Shocked Silica Aerogel Radiance Transition
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Silica (Si02) aerogel is widely used in high-energy-density shock experiments due to its low and adjustable
density. Reported here are measurements of the shock velocity, optical radiance, and reflectivity of shocked
SiCD aerogel with initial densities of 0.1, 0.2, and 0.3 g/crn3. These results are compared with similar data from
three solid polymorphs of SiCD, silica, quartz, and stishovite with initial densities 2.2, 2.65, and 4.3 g/crn3,
respectively. Interestingly, below a brightness temperature of Tbright % 35,000 lv, the slope of the radiance
versus shock velocity is the same for each of the SiCD aerogels and solid polymorphs. At Tbright % 35,000 lv,
there is an abrupt change in the radiance versus shock velocity slope for aerogels, but not seen in the solid
polymorphs over the pressures and temperatures explored here. An empirical model of shock front radiance
as a function of SiCD density and laser drive parameters is reported to aid in design of experiments requiring

maximum shock front radiance.
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. INTRODUCTION

SiCD aerogel has found many applications in high-
pressure physics due to its microstructure and highly-
deformable nature. Examples of SiCD aerogel’s ap-
plications include laboratory astrophysics,l inertial
confinement fusion (ICE) target design,3 impedance
matching standards4-6 and complete equation-of-state
(EOS) measurements,’ radiative shocks,§ additive foam
targets,9,10 and capture of high velocity (krn/s) space
particles.ll Due to the collapse of its porous struc-
ture upon compression, aerogels can produce multi-
eV (1 eV % 11,600 Iv) temperatures using a relatively
low pressure drive. As a well-characterized broadband
source, shocked Si02 aerogel can probe optical absorp-
tion and reflectance during band structure changes12-16
and ionization eventsl7-23 using spectrally-resolved opti-
cal diagnostics.24,25

The objective of this work was to measure the radiance
of shock fronts in SiCD aerogel at various initial densi-
ties. The optical properties of shock compressed fused
silica, quartz26 and stishovite27 have been characterized
and used as standards for temperature and reflectance
measurements.2§ This work measures the optical radi-
ant behavior of shock compressed SiCD aerogel, which is
expected to be significantly hotter and thus brighter at
comparable shock pressures, than shock-compressed SiCD
starting at solid density.29,30 These measurements can be
used to constrain radiative hydrodynamics in IGF simu-
lations of implosions using aerogel liners, and to generate
an optimally-bright broadband source for HEDP experi-

ments.

The high-pressure behavior of shock compressed SiCD
aerogel (p) < 0.5 g/crn3) has been studied previously
with efforts to understand its thermodynamic31,32 and
radiation transport properties.33 Molecular dynamics
simulations have been performed to show that macro-
scopic measurements of thermodynamic properties in
shocked silica aerogel can be reproduced with nanoscale
simulations.34 Here we provide the first systematic ra-
diance measurements of shock compressed SiCD aerogel,
which when combined with shock wave data from several
SiCD solid polymorphs, provides the radiant properties of
shock-compressed SiCD with initial (and final) densities
spanning more than an order of magnitude.

Laser-driven shocks were used to compress SiCD aero-
gel samples from initial densities of 0.1, 0.2, and 0.3
g/crn3. Reflectivity, radiance, and shock velocity mea-
surements from in-sifu optical diagnostics are reported.
Brightness temperature (7bright) and pressure (P) are
calculated through diagnostic calibration and Hugoniot
measurements, respectively. A change in Tbright - P
behavior was detected near 35,000 Iv along the aero-
gel Hugoniot, and physical mechanisms (photoexcitation,
electron/ion conduction, and microstructure) leading to
this change are discussed. Finally, this dataset is lever-
aged for experimental design through an analytic model
of shock-front radiance for a given laser drive irradiance.

In this work, the term "temperature" will be used in
two distinctly different ways: (1) “temperature” by it-
self refers to the thermodynamic value derived from an
EOS model and (2) “brightness temperature” refers to the
value corresponding to a measured radiance centered at



600 nm. Finally, “radiance” refers to a measured photon
flux per steradian (W/m2sr) where an emissivity (e) cor-
rection is not included (e = 1 representing a blackbody
source).

