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Measuring the principle Hugoniot of low-density silica aerogel foam at pressures up to 160 GPa
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Low-density foams are of significant interest in inertial confinement fusion (ICF), with potential applications
as fuel carriers, ablation layers, or as a hohlraum filling material. Despite their potential, the shock response
of these materials remains poorly characterized, limiting the accuracy of hydrodynamic simulations. Here we
report experimental measurements of the equation of state for 90 mg/cm’ silica (SiO,) aerogel foam under
laser-driven shock compression, conducted at the GEKKO XII laser facility. Shock pressures between 50 and
160 GPa were achieved, and the corresponding states were determined using standard impedance-matching

techniques with a quartz reference material. Initial measurements appeared to underestimate the foam shock
velocity relative to predictions by the Quotidian Equation of State (QEOS) model. Experimental diagnostics
indicated the presence of a vacuum gap between the reference material and the foam. The vacuum gaps were
characterized, and one-dimensional radiation-hydrodynamic simulations were conducted to estimate their impact

on the measured shock velocity. After applying simulation-based corrections, the experimental Hugoniot aligns
closely with QEOS predictions, supporting the model’s applicability to low-density foams.

DOI: 10.1103/t226-ngw5

I. INTRODUCTION

Foams have garnered significant interest within the inertial
confinement fusion (ICF) community due to their versatil-
ity and potential to mitigate key implosion challenges. Both
high- [1,2] and low-density [3,4] foams have been proposed
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as ablation materials to suppress hydrodynamic instabilities
by reducing laser imprint effects. Low-density foams have
also been proposed for other roles such as hohlraum filling
material, to restrict the expansion of the hohlraum walls into
the laser entrance holes [5], or as fuel carriers, where they
are wetted with liquid deuterium and tritium (DT) [6,7]. As
fuel carriers, the wetted foam replaces a solid DT ice layer,
allowing the target to be fielded at higher temperatures [8].
This temperature flexibility offers a mechanism by which the
hydrodynamic properties of the implosion (convergence ratio,
implosion velocity, etc.) can be controlled [9]. Critically, this
application requires extremely low-density foams to minimize
the amount of high-Z material dopant in the fusion fuel,
thereby reducing radiative energy losses and sustaining burn.

Published by the American Physical Society
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Despite their promise, the behavior of foams under shock
compression remains poorly characterized, limiting the ability
to accurately model or simulate their responses. A common
simplification treats foams as homogeneous materials of lower
density, but this approach breaks down at very low densities
(e.g., 10 mg/cm® [10]), where pore collapse and the transition
to a homogeneous plasma significantly influence the shock
propagation [11,12]. As a result, there is a pressing need
to develop a more accurate understanding of how foams re-
spond to shock compression and to determine their resulting
high-pressure states—parameters critical for predictive hydro-
dynamic modeling and ICF target design.

Extensive research has investigated the shock response
of foams across a wide range of densities, compositions,
and shock strengths [13-16]. Nevertheless, the available
experimental data remain limited, particularly at very low
densities where pore collapse and nonuniform microstructure
may strongly influence the equation of state (EOS). Further
measurements in this regime are essential to constrain hydro-
dynamic and EOS models used in ICF design.

Here we extend this database by reporting experimental
measurements of the EOS of 90 mg/cm3 silica (SiO,) aero-
gel foam [17,18] under laser-driven shock compression up to
160 GPa. The experiments were performed at the GEKKO
XII laser facility using velocity interferometry (VISAR)
[19]. Shock states were determined via impedance match-
ing [20,21] to an «-quartz standard [22] and compared with
previous aerogel results and a Quotidian Equation of State
(QEOS) model [23]. In addition to providing new Hugoniot
data in a previously underexplored density regime, this study
introduces a diagnostic- and simulation-based methodology
for identifying and correcting vacuum-gap effects at material
interfaces.

A key experimental observation from the VISAR diagnos-
tic was the presence of a persistent vacuum gap between the
quartz and the foam. The vacuum gaps were characterized
for each shot, and the impact on the measured shock velocity
was evaluated through comparison with hydrodynamic simu-
lations. Once accounted for, the measured states show strong
agreement with QEOS predictions.

This letter is organized as follows: First, the experimental
setup and diagnostics are described in Sec. II. Then, Sec. III
outlines how the shock state of the foam is determined using
impedance matching and describes how error is accounted for
and propagated through the calculations. Results are presented
and discussed in Sec. IV, including comparison with previous
work and QEOS models. The presence and impact of the
vacuum gaps are presented in Sec. V, including comparisons
to hydrodynamic simulation results and how they alter the
measured shock states. Finally, the letter is summarized and
concluded in Sec. VI.

