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Abstract 

   Highly-porous samples of tantalum pentoxide (Ta2O5) aerogel were 

compressed from initial densities of 0.1, 0.15 and 0.25 g/cm3 by shock-waves with 

strengths between 0.3 and 3 Mbar.  The compressed material was between 5 and 

15 times as dense as the pre-compressed aerogels with temperatures of about 5 eV 

(58,000 °K).  These strong shock-wave loadings were produced by the OMEGA 

laser system at the Laboratory of Laser Energetics.  Because these aerogels 

represent a small fraction of the full crystalline density of Ta2O5, 8.2 g/cm3, the 

material response to shock-waves is heavily influenced by the large amount of 

shock-wave heating.  This response is quite different than the crystalline material 

yielding insight into a broader range of material properties. 

  The characterization of the aerogels indicate that the materials have one 

percent or less by mass of residual contaminants from the manufacturing process 

present when the experiments are performed; therefore, the material response is 

highly representative of Ta2O5.  The shocked states are diagnosed with the 

OMEGA Velocity Interferometer System for Any Reflector (VISAR) and the 

Streaked Optical Pyrometer (SOP).  The VISAR provides shock-wave velocity 

information yielding the compression of the shock-wave compressed state relative 

to a standard, and the SOP provides thermal information of the compressed 

material. When the compression measurements are compared to an available 

equation-of-state (EOS) model it is found that the model underestimates the level 

of compression achieved by shock-wave loading below one Mbar.  This 

observation indicates that the material exhibits more energy degrees-of-freedom, 

such as molecular contributions, than have been encompassed in the model.  The 

thermal measurements indicate less significant heating than the models predict; 

however, the shock-wave strength dependence could indicate that non-equilibrium 

effects require more attention when considering aerogel materials. 
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Introduction 

When matter is subjected to rapid compression by pressures of the order of a 

million atmospheres (Mbar), its behavior is significantly different than at standard 

conditions.  The study of this exotic condition, high-energy-density-physics (HEDP), 

began in the 1940s, when this subject became essential to national objectives and 

security [1].   The physical challenges of producing nuclear yields led the national 

laboratories of the United States and the Soviet Union to begin aggressive research 

campaigns to increase their understanding of basic material properties and the 

hydrodynamics of the implosion, burn and disassembly phases of weapons.  The 

interest in HEDP has continued through the post-cold-war era where the focus of the 

work has shifted to the preservation and long-term health of the accumulated 

stockpiles [2].   In 1992, the U. S. began a voluntary moratorium on underground 

nuclear-testing and reaffirmed this moratorium with the signing of the Comprehensive 

Nuclear Test Ban Treaty (CTBT) on the 24th of September of 1996 (however the 

Senate never ratified this treaty, and as such, is not law).  With this policy, 

performance measurements through nuclear weapons tests of the aging fleet at the 

Nevada test-site ended [3].   To overcome this loss, the Stockpile Stewardship 

Program (SSP) was authorized to use the nation’s experimental facilities to identify 

aging issues, understand their effect on performance, and certify the fleet’s health [4].  

Under this program, theoretical efforts are aimed at establishing a credible scientific 

understanding of a wide range of HEDP subjects, and at the foremost of this effort is 

the validation and verification of the theoretical models used. 

A non-nuclear (non-underground) experiment performed for SSP is commonly 

referred to as an above-ground experiment (AGEX).  An AGEX often involves a study 

of material response to environmental exposures, hydrodynamics, high-energy-density 

equation-of-state (HED-EOS), or radiation flow [5].   The AGEX provides the 

physical benchmark of a simplified configuration that serves to establish or gauge the 

effectiveness of the pertinent theoretical model.  This theoretical model is then 

extrapolated beyond the benchmark condition to determine the long-term viability of 
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the nation’s nuclear weapons arsenal.  As a result, confidence in the extrapolation of a 

theoretical model is a direct result of accurate measurements over a broad range of 

conditions. 

In addition to the national security interests of HEDP studies, the vast energy 

potential of Inertial Fusion Energy (IFE) and the general interest in astrophysics and 

planetary physics have led many research institutes to undertake their own HEDP 

programs [6]. These interests, in conjunction with the weapons program have placed a 

premium on high-accuracy measurements of the behavior of matter at high pressures 

and temperatures.  Experimental facilities like the Nova laser-system [7], the Sandia 

Z-pinch [8], the OMEGA laser-system [9], the OMEGA-EP laser system (under 

construction at the Laboratory of Laser Energetics) [10], and heavy-ion accelerators 

[11] are routinely used to compress matter to increasingly higher energy-

densities.  Ultimately, the extremely powerful National Ignition Facility (NIF) [12] is 

expected to produce vast amounts of nuclear energy from inertial-confinement-fusion 

(ICF) targets and produce new extremes of interest to weapons, IFE, and astrophysics. 

In the last fifteen years, there has been considerable interest in laser-driven 

experiments driving shock-waves for the measurement of EOS data [13-17].  The 

generation of laser-driven shock-waves has been refined and the accuracy of the 

techniques employed has been improved significantly during this time.  Highly-

accurate optical-studies of SiO2 with laser-driven shock-waves have shown consistent 

observations with experimental results obtained with other established drivers [18], 

and these measurements have extended the available data to many millions of 

atmospheres and identified new mechanisms that affect the material’s EOS [19].  