Il. EXPERIMENTAL TECHNIQUE

Experiments were performed on the OMEGA EP Laser
System35 at the University of Rochester’s Laboratory for
Laser Energetics. Targets were irradiated by one to four
laser beams (A = 351 nm) on a polystyrene (CH) ab-
lator, producing strong shock waves that compress the
planar samples.36-40 These experiments used laser irra-
diance between 10 and 200 TW/cnr produced by 2-, 2.5-
, and 4-ns temporally square and ramp-top laser pulses
with spatially uniform spot diameters of approximately
1100 or 1800 pm through the use of distributed phase
plates.

The targets (shown at the top of Fig. 1) are com-
posed of a 40-jitm CH ablator (refractive index n = 1.59
at A = 532 nm, pl = 1.05 g/crn3), a 50-"tm quartz pusher
(n = 1547, po = 2.65 g/cm3), and a 250-"tm SiCU aero-
gel sample (n = 1.02 to 1.06, p) = 0.1 to 0.3 g/cm3).
The quartz acts as a radiance and reflectance reference
for the Si02 aerogel samples. Quartz’s pressure, density,
and particle velocity (P,p,up) along the Hugoniot have
been experimentally measured to 12 TPa using diamond
and aluminum standards.4l Temperature and reflectance
have been measured in the 0.5- to 5-eV range.26-28 The
CH and quartz act as a preheat radiation shield for the
aerogel by absorbing >99.7% of the 2- to 5-keV x rays
generated by laser ablation. A high-viscosity epoxy was
used to edge-bond the aerogel to the pusher, preventing
wicking into the central portion of the aerogel (region of
interest), but inadvertently creating a vacuum gap with
an average gap width of 20 pm. When the shock exits
the pusher, the quartz expands into the vacuum region
and piles up on the aerogel, reforming a shock. Mea-
surements in the aerogel are taken after the radiance has
reached a maximum, not at the quartz/aerogel interface,
so the vacuum gap does not impact the reported data.

Shock velocity, reflectivity, and radiance are measured
using using a velocity interferometer for any reflector
(VISAR)42 and a streaked optical pyrometer (SOP).43'44
Streak images for VISAR and SOP are shown in Fig.
1. VISAR uses a 532-nm laser probe, which reflects off
shock front, Doppler shifting the reflected probe. VISAR
fringe position corresponds to the shock velocity and the
amplitude corresponds to the shock front’s reflectance.
The probe enters through the back surface of the aero-
gel sample (Fig. 1). Velocity, reflectance, and brightness
temperature (calculated from radiance) of the shock front
for shot 34510 are shown in Fig. 1. For all drive irra-
diances used here, the shock in CH (¢ = 0 to 2 ns) is
strongly absorbing at the VISAR probe wavelength, so
limited measurements are performed in the ablator. A
slowly decaying shock is observed in the quartz (¢ = 2 to
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FIG. 1. (Top) Target setup used for these experiments. The
CH is irradiated from the left side by the laser, driving a shock
to the right. (Middle) Velocity (blue curve) and reflectance
(green curve) extracted from shot 34510 over-plotted with the
VISAR image. (Bottom) Brightness temperature (red curve,
calculated from radiance) over-plotted with the SOP image.

4 ns), with the reflectance increasing as the shock moves
away from the ablation front. X rays from the ablation
front photo-ionize material ahead of the shock, increasing
the opacity experienced by the VISAR probe. Just be-
fore the shock breaks out from the quartz into the aerogel
(t = 4 ns), the reflectance reference is established, where
the measured reflectance matches the expected value.28
A loss of reflectance just after breakout from the quartz
corresponds to quartz expanding into the vacuum gap.
The expanded quartz piles up on the aerogel, creating
a ramp in the shock’s velocity over 0.5 ns. The shock
then decays as it propagates through the aerogel (¢ = 4.5
to 13 ns).

