early implosion phases.18,58

As such, these measurements can now be incorporated into

radiation-hydrodynamic codes to refine capsule and ablator

configurations across multiple IFE scenarios. As future work,

we are pursuing follow-on experiments aimed at reducing

density gradient uncertainty from ∼ 10-15% (optical meth-

ods) to below 5%, thereby enabling proper distinction be-

tween various non-local models.34

Aerogel and TPP foams exhibit overall shock speed trends

consistent with the theoretical ρ−1/2 scaling, in agreement

with porous material hydrodynamics. For aerogels, we quan-

tified energy dissipation as a function of initial density. In

contrast, the limited number of data points and larger uncer-

tainties in the TPP dataset preclude a definitive assessment of

dissipation behavior for that class of materials.

xRAGE simulations successfully reproduced the overall

shock front morphology observed in Talbot-XPCI experimen-

tal images. However, shock velocities were consistently un-

derestimated across all aerogel foam densities. Ongoing sim-

ulation efforts aim to investigate the underlying causes of this

discrepancy and likely reflects EOS limitations in the ablator

and/or foam models.

Future experiments using high-resolution Talbot-XPCI can

relax the assumption of constant shock velocity during the

laser drive phase and instead resolve instantaneous shock dy-

namics. Additionally, the spatial resolution demonstrated

here opens the possibility of inferring density distributions

from deflection data. When combined with shock speed mea-

surements and the Rankine–Hugoniot relations, this approach

could enable a fully experimental derivation of the EOS for

low-density materials relevant to IFE target design.
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