Many EOS experiments use standards or reference materials to which the behavior of 

the studied material is compared.  These experiments are particularly important in 

laser-driven, shock-wave experiments where non-referenced EOS measurements are 

complex [20-21].  The measurements on SiO2 and the consistent structure of quartz 

lend themselves to the establishment of quartz as a standard material, as are 

demonstrated in this study. 
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The EOS of a material is often established in HEDP by measuring the material 

response to the compression of shock-waves [22].  An entire scientific field was 

established on the production of these shock-waves primarily through the use of gas-

guns and explosives [23-24].  While shock-waves can produce a wide range of 

pressures (depending upon the strength of the shock-wave), the density and 

temperature states attainable are limited to a locus of solutions for the hydrodynamic 

equations commonly known as the Hugoniot of the standard solid-state material 

[25].  One method to expand the attainable states from shock-waves is to alter the 

initial density of the material under study [22].  It is seen herein that the shock-wave 

compression of a porous material (i.e. a material with a density less than that of the 

standard solid-state) produces a shock-wave compressed state with temperatures and 

compressibilities that differ significantly from that of the standard solid-state 

material.  Experiments on these porous materials enable the researcher to attain 

measurements of the material EOS over a broad range of conditions. 

In addition to the importance of understanding the EOS of the parent material, 

EOS measurements of porous materials are needed for specific applications.  The 

subject of one AGEX was the measurement of supersonic radiative transport [26] (the 

radiative flux exceeds the material flux indicating that the radiation-front advances 

faster than the material shock-wave front [27]).   This experimental study used 

tantalum pentoxide (Ta2O5) aerogels as a host material to study the radiation transport 

[26].  The low-density Ta2O5 aerogels are shock-wave compressed to pressures over a 

million atmospheres and both the radiation and hydrodynamics are tracked 

experimentally.  To fully understand this experiment and future experiments with this 

material, reliable radiation-hydrodynamic (RadHydro) simulations are needed, which 

require an understanding of the HED-EOS of the porous Ta2O5 material.  The present 

study provides HED-EOS measurements to guide the development of a theoretical 

model of this material.  Furthermore, the quotidian equation-of-state (QEOS) model 

[28-29], which is a widely used HED-EOS theoretical model, has not yet been fully 
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studied for applicability to porous materials.  This study also provides accurate EOS 

measurements to this end. 

The experimental EOS data for Ta2O5 aerogels provided by this study uses the 

accumulated developments in laser-driven shock-waves and their diagnosis to obtain 

compression and temperature data at pressures up to 3 Mbar (3x106 atm).  At these 

pressures the Ta2O5 aerogels compress to more than four times their initial density and 

achieve temperatures of the order of 5 eV (58,000 °K).  The aerogel densities used in 

this study are 0.1, 0.15 and 0.25 g/cm3.  These densities are far smaller than the solid-

state density of this material, 8.2 g/cm3.  Twelve beamlines of the OMEGA laser 

system [9] generated experimental pressures up to 1.25 Mbar in the 0.1 g/cm3 aerogel 

and up to 3 Mbar in the 0.25 g/cm3 aerogel.  Since the material is transparent, the 

shock-wave velocity is measured with Doppler interferometry [30], and the 

temperature is diagnosed with a streaked-optical-pyrometer [31]. This study uses the 

impedance-matching technique [22] with two reference standards: aluminum (a legacy 

standard), and alpha quartz (demonstrated as a new reference standard in this work).   

In this thesis, the fundamental physical principals that govern HED-EOS 

measurements are discussed in Chapter 1 with emphasis placed on the principals 

required for the measurement of these states.  With these fundamentals, the shock-

wave driver, diagnostics and experimental materials necessary for this study are 

discussed in Chapter 2.   The important experimental observations from this study are 

given in Chapter 3 including the following:  the physical properties of the Ta2O5 

aerogel samples (refractive index and density, as well as, the manufacturing residuals 

present), the measurements that justify the use of quartz as a reference material, and 

the EOS measurements (density, temperature and pressure) of the HED Ta2O5.  The 

EOS measurements are discussed with respect to the available QEOS model and a 

diagnostic modification that could benefit future studies of this type will also be 

addressed in Chapter 4 with the conclusion of this work in Chapter 5. 
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Chapter 1 

High-Energy-Density Equation-of-State (HED-EOS) 

With the objective of an above-ground experiment (AGEX) to provide 

measurements of a Stockpile Stewardship Program (SSP) [4] related material in a 

condition that is relevant to the functional environment of the weapons stockpile, it is 

important to leverage the nation’s most powerful assets, like the OMEGA laser system 

[9], to push the boundaries of controlled extreme-states.  In the radiation flow 

experiment that was performed at OMEGA [26], new very exotic conditions were 

achieved.  To fully interpret the results it is very important to have an accurate 

understanding of the HED-EOS of Ta2O5 aerogel.  The EOS of an aerogel is also of 

fundamental interest due to its porous nature.  Because the material is porous, the 

high-pressure behavior of an aerogel is very different than the parent solid-density 

material and very informative to the modeler of an EOS.  It is for these two reasons 

that this experimental study was undertaken. 

As is discussed in this chapter, the driving factor behind the importance of 

establishing HED-EOS benchmarks, like those derived in this study, is that the set of 

hydrodynamic equations describing the system response always includes one or more 

unknowns than there are available equations.  As a result, an accurate HED-EOS is 

required to provide the closure of these hydrodynamic equations.  This makes the 

HED-EOS a fundamental component of any radiation-hydrodynamic (RadHydro) 

simulation of a physical process.  In this chapter, the hydrodynamic equations of the 

fluid model are discussed.  With this background, the HED-EOS is discussed along 

with techniques to achieve and interpret measurements of these states. 

1.1  Fluid Model 

An essential tool in maintaining the health of the stockpile, the realization of 

Inertial Fusion Energy (IFE), and understanding many astrophysical phenomena is the 

RadHydro simulation [32].  The hydrodynamic equations describe a fluid as a 

collection of small differential elements, ensembles, where the constituent particles 

occupy a continuum of states.  When used in a RadHydro code, this treatment realizes 
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a computationally fast and reasonably accurate simulation of the state of the fluid 

given that a sufficiently accurate connection exists between the particles and the 

ensembles. 