lll. ANALYSIS METHODS

Brightness temperature of the shocked aerogel was de-
termined by measuring the radiance of the shock front
using the SOP. SOP collects time- and spatially-resolved
thermal emission from the shock front integrated over
wavelengths between 590 and 850 nm, with a peak effi-
ciency at 600 nm. The SOP signal is converted to bright-
ness temperature using an absolute calibration of the
OMEGA EP SOP, which follows the procedure described
in Ref.44. Calculating brightness temperature requires an



assumption that light collected by the pyrometer is emit-
ted from an optically thick surface located just behind
shock front. Brightness temperature is calculated using
the equation from Ref.44:

To

Thright (€3]

where To = 1.990 ¢V and AQ = 150,179 ADU/ns are the
OMEGA EP SOP calibration constants, iJ is the cam-
era’s sweep rate in pixels/ns, and 7 is the SOP counts in
ADU/pixel. Analog-to-digital units (ADU’s) have a 1:1
relationship with the number of CCD (charge-coupled de-
vice) electrons in a pixel. A systematic correction to the
aerogel’s radiance is calculated from the ratio of radiance
measurements in the quartz reference and the expected
radiance28 at a given shock velocity. When fitting to the
quartz radiance measurements, an uncertainty band is
created which encompasses the shot-to-shot variations.
This uncertainty band is projected onto the corrected
aerogel brightness temperature, and added in quadrature
with systematic uncertainties from the SOP calibration.
Total uncertainty in the aerogel brightness temperature
is quadrature sum of the random component (typical 2%
uncertainty in the measured ADU’s) and systematic com-
ponents (3.5% uncertainty in AQ, 0.2% uncertainty in
T044 5-15% in Tbright from the quartz systematic cor-
rection). Uncertainty in the shock velocity is equal to
als = 0.22 km/s, or 5% of the velocity per fringe as-
signed to the interferometer’s delay elements.

Reflectance is determined by comparing the VISAR
fringe amplitude in the aerogel to that in the quartz.
Average shock velocity, brightness temperature, and re-
flectance in aerogel for all shots included in the dataset
are shown in Table 1. SiOg aerogel follows a similar trend
as quartz, where the reflectance drops significantly for
shock velocities below 15 km/s. Uncertainty in the re-
flectance values are a quadrature sum of the random
components (difference in measurement between the two
VISAR systems and spatial variations in the measure-
ment window) and systematic components (uncertainty
in the quartz reflectance reference).

Brightness temperature versus inferred pressure data
for all initial densities are shown in Fig. 2. For the
aerogel measurements, pressure is inferred using an ex-
perimentally measured Hugoniot for 0.1 and 0.2 g/cm3.31
The Hugoniot for 0.3 g/cm3 is approximated based on an
assertion that for a given up, the us differs by 3% for each
0.1 g/cm3 increment.31 45 Parameters used for the aero-
gel us — Up curves are listed in Table II. Uncertainties in
the 0.3-g/cm3 Hugoniot are taken from the 0.2-g/cm3 fit,
with an increase of 50% to represent uncertainty in the
approximation method. Inferred average EOS parame-
ters for each shot are listed in Table III. Uncertainty in
the inferred EOS parameters is on the order of 1.5%,
2%, 5%, and 5% of the reported particle velocity, pres-
sure, density, and internal energy respectively; these are

Aerogel: 0.1 g/cm3 (This Work)
Aerogel: 0.2 g/cm3 (This Work)
Aerogel: 0.3 g/cm3 (This Work)
Fused Silica: 2.2 g/em3 [26,28]
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FIG. 2. Brightness temperature (and integrated radiance in
the 590- to 850-nm band) versus inferred pressure for shock
compressed SiCh aerogel (green, blue, and pink circles) and
their two-part power-law fits (green, blue, and pink curves).
Shaded regions represent 1-a confidence intervals. Measure-
ments on fused silica (orange circles),26 quartz (red circles),26
and stishovite (brown circles)27 are fit with a single power-law
function (orange, red, and brown curves).

determined through a Monte Carlo routine that incorpo-
rates systematic uncertainties in the Hugoniots.