II. EXPERIMENTAL SETUP

The experiment was conducted at the Institute of Laser En-
gineering, University of Osaka, where the GEKKO XII laser
was used to drive a strong shock through a multilayered target
[24-28]. The facility supported a total of 12 Nd:YAG laser
beams: nine frequency-tripled and three frequency-doubled.
The frequency-tripled beams delivered a combined maximum

CH

30 ym

FIG. 1. Schematic of the multilayered target used in the exper-
iment. The diameter of the target is 4 mm. The drive laser pulse is
incident from left to right, and the probe laser pulse for the VISAR
diagnostic is incident from right to left.

energy of approximately 900 J, with a spot size of 600 um.
The frequency-doubled beams provided a higher per-beam
energy to the target, with a total maximum output of 750 J
within a spot size of 1000 um. For this experiment, all beams
were operated with a fixed pulse duration of 1 ns.

The target design, illustrated in Fig. 1, consists of four
distinct layers, with the drive laser pulse incident from left to
right. The leftmost CH layer serves as the “pusher,” absorbing
laser energy and converting it into a high-pressure shock.
Immediately behind it, the aluminum (Al) layer absorbs en-
ergetic electrons and high-frequency radiation emitted by
the coronal plasma, preventing preheating of the subse-
quent layers. The third layer is alpha-quartz, chosen as
a reference material due to its well-characterized shock
and release behavior. Alpha-quartz enabled the impedance-
matching analysis described in Sec. III, which was used to
determine the shock state of the foam. The final layer is the
low-density silica aerogel foam, the material under investi-
gation, which was cut from a bulk block with a density of
90 mg/cm?. The foam was inspected under a microscope be-
fore the target was fielded to ensure no large nonuniformities
were present.

The primary diagnostic used was a Velocity Interferometer
System for Any Reflector (VISAR) [19]. A VISAR measures
the velocity of a moving reflective surface by detecting phase
shifts in a probe laser beam due to changes in path length
induced by the moving surface.

A probe laser pulse is directed at the surface of interest.
The reflected light is split into two beams, each sent through
optical delay paths (etalon arms) of different lengths. The
path difference Ax. between these two arms introduces a
corresponding time delay At = Ax./c and hence a phase shift
between the beams:

A¢e = 27t Ax. /. 1)

When recombined, the two beams interfere, producing a
fringe pattern determined by the phase difference. If the reflec-
tive surface is stationary, the fringe pattern remains constant.

However, if the surface moves during the etalon-induced
time delay Af, an additional optical path difference is in-
troduced. A surface moving with an average velocity uayg
over the interval Ar undergoes a displacement Ax, = uay, At,
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FIG. 2. Illustration of a shock wave propagating through a mate-
rial. The shock moves with velocity Uy, and the material ahead of the
shock is in an initial state described by the subscript 0. As the shock
passes through the material, the shock introduces a discontinuous
jump in material properties, transitioning the material behind the
shock to a state described by the subscript 1.

which modifies the total optical path difference to Ax =
Ax. 4+ 2nAx,; where n is the refractive index of the material,
and the factor of 2 accounts for the round-trip propagation of
the probe beam. The resulting total phase difference between
the two interferometer arms is therefore

2 2
Ap = TAX = T(Axe + 2nuayg At), 2)

assuming At is much longer than the time light takes to travel
Ax,. Under this assumption, the measured phase evolution is
directly proportional to the average surface velocity during
the delay time A¢. By tracking the phase as a function of
time, VISAR enables high-precision measurements of surface
velocity.

Because the measured phase is periodic every 2, the in-
ferred surface velocity is likewise periodic. The corresponding
velocity per fringe (VPF), defined as the change in velocity
associated with a 27 phase shift, is given by

VPF 3)

© 2nAt
As a result, a single VISAR measurement yields a set of
possible surface velocities separated by integer multiples of
the VPF, leading to an inherent ambiguity in the inferred
velocity. This ambiguity is resolved by employing a second
VISAR with a different etalon delay, and hence a different
VPFE. Where the two velocity sets overlap (within a physically
reasonable range), the true surface velocity is identified.

III. DETERMINING THE FOAM SHOCK STATE VIA
IMPEDANCE MATCHING

A. Shock variables and the rankine-Hugoniot relations

A shock wave is a rapidly moving surface that produces
an abrupt, discontinuous change in the physical properties of
a material. Ahead of the shock front, the material exists in
its initial, undisturbed state—denoted by the subscript 0 in
Fig. 2—characterized by properties such as density py, parti-
cle velocity ug, pressure Py, and specific internal energy €. As
the shock passes through, it compresses and heats the material,
transitioning it into a new state behind the shock front, labeled
with the subscript 1, where these properties—p;, u;, Pj, and
€1—have sharply changed.