At the core of a RadHydro simulation is the assumption that each component 

of the ensembles are in thermodynamic-equilibrium among themselves.  With this 

assumption the behavior of the individual particles can be neglected for the more 

tractable ensemble average.  For example the density, ρ, is the average mass of 

particles in the ensemble and is given by 

ρ , t m f , , t d , (1)

where m is the average atomic/molecular mass and f is the distribution function of 

particles in the six-dimensional phase-space of position, , and velocity, .  For 

species in thermodynamic equilibrium, the density function can then be written as  

ρ , t m fM , , t d , (2)

where the velocity distribution at each point and time is given by the Maxwellian 

distribution fM.  A collisionless fluid’s time and space dependence is determined from 

the Vlasov equation [33] 

· f · f 0, (3)

where  is the acceleration due to external forces.   By applying the Vlasov 

relationship to the density relationship of Eq. 2 one arrives at the continuity equation, 

D
D

ρ · 0, (4)

where D Dt⁄  is the material derivative or the time rate of change of a point in space 

and time, and  is the local, fluid velocity.  The material derivative is simply the 

summation of a local unsteadiness, ⁄ , and a convective motion, · , to a region 

of a different condition (i.e. D
D

· ).  The continuity equation required the 
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addition of the next higher moment, ρ , which requires the velocity space integration 

of the next higher moment 

ρ , t m fM , , t d  (5)

to determine the local fluid velocity, .  The application of Vlasov’s equation to Eq. 5 

results in the motion equation of the ensemble given by 

ρ D
D

· , (6)

where  represents the body forces and  is the pressure tensor.  The pressure tensor 

of a collisionless fluid is commonly isotropic and is simply given by the product of a 

pressure and an identity matrix.  For the case that the body forces are negligible then 

the motion equation reduces to 

D
D

p 0, (7)

and again, the flux term in the motion equation introduced a new higher-order term, 

the pressure.  The pressure, in turn, depends on the work performed on the ensemble; 

thus, the ensemble averaged energy equation with the application of the Vlasov 

equation results in 

ρ D
D

ε  v · · ρ ∑ µ N · . (8)

Here  and  represent the internal energy and the heat flux, respectively, and μi δNi is 

the energy required (gained) in the transition from one species state to another by δN 

components of an N-species ensemble across a chemical potential μ.  Neglecting body 

forces and with the additional assumption that the differential heat flux is reversible, 

δq = T δs, then the energy equation becomes 
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D
D

ε v · p T s ∑ µ N , (9)

where T is the temperature and s is the entropy of the fluid ensemble.  Using the 

combined first and second laws of thermodynamics,  

d ε ∑ µ N T ds dρ, (10)

two of the dependent variables in Eq. 9 can be removed, but the presence of the 

entropy requires a still higher moment of the distribution function 

Ds
Dt

1
ρ T · κ T

Ξ
ρ T. (11)

In Eq. 11, changes in the species populations are neglected, κ is the thermal 

conductivity, and Ξ is a term that is equal to zero for a collisionless fluid but always 

greater than zero when collisions are considered [34].  This would then require another 

solution for the thermal conductivity, and so-on.  This trend of having at best “n” 

unknowns with “n-1” equations continues indefinitely; therefore, in practice, a 

material EOS is invoked to close the set of equations.  

The material EOS provides an approximate relationship between the higher-

order variables and those already considered.  It is common to truncate the fluid 

equations at Eq. 9 and write the relations for the EOS parameters pressure, internal 

energy and entropy in the forms p(ρ, T, N), (ρ, T, N) and s(ρ, T, N), 

respectively.  With the addition of these three EOS relationships and a specification of 

the population of each of the species, the fluid equations become a closed set with five 

equations (continuity, three momentum and energy) with five unknowns (temperature, 

density and the velocity vector). 
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1.2 EOS Modeling 

Inspection of Eq. 10 shows that the internal energy does not easily lend itself to 

being dependent on the variables of interest, namely density and temperature; rather, 

Eq. 10 depends on the density and entropy.  To shift the dependence to density and 

temperature, the internal energy is transformed to the Helmholtz free-energy, F 

(referred to as free-energy).  The free-energy is obtained by subtracting the quantity 

s dT from both sides of Eq. 10 to arrive at 

dF d T s s dT
p
ρ

dρ μ δN  (12)

which is the desired function of density and temperature assuming a functional form is 

available to relate species population to the temperature and density.  With a model for 

the free-energy, all other EOS parameters can then be found with the appropriate 

partial derivatives, namely: 

p ρ F

T,N
, (13)

s F
T ,N

, (14)

and 

ε F T F
T ,N

. (15)

As an example, consider the ideal monatomic-gas, the free-energy of this gas is 

given by 

F ρ, T N kB T 1 Ln B T ⁄

⁄ , (16)
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where kB is Boltzmann’s constant, m is the atomic weight, and ħ is Planck’s constant 

[35].  Applying Eq. 13-15 to Eq. 16 one finds that the pressure, entropy, and internal 

energy are given by 

p N B T ρ R T, (17)

s N kB Ln B T ⁄

⁄ , (18)

and 

ε kB T, (19)

respectively, where Rc is the specific gas-constant.  As can be seen, with the free-

energy defined, it is straightforward to develop the EOS relationships.   