Brightness temperature versus shock velocity data was
fit with a bilinear function in log-log space in the form
/op(Tbrigbt) = a - /op(tu) + W(6) — ¢ ' Po, which is func-
tionally equivalent to a two-part power law in the form
Tbright = b1 (us)a 1 e~cpo for linear-linear space. All
three densities of aerogel are well represented by curves
with identical a and b values, which change at the break-
points located near Thright. = 31, 39, and 36 kK for 0.1,
0.2, and 0.3 g/cm3, respectively. Breakpoint locations
are determined by fitting the data above and below the
gap in measurements and finding the intersection of the
curves. The c-po term is a linear initial density correction
on the curve’s intercept. Below the breakpoint, ¢ is the
same value for all three curves. Above the breakpoint,
c is the same for 0.2 and 0.3 g/cm3 but differs by 2.5x
for 0.1 g/cm3. The parameters and /-a uncertainty (de-
termined from the variance in the data) for the fits are
shown in Table IV. The higher initial density polymorphs
(fused silica, quartz,26 and stishovite27) were fit with a
single power law function, only including data points de-
termined to be above melt.

SiOg aerogel exhibits behavior that is starkly different
from its higher-density counterparts (Fig. 2). Specif-
ically, the exponent of the power law a is ~2 with
no observed slope change for fused silica, quartz, and
stishovite. For SiOg aerogel, a is 2 below the change
in slope and ~1 above the change in slope. Below the



change in slope observed in aerogel, the six 7bright — P
curves for SiOg form a set of parallel lines. Physical
mechanisms leading to the anomalous brightness tem-
perature behavior in aerogel are examined in Sec. V.

IV. RADIANCE MODEL

For the purpose of creating an optimally-bright SiCF
photon source, an analytic shock-front radiance model
was developed using a three-component target design
composed of a CH ablator, quartz pusher, and SiCF sam-
ple. In this model the shock strength is assumed to be
steady with time and optical absorption ahead of the
shock is neglected. Ablation pressure is determined using
a scaling law for CH (Z = 3.5 and Aioser = 351 nm):46
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where Toser is the maximum irradiance of the laser
pulse in W/cnr. For different laser wavelengths and
ablator materials, the ablation pressure scaling law can
be recalculated using the equation from Ref.46. The
pressure and shock velocity in the SiCF sample is cal-
culated using impedance matching30 at the CH/quartz
and quartz/SiCF interfaces. Experimentally determined
Hugoniots for fused silica,47 quartz, stishovite,27 O.l-
and 0.2-g/cm3 aerogel3l were used in the model. A
Mie-Griineisen linear reference47 model was used for the
quartz releasing into aerogel or fused silica. A reflected
Hugoniot was used to model the reshock at both the
quartz/stishovite and the CH/quartz interfaces. The
brightness temperature in the SiCF sample is calculated
using the inferred pressure from impedance matching and
the two-part power-law fits. A Planck spectrum is calcu-
lated from the brightness temperature, and is integrated
over the SOP’s 590- to 850-nm band. The curves shown
in Fig. 3 are the output of the radiance model. Un-
certainty bands include the systematic uncertainty im-
posed during the impedance-matching process through
the Hugoniot, release, and reshock models. Systematic
uncertainties are incorporated through a Monte Carlo
routine using V = 106 trials.

Since higher density SiCU polymorphs do not exhibit
the same Tbright — P slope change observed in aero-
gel, their shock front radiance curves will eventually
overtake those of SiCU aerogel, as seen in Fig. 3. A
photoexcitation-driven slope change is expected in higher
density polymorphs of silica, however this would occur at
pressures far exceeding (a few thousand GPa in fused sil-
ica and quartz) those sampled in this work. Thus, in or-
der to obtain maximum brightness for a given fixed laser
drive irradiance, aerogel should be selected as an emit-
ter for laser drives below 25 TW/cnr. Additionally,
fused silica is more effective than aerogel at coupling en-
ergy from the shock into pressure, due to its higher shock

Aerogel: 0.1 g/cm (This Work)
Acrogel: 0.2 g/lem” (This Work)

Aerogel: 0.3 g/cm3 (This Work)
Fused Silica: 2.2 g/cm3 [26,28]
'Quartz 2.65 g/cm” [26,28]
'Stishovite: 4.3 g/er”™ [27,28]

Laser Drive Irradiance (TW/crn)

FIG. 3. Shock front radiance integrated over 590 to 850 nm
versus laser drive irradiance for a three-component target de-
sign including: CH ablator, quartz pusher, and SiCH sample
(inset). Aecrogel targets produce the brightest shocks when
driven with less than *25 TW/cm2. Dashed curves indicate
a /-a confidence interval.

impedance. So, at higher laser drive irradiances, a larger
fraction of the deposited laser energy will be converted
into compression and shock fronts in fused silica will be
brightest.