The shock transition occurs over a very thin region, and
the changes across this interface are governed by the funda-
mental conservation laws of mass, momentum, and energy.
Applying these laws to a control volume enclosing the shock
leads to the Rankine-Hugoniot jump conditions, which relate
the upstream and downstream states. In a laboratory frame
where the shock moves at velocity Uy, the Rankine-Hugoniot
equations are written as

p1(Uy — ur) = po(Uy — up), 4
Py — Py = p1(Us — up)uy — po(Us — ug)ug, (5)
u? P
p1(Us — Ml)(Gl + 14 —l>
2 m
u(z) P()
= po(Us — up) 60+E+_ .
L0
(6)

In the case where the material ahead of the shock is sta-
tionary (uy = 0), the equations reduce to

IOOUY
= P 7
o1 T — ) @)
Py — Py = poUsuy, (8)
1 1 1
eg—==zPy+P)|———). 9)
2 Po p1

These relations form a coupled system: knowing any two of
the shock variables (Us, u;, P;, p1, and €;) allows all the shock
variables to be calculated, defining the unique shock state.

B. Impedance matching

As introduced in the Rankine-Hugoniot relations, only two
independent shock variables are needed to fully determine a
shocked state. One of these, the shock velocity Us can be
directly measured using the VISAR diagnostic. Impedance
matching is a method to determine the other variables by
leveraging known material behavior in the reference material,
in this case alpha-quartz [20,21].

When a shock transits from the quartz standard into the
foam, a release wave is launched back into the quartz,
while the foam is compressed by the transmitted shock. At
the interface, both the pressure and particle velocity must be
continuous to prevent separation; this condition defines the
impedance-matching constraint. By characterizing the release
behavior of the quartz, it is possible to determine the final
matched state at the interface, which corresponds to the shock
state in the foam.

First, the shock state of quartz at the interface is de-
termined from the measured shock velocity. Quartz has a
well-characterized Hugoniot, given by a fitted expression
[29]:

Us = ao + aju, — ayupe” ", (10)

where the variables a; are given in Table 1. This equation de-
fines the quartz principal Hugoniot, the locus of final states
achievable by a single shock from an unshocked state. The
measured Us defines a Rayleigh line, described by Eq. (8),
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TABLEI. Coefficients for the quartz principal Hugoniot fit in the
form U, = ap + aju, — a,u,e ", used to determine the shocked
state of quartz from the measured shock velocity [29].

ap (km/s) a a as (km/s) ™!

5477 1.242 2.453 0.4336

which intersects the Hugoniot at a unique point in the (P, u,)
space, fully specifying the shock state in quartz.

Once the quartz shock state is determined, the release path
of the quartz is estimated by a Mie-Griineisen model. This
approach is detailed in Ref. [30], in which an “effective”
Griineisen parameter ['.(Us) can be used. An empirical fit
for Tef in the pressure regime relevant to this study is given in
Ref. [29] to be

Cegr

—1.4545 +0.1102U;,, Uy < 14.69,
~10.579{1 — exp[—0.129(U; — 12.81)*2]}, U,> 14.69,

Y

with a constant uncertainty of £0.036.

This procedure yields a release curve in (u,,, P) space from
the shocked quartz state. Because the quartz and foam remain
in contact, the interface must lie along this release path and
simultaneously satisfy the Rankine-Hugoniot conditions for
the foam. Thus, the shock state of the foam is found where the
foam’s Rayleigh line intersects the quartz release isentrope.
The whole impedance-matching calculation is illustrated in
Fig. 3.

C. Error propagation

The uncertainty in the impedance-matching calculation
was quantified using a Monte Carlo approach [31]. For each
pair of measured shock velocities in quartz and foam, the
impedance-matching procedure was repeated 103 times. In
each iteration, all input parameters with associated uncertain-
ties were randomly sampled from normal distributions defined
by their respective means and variances.

Each Monte Carlo realization yielded a shock state for
the foam, characterized by the shock velocity U™, particle
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FIG. 3. Pictorial demonstration of the impedance-matching
calculation.

velocity uf®™, and pressure P™™. The ensemble of results
from the full set of realizations formed a distribution for each
of these quantities. The reported shock state corresponds to
the mean of each distribution, while the associated uncertainty
is given by the standard deviation.