The ideal gas description is only fully applicable to low densities for 

atoms/molecules or at high temperatures for ions/electrons; therefore, the full material 

EOS requires a much more advanced treatment.  A generalized EOS temperature-

density plane, adapted from the book by Eliezer [35] is shown in Figure 1.  Figure 1 

covers an extreme range of both density and temperature relevant to HEDP 

environments.  Identified in this figure are four regions of particular interest to 

AGEX.  For densities in the range of the sub 1021 cm-3 or for temperatures above 102 

eV, the material state corresponds to the previously described ideal gas 

conditions.  Region 1 contains the typical starting conditions for most HEDP 

experiments.  Despite the complexity involved with the chemical structures in this 

region, the hydrodynamics of these material states are believed to be relatively well 

understood because of the ease in performing measurements in these conditions.  In 

region 2, the electrons become degenerate and are the dominate contributor to the 

EOS.  The EOS in this region is well-described by the Thomas-Fermi model with an 

ideal gas description of the ions given by, 
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F ρ, T N Z kB T 1 Ln
Z

B T
  

⁄

ρ⁄
Z  

R

N kB T 1 Ln  B T
π

⁄

ρ⁄ , 
(20)

where Z, me, ec and R0 are the ionization fraction (number of electrons per ion), 

electron mass, electronic charge and the Thomas-Fermi ion-sphere radius, respectively 

[27].  In region 3 the material can still be treated as an ideal gas with the total free-

energy of all of the species described by Saha’s equation 

F ρ, T ∑ N kB T 1 Ln B T
π

⁄

ρ⁄
∑ Exp ∆H

B T
, (21)

where the summation is over the free-energies of each of the components and ΔHi is 

the enthalpy of reaction [35].  All three of these regions are considered to be 

understood limiting cases, and in the cases of regions 2 and 3 the solutions are 

attainable because the components are taken to be non-interacting.  In contrast, region 

4 is generally a much more complicated region of the EOS plane that is often referred 

to as the warm-dense matter region [36-39].  In this region the plasma undergoes 

phase transitions, dissociation, and ionization of the highest valence states 

concurrently.  Theoretical models for this region are only approached analytically by 

interpolation among a patchwork of detailed physical models [40-42].  These 

analytical EOS tables are often discontinuous and have difficulty maintaining 

thermodynamic stability, which makes them undesirable for RadHydro simulations.  

Another solution to capturing the EOS is creating a global (empirical) model 

that covers the entire EOS like the quotidian equation-of-state (QEOS) [28-29] or the 

PANDA model [43].  In these models, the free-energy is constructed from a 

summation of contributions due to the warm ions/atoms, the free-electrons and the 

material’s zero-temperature state, 

F FT ⁄ FT F , (22)
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with functional forms chosen to preserve the thermodynamic stability.  In these 

approaches, a Grüneissen based model [35] 

p Γ ρ ε, (23)

where Γ is the Grüneissen parameter, is commonly used to represent the warm 

behavior (T > 0) of the ions, and a Thomas-Fermi based model is used to describe the 

free-electrons.  The Grüneissen model is too simple to describe phase-transitions and 

the full molecular behavior of the material; consequently, these models rely heavily on 

coarse adjustments of the zero-temperature free-energy to match both experimental 

inputs, such as compression curves, the bulk modulus, the characteristic temperatures 

for phase transitions, and detailed theoretical inputs, such as the enthalpy of phase 

transition and ionization fraction.  These models allow the interpolation between 

regions 1, 2 and 3 of Figure 1 in a thermodynamically consistent manner.  While these 

models are empirical, they have distinct advantages because of their ease of use in 

simulation tools, but require HED-EOS measurements to verify that extrapolations of 

the approximate models are acceptable. 

1.3 Discontinuity Solution of the Fluid Model 

In general, equation-of-state experiments are based on the measurement of a 

material’s response to varying densities, temperatures, or pressures.  From Gibb’s 

phase rule one finds that the number of degree(s) of freedom, DOF, of a material is 

given by 

DOF 2 P C, (24)

where P is the number of phases and C is the number of components [44].  For the 

common case of a single component material with a single phase, the number of 

degrees of freedom is two.  For this material an equation-of-state measurement 

requires a measurement of two free parameters.  This is commonly done by holding 

one property constant while varying another i.e. at constant density (isochoric),
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Figure 1:  Representative equation-of-state density-temperature plane 

 
A generalized density-temperature plane for hydrogen adapted from Ref. [35].  The 
region encapsulated in the lower-left corner, identified as region 1, is where a 
material’s behavior is dominated by the valence electrons.  The region between the 
two solid lines which represent where the Fermi energy of the electrons (lower line) 
and ions (upper line) is equal to the thermal energy, region 2, is dominated by the 
pressure of the degenerate electrons.  At low densities, in region 3, materials are 
approximated well by the Saha equation-of-state.  All EOS space between these 
conditions, region 4, is known as warm-dense matter and requires detailed theoretical 
or experimental inputs to describe the behavior.  As a reference, the dashed lines 
represent typical ion pressures associated with HED environments in Mbar.  In this 
study, the total (ion plus electron) pressures achieved are at or near 1-Mbar and 
between 1021 and 1022 ions per cubic centimeter. 
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constant temperature (isothermal), constant entropy (isentropic), etc.  Such 

experiments can be performed very accurately and work quite well when examining 

states similar to the terrestrial environment (region 1 of Figure 1).  When extreme 

states of temperature and pressure are to be studied, these techniques, which require 

contact with a solid-state material, are difficult to implement.  Measurements are made 

in this situation by applying a high compressive load rapidly (sub-microsecond 

timescale), which results in significant temperature increases.  This form of 

compression is known as shock-wave compression. 

Shock-waves are compression waves that travel faster than the speed of sound 

within a material, so there is no material response prior to the wave’s arrival.  If an 

impulsive-pressure-disturbance, like that illustrated in Figure 2a, is applied to a 

material by a piston traveling at the velocity up launching a shock-wave.  The material 

ahead of the shock-wave is spatially uniform at the pre-existing conditions, and the 

shock-wave approaches at the velocity, us.  Behind the shock-wave front, the material 

is highly energetic and occupies a decreased volume; consequently, the material is 

highly collisional.  The high collisionality achieves a uniform, compressed-state just 

behind the shock-wave front.  This means that the material consists of two spatially 

uniform density states separated by a discontinuity as illustrated in Figure 

2b.  Because the states ahead of the shock-wave and behind the shock-wave are both 

spatially uniform, the inviscid forms of the fluid equations, Eq. 4, 7, and 9, can be 

applied.  In the frame of reference of the shock-wave, material at the pre-existing 

conditions, position x0, flows into the shock-wave front at us and material leaves the 

shock-wave front at position x1 with the velocity us-up.  Integrating Eq. 4, 7, 9, and 11 

around a volume that contains the shock-wave front and taking the limit of zero-

volume, one obtains the Rankine-Hugoniot relations 

ρ u u ρ u , (25)

p ρ u u p ρ u , (26)
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ε p
ρ

u u
2 ε p

ρ u , (27)

and 

s s 0, (28)

respectively [22,45].  With the knowledge of the initial conditions of the material and 

the measurement of any two of the parameters us, up, ρ, p, or , the remaining 

parameters can be determined with Eq. 25, 26, and 27.  In Eq. 28, the arbitrary change 

in the entropy across the shock-wave front indicates that a fully-defined equation-of-

state also requires a measurement of the thermal state of the shock-wave compressed 

material as is described in Section 2.2.2. 