This model can be applied to a variety of different
ablators, pushers, and samples. In the model results
presented, the quartz is kept inside the target as radi-
ation shielding from the laser drive. When designing
a bright optical source, mitigating radiation flux from
the ablation front may be needed to minimize the initial
photoexcitation of the sample material, thus maximizing
the shock’s brightness. A 40-"tm CH ablator and 50-"tm
quartz pusher reduce the number of 2- to 5-keV x rays
from the ablation front by 99.7%. When designing a
source with maximum brightness, maintaining radiation
shielding of >99% will ensure that the radiance model is
an accurate predictor for the experiment.

V. DISCUSSION

The change in slope exhibited by the brightness tem-
perature in SiOo aerogel warrants further investigation.
When compared against Thomas-Fermi29 and density
functional theory-based equations of state,32 the EOS
temperature and measured brightness temperature dif-
fer by 50% to 100%, with increasing disagreement at the
highest shock velocities. This disagreement has been pre-
viously observed in TagOg foams with an initial density
of 0.25 g/cm3.49 Some possible causes for this difference
include: (a) radiative precursor ahead of the shock, (b) a
conductive precursor, and (c) shock propagation in aero-
gel microstructure.



Shock fronts with brightness temperatures in the eV
range emit photons with energies high enough to stimu-
late electronic transitions in ambient material ahead of
the shock. These multi-eV photons will increase the opac-
ity ahead of the shock, decreasing the signal measured by
SOP. Loss of reflectance at high shock velocities has been
attributed to photoexcitation ahead of the shock.50 SiOe
aerogel might be more susceptible to photoexcitation
than higher density polymorphs, but further constraints
on the UV transmission of aerogel foams is needed to
accurately estimate the optical absorption ahead of the
shock.

A conductive precursor could be streaming ahead of
the shock front in aerogels. The work of Ref.32 simulated
the diffusion of high temperature ions ahead of the shock
and found that the ions are significantly slower than the
shock front /vdiffusion < 0.1».s). However, these simu-
lations do not calculate electron diffusion ahead of the
shock. Electrons ionized by the compression may diffuse
into the ambient material at velocities faster than the
shock front, increasing the free carrier density and opac-
ity ahead of the shock. Measurements of electronic con-
ductivity in SiCb aerogel at various densities are needed
to accurately estimate the effects of free carrier diffusion
ahead of the shock front.

The dynamics of shock propagation in highly-porous
materials is significantly different from that of solid
crystals.30 X-ray radiography measurements of shocks in
aerogels show that shock fronts disperse as they propa-
gate through the microstructure.51 An aerogel with am-
bient density of 0.1 to 0.3 g/cm3 is 96 to 87% voids, re-
spectively. Samples used in these experiments had pores
smaller than 40 nm, significantly smaller than the reso-
lution of VISAR and SOP (~ I(0fim). These diagnostics
will not be able to detect spatial variations in the shock
front due to the microstructure, but it may have an effect
on the bulk measurements.

VI. CONCLUSIONS

In conclusion, shock velocity, radiance, reflectance, and
inferred brightness temperature of shocks in SiOo aerogel
were determined when singly shocked from 0.1, 0.2, and
0.3 g/cm3. SiOo aerogel’s brightness temperature ver-
sus pressure behavior was starkly different from higher
density polymorphs. A change in slope of the brightness
temperature versus pressure was detected in all three ini-
tial densities near 35,000 Iv, but is not seen in higher den-
sity polymorphs of SiCb. The observed change in slope
could be due to radiative, conductive, or microstruc-
ture effects. This observation is of fundamental im-
portance for experiments using SiCb aerogel and strong
shocks. Some of these applications include laboratory
astrophysics,1,2 IGF target designs with aerogel liners,3
EOS measurements,4-7 radiative shock experiments,§ ad-
ditive foam target designs,9,10 and high-pressure optical
property experiments.