The uncertainty enters the impedance-matching calculation
through four sources. The first two arose from direct experi-
mental measurements: the shock velocities in the quartz and
foam, USQZ and Usf"am, respectively. These were treated as nor-
mally distributed with means equal to the measured values and
standard deviations of o;* = 1 km/s and o?*™ = 2 km/s. The
larger uncertainty used for the foam shock velocity stems from
additional material uncertainties. For example, the uncertainty
in foam density propagates into the refractive index of the
foam and hence the velocity-per-fringe (VPF) used for VISAR
analysis. This effect introduces a corresponding uncertainty in
the inferred foam shock velocity, which is encapsulated in the
larger 2 km/s error estimate.

The remaining sources of uncertainty stem from the ma-
terial models used in the calculation. The first is the quartz
Hugoniot fit in the Us-u,, plane [Eq. (10)]. The coefficients
used in this calculation were sampled from a multivariate
Gaussian with mean values presented in Table I and a covari-
ance matrix as described in Table II. The second model-based
uncertainty is the calculation of the effective Griineisen pa-
rameter. The mean of this value was calculated directly from
Eq. (11), and a constant standard deviation of or,, = 0.036
was used, consistent with Ref. [29].

IV. EXPERIMENTAL ANALYSIS AND RESULTS

A. VISAR analysis

As described in Sec. IIT A, the VISAR diagnostic records
phase shifts in a fringe pattern, which correspond to changes
in the velocity of a moving surface [32]. A representative
raw VISAR image is shown in Fig. 4, with time progressing
downward and the horizontal axis representing the spatial
dimension across the target. The streak camera operated with
a time window of 10 ns, and the probe laser pulse duration
was 7 ns. The complete set of VISAR images for all shots is
available in Ref. [33].

Initially, the foam and quartz layer was transparent to the
probe laser pulse, and the probe passed through the target
and reflected off the rear surface of the Al layer. However,
once shocked, both the quartz and foam become reflective
[34]. This resulted in the probe laser pulse reflecting off the
shock front. These interactions can be identified in Fig. 4 as
an example. At the top of the image (0-3 ns), the fringes are
vertical, indicating a constant phase and therefore constant
velocity; this corresponds to the probe reflecting from the rear
surface of the stationary Al layer before the shock arrives.
A sharp transition follows, where the fringes begin to move
diagonally (3—4 ns), marking the breakout of the shock from
the Al into the underlying quartz. Here, the probe reflects
from the moving shock front, and the phase shift indicates
a nonzero velocity. The negative slope of the fringe pattern
indicates that the shock is decelerating in the quartz.

A narrow dark band appears further down (4.0-4.5 ns),
corresponding to the shock reaching the interface between
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TABLE II. Covariance matrix for the coefficients used in the quartz Hugoniot fit (Table I). The coefficients are treated as a multivariate
Gaussian distribution during Monte Carlo sampling to account for model uncertainty [29].

(o] (o] 02 o3
o) 3.028 x 1073 —1.49 x 107 —3.715 x 1073 —6.275 x 107*
o) —1.49 x 107 7.839 x 107° 1.448 x 10~ 2752 x 107
lop) —3.715 x 1073 1.448 x 107 1.729 x 1072 1.605 x 1073
o3 —6.275 x 107* 2.752 x 107 1.605 x 1073 1.907 x 107*

quartz and foam. This band indicates the presence of a vacuum
gap, which is discussed further in Sec. V. Immediately follow-
ing the dark band, a sudden fringe displacement is observed,
followed by continued diagonal motion at a shallower angle
(>4.5 ns). The abrupt shift reflects a velocity jump as the
shock enters the foam, while the reduced fringe slope implies
slower deceleration compared with the propagation through
quartz.

Time (ns)

300
X (um)

FIG. 4. Representative raw VISAR data corresponding to shot 12
in Table III, with time increasing down the vertical axis. The phase
of the fringe pattern encodes the velocity of the moving surface.
The image exhibits four distinct regions: (1; 0-3 ns) vertical fringes
indicating reflection from the stationary Al rear surface; (2; 3—4 ns)
diagonally shifting fringes as the shock transits from the Al through
the quartz; (3; 4.0—4.5 ns) a dark band associated with a vacuum gap
between quartz and foam; and (4; >4.5 ns) further diagonal fringe
motion as the shock propagates through the foam.

Following this qualitative interpretation, the raw phase
shift data from both VISAR systems, configured with veloc-
ity per fringe (VPF) values of 9.024 and 5.554 km/s, were
first aligned in time by matching the abrupt phase jumps
observed at shock breakout. The data was then converted into
corresponding sets of possible surface velocities. The true sur-
face velocity was determined by identifying where these sets
overlap within a physically reasonable range. The refractive
indexes of the alpha-quartz and aerogel foam that were used
for this analysis were 1.54 and 1.03 [35], respectively. This
velocity matching process is illustrated in Fig. 5.