From Eq. 25, 26, and 27, it can be seen that the shock-wave jump solutions lie 

along a locus of solutions (commonly referred to as a Hugoniot) for each initial 

condition (ρ0, p0 and 0).  Figure 3 shows a pressure-density EOS plane for silica 

(SiO2) with the density normalized to the room-temperature solid-density, ρ00.  The 

figure shows a translation of the regions called out in Fig, 1 to this plane.  In the 

figure, the Hugoniot for the material in its standard-state (thick black), known as the 

principal-Hugoniot, is shown along with the curve showing the states that would be 

achieved if the same material were compressed isentropically (cold-compression 

curve, dashed thick black).  The states achieved under strong, shock-wave 

compression deviate from those achieved by cold-compression at moderately high-

pressure providing insight into the complicated warm dense matter physics of region 

4.   

An example of a physical situation where the Hugoniot is important is a high 

speed (about 10 km/s relative velocity) collision of two solid materials.  This impact 

will result into strong, counterpropagating shock-waves, one in each material, that 

propagate from the point of impact.  When these shock-waves reach regions of lower 

impedance (i.e. vacuum), see Section 1.4, the material decompresses into the low- 
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Figure 2:  (a) Piston shock-wave driver (b) shock-wave diagram 

 

Figure 2 shows a piston that instantaneously advances into a material of density, ρ0, at 
a velocity, up, from rest (a), which results in the generation of a wave-front that 
propagates ahead of the advancing piston at a velocity, us.  The wave traveling into the 
material propagates faster than the speed of sound for the material ahead of the front 
creating a nearly discontinuous change in state.  In the frame of reference of this 
wave-front, material at position x0 and at the initial density ρ0 approaches the front at 
us and material at position x1 and the compressed density ρ leaves the front at us-up 
(b).  The hydrodynamic equations are then solved in an analytical form for the case 
that x1-x0 goes to zero. 
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Figure 3:  Standard-state pressure-density plane 

 

The pressure-density EOS plane of silica (SiO2) with density normalized to the 
crystalline density, ρ0,s, of alpha-quartz.  In this figure, the approximate locations of 
the regions discussed in Figure 1 are shown.  The cold-compression (thick dashed 
black) curve represents the compressions achieved when a load is applied 
isentropically.  The black curve represents the principal Hugoniot for crystalline 
alpha-quartz, and the impact release (thick  gray) curve represents the release isentrope 
from a 10 Mbar shock-wave.  The kinks present in the cold-compression curve and 
principal Hugoniot below 10 Mbar are due to the reordering of atoms/ions due to 
solid-solid and solid-liquid phase transitions.  Above 10 Mbar the kinks are due to 
dissociation, ionization and transition to a degenerate state, and at the highest shock-
wave strengths the maximum compression is limited to four times the initial density. 
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impedance medium along the isentrope (thick  gray) of the shock-wave compressed 

state.   As can be seen in the figure, the release states are firmly in the warm-dense-

matter region, so these problems can greatly benefit from experimental probing of 

states away from the principal-Hugoniot. 

Dynamic measurements that involve a material with varying initial conditions 

are an effective tool for probing the EOS away from the principal Hugoniot.  The 

range of measurements in the parameter space of gases can be increased by the pre-

compression or rarefaction of a fluid [46].  For normally solid materials, initial 

conditions can be varied by manufacturing pores into the solid.  In a porous media, 

like the aerogels used in this work, the shock-wave initially transfers wave energy into 

crushing the voids and melts the solid material into the void as a uniform low-density 

gas [47].  For shock-waves with strengths of the order of the yield strength of the 

porous material, the shock-wave compresses the material to near the density of the 

solid-state material with an elevated temperature.  When the shock-wave is much 

stronger than the yield strength of the porous material, much of the wave’s energy 

goes to heating the material making it difficult to compress, which results in a reduced 

final density as compared to an equivalently shock-wave compressed solid-state 

material.  Figure 4 demonstrates how the initial density of a material affects the 

ultimate compression achieved by a shock-wave with a specific strength.  In the 

figure, Hugoniots are shown for a material starting from several different initial 

densities representing one-half, one-fifth, one-tenth, one-twentieth, one-fiftieth and 

one-hundredth of the material’s standard density, ρ0,s.  By changing the density 

fraction of the material, ρ0/ρ0,s, dynamic experiments can be used to probe a larger 

region of the material’s equation-of-state than the single Hugoniot available from the 

solid-state.   