Using measurements from six different initial densi-
ties of SiOo, a radiance model was developed for prag-
matic experimental design. These sources are of great
interest for measurements of optical absorption and re-
flectance during band structure changesl2-16 and ioniza-
tion eventsl7-23. For the purpose of generating a broad-
band optical probe, SiOe aerogels are an optimally-bright
source when using laser drivers below ~25 TW/cm2. At
stronger drive irradiances, aerogel becomes less optimal
due to the reduction in 7bright — P slope.
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Shot Number us (km/s) ws R (normalized) (R 7bright (<

34506 753  0.14 0.03 0.01 9900 700

34509 929 0.14 0.14 0.03 11300 850

34512 893 0.14 0.09 0.03 12600 1000
34511 102 0.14 0.06 0.03 15800 1400
34505 126  0.14 0.04 0.01 26700 2900
34503 145  0.14 0.12 0.04 29600 3400
34507 221 0.14 0.22 0.10 45800 6300
34510 259 0.14 0.34 0.10 52200 7600
34501 239 022 0.26 0.05 56400 8500
34508 282  0.14 0.34 0.09 59000 9100
34504 287 0.14 0.34 0.08 61200 9600
34502 295  0.14 0.34 0.06 69600 11500

TABLE I. Average measured shock velocity, reflectance, calculated brightness temperature, and uncertainties for each shot
included in the dataset, sorted by increasing brightness temperature. In this table, only a single average value is reported for
each shot. In Fig. 2 the shot data is binned in shock velocity, with bin width equal to the uncertainty in the shock velocity
measurement.

Density (g/cm3) Co (km/s) S
0.1 -0.700 £ 0.258 1.23 + 0.01
0.2 -0.389 £ 0.184 1.25 = 0.01
0.3 -0.078 + 0.276 1.26 + 0.02

TABLE II. Linear Hugoniot coefficients for SiCE aerogel. The
Hugoniot has functional form u3 = S-up+Co- The coefficients
for 0.1 and 0.2 g/cm3 are taken directly from Ref.31, values
for 0.3 g/cm3 are inferred by approximation.

Shot Number tip (km/s) P (GPa) po (g/cm3) P (g/cm3) y E (MJ/kg)

34506 6.68 5.61 0.11 0.99  9.00 28.4
34509 7.41 21.2 0.30 148 495 42.5
34512 7.47 13.7 0.20 123 6.14 39.8
34511 8.80 9.93 0.11 0.84  7.61 51.1
34505 10.8 15.0 0.11 0.77  7.02 78.1
34503 11.9 345 0.20 1.13 5.65 102
34507 17.5 117 0.30 146  4.85 236
34510 20.6 162 0.30 145 484 326
34501 19.5 934 0.20 1.08 539 271
34508 224 191 0.30 145 484 383
34504 239 75.6 0.11 0.65 5% 402
34502 24.0 143 0.20 1.06 532 424

TABLE III. Inferred average EOS parameters for each shot, sorted by increasing brightness temperature. LTncertainty in the
inferred EOS parameters is on the order of 1.5%, 2%, 5%, and 5% of the reported particle velocity («p), pressure (P), density
(p), and internal energy (S), respectively, 17 = p/po is the average compression ratio for each shot.

Region a 5 (K.M»-*) ¢ (cm3/g)
Below Breakpoint 2 +0.03 185 + 16.0 1.2 &+ 0.02
Above Breakpoint  0.95 £ 0.02 3.28 103 £ 260 0.90* = 0.02

TABLE 1V. Two-part power-law fits applied to the SiOg aero-
gel brightness temperature and shock velocity data. These
fits are of the form Tbright = b+ (Ms)“ ' e~cpo and are valid for
shocks in SiOg aerogel traveling between approximately 7.5
to 30 km/s. The breakpoint in the fit occurs at Thright = 31,
39, and 36 kK for 0.1, 0.2, and 0.3 g/cm3, respectively. (*)
For 0.1 g/cm3, ¢ = 2.25 cm3/g above the breakpoint.