For the impedance-matching calculation, the shock veloc-
ity in the quartz was taken as the shock velocity immediately
before the dark band. In this example the quartz shock velocity
was measured around 2.3 ns to be 30.5 km/s. The foam shock
velocity was harder to determine due to the lack of signal
immediately after the shock breaks out of the quartz layer.

Signal
Drop
50 Qz > Foam
«—> < >

w
3

Velocity

N
S

Coalescence

3

o

1 2 3 . 5 6 7
Position [time]

FIG. 5. The velocity matching process for Shot 12 using two
VISAR systems. Candidate velocities derived from each VISAR
overlap at the true surface velocity. The foam shock velocity is
measured at the point of realignment.

TABLE III. Summary of experimental results from all valid shots. Mean values and uncertainties for shock velocity U;, particle velocity,
u,, and pressure, P, are given for both quartz and foam. The effective Griineisen parameter, I, is calculated for each quartz shock state.

Shot U2 (km/s) u* (km/s) P (GPa) T Ufem (knv/s) o™ (kmys) P™ (GPa)
4 2875 £ 1.00 1875+ 080 1430 £ 111 0579 £ 0036 3744 £200 3428 £ 168 114 £ 7.70
5 254+ 100 1607 £ 0.80 1084 £ 962  0.577 £ 0.036 3204 £2.00 2940 £ 1.67  84.1 £ 6.57
7 2781 £ 1.00  18.00 £ 0.80 1328 = 107 0579 £ 0.036 3141 £ 199 3351 + 171  93.9 + 7.03
8 2778 £1.00 1797 £ 080 1325+ 107 0579 £ 0036 3390 200 3312+ 169 100 + 7.22
9 209 +£ 1.00 1253 £ 078 696 +£ 763 0549 £ 0.036 2549 £ 199 2281 £ 1.60 518 % 5.06
11 29 £ 1.00 1895+ 0.80 1459 £ 112 0579 £0.036  37.10 £ 201 3475+ 1.69 115+ 7.74
12 305+ 100 2015+ 081 1631 +£ 119 0579 + 0.036  39.95 £2.00  36.87 £ 1.69 131 % 8.30
13 306+ 1.00 2023 +£ 080 1643 £ 119 0579 £ 0.036 4381 £ 199 3659 £ 1.66 143 £ 8.61
16 249 +£ 100 1567 £ 080 1036 + 943 0576 + 0.036 2890 £ 2.00 2899 £ 1.69 748 £ 6.21
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FIG. 6. Measured shock states in 90 mg/cm® aerogel foam plot-
ted in the (u,,, P) plane (red). Data points represent mean values from
nine shots with uncertainties derived from Monte Carlo analysis. The
dashed line shows the predicted Hugoniot from the QEOS model.
Previous experimental data and QEOS curves for 110 mg/cm’
(yellow) and 200 mg/cm® (green) aerogels from Knudson er al.
[30,36] are included for comparison. The experimental data for the
90 mg/cm® foam lies slightly below the QEOS prediction, consistent
with systematic underestimation due to the presence of vacuum gaps.

In this work, the foam shock velocity was measured after
the dark band once the VISAR signals align, in this case at
3.1 ns to be 39.95 km/s. This will likely result in a slightly
under-estimated foam shock velocity, although this is again
addressed in Sec. V.

B. Shock data

From ten fielded targets, a total of nine valid shots were
obtained. One low-energy shot was excluded because the re-
sulting shock was too weak to produce a measurable VISAR
reflection, preventing accurate determination of the shock
velocity. The corresponding shock states are tabulated in
Table 111 and displayed in the (u{**™, P*™) plane in Fig. 6.
Note that the shot numbers in Table III exceed ten because
additional calibration and diagnostic targets were fielded dur-
ing the experimental campaign. The measured shock states
are compared against the Hugoniot derived from the QEOS
model, where the foam is described as a very low-density
a-quartz.

Also in Fig. 6 are the experimental data and the associated
QEOS models for both 200 mg/cm? (green) and 110 mg/cm®
(yellow) density aerogel foam obtained by Knudson et al.
using planar plate impact experiments at the Sandia Z ma-
chine [30]. A similar trend is observed, with the experimental
measurements lying slightly below the QEOS prediction;
however, the deviation is more pronounced for the 90 mg/cm?
dataset.