Dynamic experiments in porous materials can be useful in making inferences 

into the thermal behavior of the solid-state material, in addition to probing off-

principal Hugoniot conditions.  These inferences are possible because of the strong 
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Figure 4:  Off-Hugoniot pressure-density plane 

 

The pressure-density EOS plane repeated from Figure 3 with the inclusion of 
Hugoniots expected for silica materials of various initial density fractions, ρ0/ρ0,s.  The 
density fraction of the initial state is displayed next to the respective Hugoniot.  At low 
shock-wave strengths the ultimate compression of the porous material is near the 
crystalline density; however, for high shock-wave strengths the ultimate compression 
is strongly influenced by the temperature of the material.  In these Hugoniots, the 
solid-solid phase transitions are absent; however, because of the high-temperature, 
melting, dissociation, and ionization occur at faster rates resulting in a more 
pronounced affect on the Hugoniot.  
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dependence of the final compressed state on the portion of the wave’s energy going 

into entropic heating.  When the loose clusters of the material are compressed and 

heated, the material undergoes melting.  If the melt process is endothermic, then less 

energy is available for heating and the final material is more compressible.  By 

comparing equation-of-state models to these experiments it is possible to infer 

deviations between melting conditions for dynamic and static conditions.  These 

effects manifest themselves at low shock-wave strengths just after crushing the 

pores.  If a material exhibits a highly compressed state above that indicated by a 

model, it is an indication that the enthalpy of fusion or the molecular dissociation is 

being underestimated in the model. 

The melting dependence on shock-wave compression can be found by using 

Eq. 25 and Eq. 26 to eliminate the velocity in Eq. 27.  When this is done one finds that 

the internal energy jump across a shock-wave front is given by 

ε ε p p , (29)

and for an ideal gas, the internal energy is given by  

ε c T , (30)

where cv is the specific heat at constant volume for a gas, and γ is the ratio of specific 

heats at constant pressure and constant volume.  For the case under consideration here, 

the internal energy and pressure of the material prior to shock-wave arrival is 

negligible compared to the properties behind the shock-wave, so Eq. 29 can be 

simplified to 

ε . (31)

Substituting Eq. 30 into Eq. 31, the ratio of the density jump across the shock-wave 

front is then given by 
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. (32)

From the equipartition theorem of an ideal gas, the ratio of the specific heats is given 

by the ratio (DOF+2)/DOF, where DOF is the number of degrees of freedom available 

to the molecule [48].  Substituting this relationship into the compression ratio across 

the shock-wave front, one finds that the compression is given by 

DOF 1. (33)

This means that a monatomic gas, which only has translational degrees of freedom 

associated with it, will have a limiting compression ratio of four, a diatomic gas will 

have a compression ratio of six, and a triatomic gas will have a compression ratio of 

seven.  For situations where the vibrational modes of the molecules are fully excited 

there are two additional degrees of freedom for a diatomic molecule and six additional 

degrees of freedom for a triatomic molecule yielding strong shock-wave compressions 

ratios of eight and fourteen, respectively [22]. 

Dissociation and ionization further contribute to the compression ratio 

attainable from a shock-wave because these processes require energy input to 

overcome the equilibrium state.  To account for this, Zeldovich modified Eq. 33 to the 

form 

DOF 1
T

. (34)

where Θ is the characteristic temperature associated with the transition [49].  The 

modification is approximate, but recognizes that significant energy goes into the 

endothermic processes. 

1.4  Measurement Techniques for the High-Energy-Density Equation-of-State 

As was noted in Section 1.3, by measuring any two of the kinematic 

parameters it is possible to determine the remaining kinematic parameters of the 
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shock-wave compressed-state.  The most common parameter measured is the shock-

wave velocity, us.  This can be measured for both transparent and opaque materials by 

measuring the transit time over a known distance.  Because strong, shock-waves are 

very hot and highly ionized and smooth, shock-wave fronts are highly reflective.  This 

means that for a strong, shock-wave traveling within an optically transparent material 

it is possible to measure the velocity far more accurately with a Doppler measurement 

of the moving shock-wave interface than velocities determined from distance and 

time-of-flight measurements [30].  This is discussed in Section 2.2.1.  This leaves one 

free parameter which must be accounted for to close the Rankine-Hugoniot 

relations.  For many experiments, this is achieved by matching wave characteristics 

across a material interface with a known-standard [50]. 

The continuity and momentum equation, Eq. 4 and Eq. 7, require that the 

pressure and particle velocity remain constant across a contact interface between two 

materials.  Physically this means that if a pressure differential exists the material 

accelerates until an equilibrium state exists in the shock-wave compressed 

material.  By measuring the state of a known material, these matching conditions 

provide the second kinematic parameter to close the Rankine-Hugoniot relations.  This 

can be performed via a few different methods depending on the available driver and 

the properties of the material to be studied. 

Any material that can be accelerated to high-velocities while maintaining its 

form can be measured using the symmetric-impact, direct-collision method [50].  In 

this method, shown in Figure 5, the impactor and the target are of the same material 

and have the same mass.  The impactor is accelerated to the flyer velocity, uf, where it 

impacts the target.  Conservation of momentum for this inelastic collision yields a 

particle velocity, up, given by uf/2, and with the knowledge of the dimensions of the 

target and the transit time of the shock-wave front, the shock-wave velocity, us, is 

determined.  This method is ideal for the development of reference standards.  For 

materials that cannot be accelerated to high-velocities, an asymmetric variation of this 

method can be used with the knowledge of a reference standard’s Hugoniot as shown 
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in Figure 6.  In this technique, an impactor, composed of the reference standard, is 

accelerated to high-velocities prior to collision with the target material.  After the 

collision, the momentum of the impactor decomposes into two, counter-propagating 

waves.  The reflected wave from the collision is a shock-wave propagating within the 

impactor and the transmitted wave is a shock-wave within the target.  The 

determination of up in this situation is easily seen in a graph of the pressure versus the 

particle velocity as demonstrated in Figure 7.  Because the Hugoniot of the reference 

standard is known, the particle velocity from a flyer of initial velocity, uf, is known as 

a function of the shock-wave strength.  This locus of possible particle velocities with 

shock-wave strength can be matched with the Rayleigh-line, which is given by the 

combined form of Eq. 25 and Eq. 26 

p ρ u u  (35)

where the initial pressure is neglected in comparison to the much larger shock-wave 

compressed state.  With the product of the initial density of the target material and the 

velocity of the shock-wave within the target, the Rayleigh-line is defined and the 

kinematic equations can be closed at the intersection of this line and the reference 

Hugoniot. 

For fluids or when the accelerator is a high-power laser system neither of these 

techniques can be used to measure the second kinematic parameter; however, it 

remains possible to make EOS measurements with a known standard using the 

impedance-match method shown in Figure 8.  In this experimental technique, a shock-

wave transmits from a reference material into a target material across a contact-

surface.  The incident shock-wave then decomposes into two waves: a forward 

traveling shock-wave that propagates into the target material and a reflected wave 

which returns into the standard.  For the case that the target material is of lower 

impedance than the reference (i.e. the product of the initial density and shock-wave 

velocity in the target is less than that in the reference ρ  u T ρ  u R ), the 

reflected wave is a rarefaction wave.  This method is shown graphically in Figure 9. 
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Figure 5:  Direct-collision-method, symmetric-impact 

 

A flyer plate is launched into an identical target plate at the flyer velocity, uf.  At 
impact the center-of-mass of the two-plate system travels at uf/2, which is the desired 
particle velocity.  In a reference frame traveling with the center-of-mass of the system, 
two counterpropagating shock-waves traveling at us are generated.  With a 
measurement of the thickness of the sample and a measurement of the time difference 
between shock-wave arrival at the rear surface and the time of impact, a shock-wave 
velocity can be inferred within an opaque material; this experimental technique 
measures both the flyer velocity of the impactor and the shock-wave velocity within 
the target. 
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Figure 6:  Assymetric-impact configuration 

 

A flyer of a reference material of initial density ρ ,  is launched into a target of initial 
density ρ ,  with a velocity uf.  Upon impact, the center-of-mass of the system travels 
at the particle velocity, up.  In the reference frame of the center-of-mass, a shock-wave 
propagates in the target material in advance of the contact-surface at us.  By measuring 
the target thickness and the differential in shock-wave breakout and impact, the shock-
wave velocity within the target can be determined.  The objective of this experimental 
technique is to measure both the flyer velocity of the impactor and the shock-wave 
velocity within the target. 
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Figure 7:  Direct-collision-method, asymmetric-impact 

 

Figure 7 shows the shock-wave strength dependence on the particle velocity in an 
asymmetric impact.  The curves represent the three-wave matching of the mass and 
momentum in the impact.  The flyer, initially in vacuum with a velocity uf, impacts an 
initially stationary target also in vacuum.  The impact momentum is conserved with 
two counterpropagating waves.  One of the daughter waves is a shock-wave 
propagating through the reference, while, the second wave is a shock-wave 
propagating through the target.  The velocity of the center-of-mass of the system can 
only be satisfied where the Rayleigh-line (black line), with a slope in this plane given 
by the product of the initial density of the target and the measured shock-wave 
velocity within the target (ρ0 us)Tar, intersects the Hugoniot of the reference (blue 
curve). 
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The rarefaction wave is an adiabatic wave, so the states attainable by a 

rarefaction wave are along an isentrope.  The proper isentrope (red curve) of the 

decompressing contact surface is identified by matching the measured Rayleigh line of 

the reference material (given by the line p ρ  u R  u) with the Hugoniot of the 

reference (blue line).  The isentrope (red curve) gives the possible decompressed states 

from the shock-wave.  The particle velocity dependence on local pressure is found by 

integrating the Riemann invariant, du
 

, where cs is the local speed of sound of 

the reference material.  This integration yields 

u u , (36)

where the invariant is integrated from p equal to the matched state (intersection of 

p ρ  u R  u with the reference Hugoniot) to an ambient pressure [49].  This 

release curve can then be matched to the Rayleigh line for the target (given by the line 

p ρ  u T  u  to satisfy mass and momentum conservation of the three wave 

problem; thus, the impedance-match technique closes the Rankine-Hugoniot equations 

with the measurement of the shock-wave velocity into and out of the contact surface. 
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Figure 8:  Impedance-match configuration 

 

The impedance-matching technique relies on the generation of a shock-wave within a 
reference material subsequently transmits across a contact-surface with a target.  The 
shock-wave traveling at us,Ref compresses a reference material initially at ρ0,1 to 
ρ1.  The shock-wave transmits across the contact-surface with a resultant velocity of 
the center-of-mass of the system of up.  The shock-wave propagating through the 
target changes the initial density from ρ0,2 to ρ2.  This front travels in advance of the 
center-of-mass by us,Tar.  An impedance-match experiment involves the measurement 
of the shock-wave velocity within both the reference and the target. 
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Figure 9:  Wave-matching, impedance-match method 

 

Figure 9 shows the shock-wave strength dependence on the particle velocity in an 
impedance-matching experiment.  The curves represent the three-wave matching of 
the mass and momentum across a contact-surface of two dissimilar materials with the 
blue curve being the Hugoniot of a known reference standard.  The strength of the 
shock-wave entering the contact-surface is determined by the intersection of the 
Rayleigh-line, determined with a measurement of the shock-wave velocity prior to the 
waves arrival at the contact-surface and the reference standard’s Hugoniot.  The 
shock-wave compressed state approaching the contact surface then decays into two 
counter-propagating waves.  The reflected wave from the contact-surface 
decompresses along the final isentrope (red curve).  The transmitted wave is a shock-
wave in the low-density material.  The pressure and the particle velocity, up, are 
conserved in these two waves and are determined by the intersection of the release 
curve and the Rayleigh-line of the shock-wave in the low-density material. 
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Chapter 2 

Experimental Technique 

As noted in the previous chapter, measurements of shock-wave velocities 

within a target material produce valuable information into a material’s equation-of-

state (EOS).  This experimental study used laser-driven shock-waves to achieve the 

desired Stockpile Stewardship Program (SSP) states of extreme pressure.  The driver 

for this experimental series is the OMEGA laser at the Laboratory of Laser Energetics 

(LLE) at the University of Rochester [9].  The OMEGA laser is outfitted with a full-

suite of diagnostics to probe high-energy-density states.  For this study, only a fraction 

of the available OMEGA diagnostics were used including the velocity interferometer 

system for any reflector (VISAR) [30] and the streaked optical pyrometer (SOP) 

[31].  Using these two diagnostics, it is possible to completely determine the EOS of a 

material using the impedance-match technique.  These diagnostics operate on a sub-

nanosecond timescale so that they can fully capture the material response over the 

entire multi-nanosecond OMEGA laser pulse.  The millimeter scale targets of this 

study were precision manufactured, machined and assembled through a collaboration 

of target fabrication efforts between LLE and Lawrence Livermore National 

Laboratory chemists.   In this chapter the experimental driver, the diagnostics, and the 

target design are described. 