V. VACUUM GAP

A. Vacuum gap evidence

Evidence of a vacuum gap between the quartz and foam
layers was consistently observed in the VISAR diagnostic
data for all but one shot (shot 13). The gap manifests as a drop
in signal intensity immediately following shock breakout from
the rear surface of the quartz layer. This feature is attributed
to the presence of a vacuum or low-density region between

the quartz and foam layers, resulting in a loss of coherent
reflection from a well-defined shock front and hence a tem-
porary absence of reflectivity. Similar vacuum gaps have been
reported in previous experiments [37] and are known to re-
duce the transmitted shock velocity in the downstream foam,
thereby disrupting the impedance-matching calculations.

B. Characterizing the vacuum gap

In the presence of a vacuum gap, when the shock reaches
the rear surface of the quartz, material is released into the gap
and streams toward the foam. Upon arrival of the material at
the foam surface, a period of ramped compression in driven
the foam, which subsequently steepens and coalesces into a
well-defined shock. During this ramped-compression phase,
no continuous reflective surface exists and the interaction
therefore remains nonreflective, as discussed in the following
Section. Consequently, the point at which the VISAR velocity
traces realign (after the interval of signal loss) corresponds
to the formation of a fully developed shock within the foam.
The time at which the foam shock velocity is measured (see
Fig. 5) therefore marks the completion of shock reformation
rather than the initial material arrival at the foam surface. The
temporal interval between shock breakout at the rear quartz
surface and this coalescence time was measured for each shot
from the diagnostic data and is reported in Table IV.

C. Vacuum gap simulations

To quantify the influence of vacuum gaps on the mea-
sured foam shock velocities, one-dimensional radiation-
hydrodynamic simulations were performed using the HYADES
code [38]. The simulations modeled the full multilayer target
configuration used in the experiment, consisting of the CH
pusher, Al shielding layer, a-quartz reference, and a foam
layer. The foam thickness was reduced to 105 um relative
to the experiment in order to isolate the effects of shock
transmission across the quartz-foam interface.

Laser pulses were modeled with a 1 ns duration, comprised
of a 0.1 ns linear rise and fall time, and a flat 0.8 ns peak. The
laser intensity was varied from 40 to 200 TW/cm? to generate
a suite of simulations. For each intensity, the quartz shock ve-
locity at the quartz-foam interface was recorded, establishing
a mapping between laser intensity and quartz shock velocity.

This mapping enables a direct correspondence between
simulation and experiment based solely on the measured
quartz shock velocity, without invoking any assumptions
about the foam response. Because the drive calibration de-
pends only on well-characterized materials (CH, Al, and
a-quartz), it provides a robust means of matching simulated
and experimental drive conditions. For each experimental
shot, an effective simulation laser intensity was therefore se-
lected such that the simulated quartz shock velocity matched
the measured value to within £0.6 km/s, and are shown in
Table IV. This procedure yielded a calibrated drive for each
shot that reproduces the experimentally observed drive up to
the quartz-foam interface.

Once the drive conditions were matched, additional sim-
ulations were performed that included a vacuum gap at the
quartz-foam interface. A comparison between simulations
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TABLE IV. Comparison between experimentally measured quantities and matched radiation-hydrodynamic simulations for each shot.
Simulations are mapped to the experiment by matching the quartz shock velocity and the shock coalescence time.

USQZ (km/s) Atoa (nS)
Shot Expt. Sim. Expt. Sim. Sim. Gap Width (um)
4 28.75 28.87 0.55 0.57 18.5
5 25.40 25.79 0.78 0.80 26
7 27.80 27.79 1.78 1.76 70
8 27.78 28.01 1.00 1.01 36.6
9 20.90 20.88 0.41 0.42 10
11 29.00 29.36 0.70 0.70 25
12 30.50 31.06 0.80 0.80 30
13 30.60 31.13 0.00 0.00 0
16 24.90 25.48 1.80 1.80 60
Average: 30.7

with and without a vacuum gap for Shot 8 is shown in Fig. 7.
In the presence of a vacuum gap, shock transmission into the
foam is delayed as material released from the rear surface of
the quartz streams across the gap and accumulates within the
foam. This process produces a phase of ramped compression
that subsequently steepens and coalesces into a fully devel-
oped shock, as described earlier.

Figure 7 also illustrates the resulting difference in shock-
front velocities around the quartz/vacuum-foam interface.
In the simulation including a vacuum gap, the ramped-
compression phase is characterized by an accelerating shock
front, followed by a transition to a quasisteady velocity once
shock coalescence is complete. Importantly, the experimen-
tal VISAR data do not exhibit any acceleration phase. The
experimentally measured duration therefore corresponds to
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FIG. 7. Space-time density contour plots (left) and correspond-
ing shock velocity histories around the quartz/vacuum-foam interface
(right) from one-dimensional (1D) hyades simulations (correspond-
ing to shot 8) of shock propagation through the multilayer target with
(bottom) and without (top) a 36.6 um vacuum gap between the quartz
and foam. Horizontal dashed lines mark initial material boundaries,
and the solid black line indicates the shock front. Vertical dashed
lines indicate the time at which the shock reaches each interface. The
presence of the vacuum gap results in a measurable reduction in the
foam shock velocity, consistent with experimental observations.

the interval between shock breakout from the rear surface
of the quartz and the formation of a fully coalesced shock
in the foam, rather than the time of first material contact at
the foam surface. The same definition is therefore applied
in the simulations, such that the simulated and experimental
durations correspond to the same physical process and can be
directly compared. In the simulations, the shock coalescence
time is defined as the point at which the foam shock velocity
reaches a quasisteady value, marked by the vertical dotted line
in Fig. 7.

The velocity profiles further demonstrate that the presence
of a vacuum gap leads to a measurable reduction in the
transmitted foam shock velocity. The simulated foam shock
velocity was measured a short duration after the shock ve-
locity reached a quasisteady value, as indicated by the red
points in Fig. 7. This reduction observed in the 1D simula-
tions is reproduced in an independent two-dimensional (2D)
radiation-hydrodynamic simulation using the flash [39] code,
performed to verify the 1D results.

To quantify the size of the vacuum gap for each shot, the
gap width was treated as a free parameter in the simulations.
The temporal interval between shock breakout from the rear
surface of the quartz and the formation of a fully coalesced
shock in the foam was extracted. An effective vacuum-gap
width was then identified by matching this simulated coales-
cence time to the experimentally measured duration between
quartz breakout and the onset of a steady foam shock.

This procedure yields simulations in which both the drive
conditions (through quartz velocity matching) and the vac-
uum gap width (through coalescence duration matching) are
consistent with experimental observations. The resulting ef-
fective gap widths inferred from this matching are listed in
Table IV. These values represent gap widths that reproduce
the experimentally observed delay to shock coalescence. The
inferred gap widths are quite substantial, with a mean value of
30.7 wm, and exhibit significant shot-to-shot variation.

D. Updated Hugoniot

To correct for the reduction in foam shock velocity induced
by the vacuum gaps, the simulation results were used to com-
pute shot-specific correction factors. To minimize sensitivity
to the assumed equation of state (EOS), the analysis relies
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FIG. 8. Updated Hugoniot for 90 mg/cm® aerogel foam after
correcting experimental shock velocities based on vacuum-gap sim-
ulation results (blue). Foam shock velocities were scaled by the
simulated velocity ratio (with vs without gap) and reprocessed
through impedance-matching calculations. The corrected data are
now closely aligned with the QEOS model (dashed line, red), sup-
porting that the vacuum gap accounts for the original discrepancy.

only on the relative change in foam shock velocity between
simulations with and without a vacuum gap. This relative
correction acts to quantify the reduction in transmitted shock
velocity associated with shock propagation across the gap. For
each shot, the foam shock velocity was extracted from the two
matched simulations: one with and one without the vacuum
gap. The ratio of these velocities quantified the velocity re-
duction caused by the gap:

Ufoam, corrected = Ufoam, measured X <M> . (12)
Usim, with gap
The corrected foam shock velocities were then input into the
impedance-matching analysis to recalculate the shock pres-
sure and particle velocity.

Although the correction factor is not strictly EOS-
independent, additional simulations using QEOS models
spanning a range of aerogel densities (50-200 mg/cm?) show
that it varies only weakly across this range, despite the large
spread in the corresponding Hugoniots. This indicates that the
correction factor is relatively insensitive to the precise EOS
within the physically relevant aerogel regime, and that the
derived correction factors are therefore robust, provided the
assumed EOS lies within this large range.

Two additional uncertainties are included in the Monte
Carlo impedance-matching process to account for the

uncertainties in the correction process. These come from the
measurements of the foam shock velocities in the simulations
with and without a vacuum gap. The measurement uncertainty
Of Usim, no gap Was &1 km/s, and the uncertainty in Usim, with gap
was 3 km/s. The larger uncertainty in the simulation, includ-
ing a vacuum gap, encompasses the uncertainty associated
with the size of the vacuum gap and the larger uncertainty in
the foam measurement itself. The resulting corrected Hugo-
niot is shown in Fig. 8 and displayed numerically in Table V.
After applying the gap-based corrections, the experimental
data now align closely with the QEOS model, eliminating
the earlier systematic offset. The corrected data also exhibit
the same behavior as the higher-density silica aerogel foams
measured by Knudson et al., sitting slightly below the QEOS
model. This indicates that vacuum gaps are likely the domi-
nant source of error in the uncorrected measurements, and that
the corrected results are consistent with QEOS predictions
within the present QEOS-model-assisted framework.

An alternative approach commonly used to account for
small vacuum gaps is backward propagation, in which a linear
or exponential fit is applied to the measured velocity profile
in the foam and extrapolated back to the «-quartz interface.
This method was applied to each shot using both linear and
exponential fits for comparison. For gap widths <20 um,
the inferred shock velocities agree with the simulation-based
corrections to within ~3%, consistent with typical experi-
mental uncertainties. However, the deviation between the two
approaches increases with gap size, reflecting the growing in-
fluence of ramped compression and delayed shock formation,
which are not captured by the backward propagation method.

VI. CONCLUSION

The principal Hugoniot of 90 mg/cm?® silica aerogel foam
has been measured under laser-driven shock compression to
pressures up to 160 GPa. These experiments, conducted at
the GEKKO XII laser facility, used VISAR diagnostics to
characterize the shock state via impedance matching against
an a-quartz reference. This work extends previous studies by
Knudson et al. to a lower-density silica regime, indicating that,
at these densities, the aerogel behaves as a homogeneous ma-
terial well described by standard QEOS modeling, providing
new experimental constraints in a previously underexplored
region of parameter space.

Initial results showed a systematic underestimation
of foam shock velocities relative to the QEOS model.

TABLE V. Updated version of Table III after correcting the foam shock velocity based on hydrodynamic simulation corrections.

Shot U (kmvs) u* (km/s) P (GPa) Ter U (kmfs)  ul™ (kmvs) P (GPa)  CF (%)
4 2875+ 1.00 1875 £ 0.80 1430 + 111 0579 £ 0.036 41.02 £3.99 3390 + 1.7 124 £ 120  9.56
5 254 £ 1.00 1607 £ 080 1084 £ 962 0577 £ 0.036 357 £ 4.08 29.04 £ 1.68 922 £ 105 114
7 2781 £ 1.00  18.00 + 0.80 1328 = 107 0579 + 0.036  38.09 + 434 3268 £ 1.72 111 £ 122 213
8 2778 £ 1.00 17.97 £ 0.80 1325 + 107  0.579 £ 0.036  38.62 + 4.14 3259 + 1.70 112 £ 11.8 139
9 209 £ 1.00 1253 £0.78 696 £ 763  0.549 + 0.036 27.44 £3.95 22.64 = 1.61 551+ 7.87  7.65
11 29 £ 1.00 1895 + 0.80 1459 + 112 0.579 £ 0.036  40.88 +3.99 3433 £ 171 125+ 121 102
12 305+ 100 2015 + 0.81 1631 £ 119 0579 + 0.036  44.65 + 418 3637 + 1.7 144 + 124 1138
13 30.6 £ 1.00  20.23 + 0.80 1643 £ 119 0.579 £ 0.036  43.81 £ 1.99 3659 = 1.66 143 = 8.61 0
16 249 £ 1.00 1567 £ 080 1036 + 943  0.576 + 0.036  35.14 + 443 2830 + 1.68 883 £ 109 216
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Analysis of the VISAR data revealed the consistent presence
of vacuum gaps at the quartz-foam interface, which were
characterized and quantified across shots. One-dimensional
radiation-hydrodynamic simulations confirmed that such gaps
reduced the transmitted shock velocities and shifted the ap-
parent Hugoniot below its true value. After correcting for the
vacuum gap using simulation-derived velocity scalings, the
experimental Hugoniot closely matches QEOS predictions.
This supports the use of QEOS for modeling low-density
aerogel foams in high-pressure regimes associated with these
experimental conditions.

These results contribute new experimental data to the
high-energy-density EOS database for low-density foams—
materials critical to inertial confinement fusion and other
high-energy-density applications. More broadly, this work
highlights the need for careful interpretation of VISAR data,
as even small vacuum gaps at material interfaces can lead to
underestimation of shock pressure.

Future work, including an experiment at the LULI laser
facility in France, will extend this investigation to aerogel
foams of varying initial densities to study the role of poros-
ity and microstructure on the shock response. The effects of
wetting the foam with isopropyl alcohol will also be explored.
These experiments will provide insight into how the presence
of liquid alters pore collapse, energy coupling, and EOS be-
havior, key considerations for the development and modeling
of wetted-foam ICF targets.
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