2.1 Driver 

These experiments were performed using the OMEGA laser facility at the 

University of Rochester’s Laboratory of Laser Energetics.  OMEGA is a 60 beam, 

third harmonic Nd:YLF (351 nm laser system) that is designed for spherical 

illumination of imploding spherical targets [9].  To produce shock-waves in a planar 

EOS target, up to 12 of the OMEGA beamlines irradiate the target package.  Six of 

these are incident on the target at 23° with respect to the target normal; the other six 

are incident at 48°.  All of the beams are focused (at f/6.7) to the same spot on the 

target.  Each beam is outfitted with a distributed-phase-plate [51] that produces a 
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super-Gaussian intensity distribution at the target with a full-width at half-maximum 

(FWHM) of approximately 800 μm.  A 3.7 ns, flattop pulse-shape is used in this study 

to maximize the steadiness of the shock-wave front while minimizing the coronal 

temperature.  The total energy per beamline is 240 J of 351 nm radiation, yielding 

irradiances in the range of 15 to 80 TW/cm2 (range is related to the number of beams 

and the incidence angle of the beams). 

The physical mechanism by which a high-power laser generates a shock-wave 

front is shown in Figure 10.  In the figure, temperature, density, and pressure spatial 

profiles from a LILAC hydrodynamic simulation are shown for a laser produced 

polystyrene-plasma [52].  Initially, the laser creates a low-density plasma through 

multi-photon absorption at the solid surface [53].  Within a very short period of time 

(sub-picosecond timescale), this plasma interacts with the laser and efficiently absorbs 

the remainder of the pulse’s energy through inverse Bremsstrahlung absorption 

primarily near the critical electron density (where the plasma frequency  

ω
4π ρ m⁄ Z e

m  (37)

equals the laser frequency).  The variables ωp and ρc are the plasma frequency and the 

critical mass density, respectively [54].  For 351 nm radiation like that at OMEGA, the 

critical electron density is 9x1021 cm-3 (0.05 g/cm3 of polystyrene). 
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At these irradiances, the plasma in the interaction zone is rapidly heated to 

temperatures of the order of one keV (11.6 million °K) producing a temperature 

gradient between the critical-surface and the target-surface.  This temperature gradient 

drives heat conduction beyond the absorption region into the overdense region via 

thermal conduction.  The target material is heated and ablates from the target-

surface.  This ablated material imparts momentum on the target-surface driving the 

remaining material into itself via the rocket effect.  For the laser fluences considered 

here, the resulting compression wave load-rate far exceeds the pressure that can be 

supported isentropically, and results in a shock-wave propagating in the target.  The 

shock-wave is continually reinforced by newly ablated material from the laser heated 

surface.  When the laser pulse ends, the applied pressure relaxes and a rarefaction 

wave propagates inward, eventually catching up with the shock-wave and reducing its 

strength.   

2.2 Diagnostics 

The primary diagnostics used during this experimental campaign were the 

velocity interferometer system for any reflector (VISAR) [30] and the streaked optical 

pyrometer (SOP) [31].  Due to the fact that the shock-wave compressed states are very 

hot (of the order of 10,000 °K), the shock-wave compressed material has a significant 

population of free electrons and readily emits and reflects in the near infrared, optical, 

and ultraviolet portion of the spectrum.  The VISAR records the time evolution of the 

Doppler shift of a probe laser from an advancing, reflective, shock-wave.  With the 

measurement of the shock-wave velocity in the reference material (or witness) and the 

target, the pressure and density of the shock-wave compressed material can be 

determined with the impedance-matching technique described in Section 1.4.  The 

SOP records the time evolution of the shock-wave emission that can then be related to 

a Planck radiation source to determine the temperature of the shock-wave front.  With 

these diagnostics it is possible to fully capture the EOS of a shock-wave compressed 

material. 
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The VISAR and the SOP share a common telescope located on the 

experimental axis directly opposite the OMEGA beams that produce the shock-wave 

in the sample (see Figure 11).  The telescope includes a mechanical assembly that 

allows the in situ pointing and focusing of the diagnostics on the experimental 

package.  The probe beam and the self-emission from the shock-wave are relayed 

from the target where a dichroic beam splitter separates the VISAR probe beam from 

the rest of the self-emission.  Both the VISAR probe beam and the self-emission are 

relayed to the front of independent streak cameras that provide two-dimensional 

records with one dimension corresponding to a slit view of the relayed image and the 

second dimension corresponding to a time sweep of that slit view.  Because of the 

spatial information from the slit, the records from these diagnostics can be used to 

obtain shock-wave evolution on complex targets with more than one region of interest. 

Figure 12 shows side by side VISAR and SOP records that are representative 

of the data taken for this study.  In the case of this experiment, OMEGA shot s37190, 

an optically transparent CH/quartz/Ta2O5 aerogel target is irradiated by 12 beamlines 

of the OMEGA laser.  The two diagnostic records are shown here as a pair of two-

dimensional, color-density plots.  The plots are color scaled from white/yellow to blue 

where white/yellow represents the lowest reflectance in the interferogram (leftmost 

color-density plot) and neglible self-emission in the SOP record (rightmost color-

density plot).  The blue in the two plots corresponds to the highest reflectance in the 

interferogram and the highest self-emission in the SOP record.  Time zero is the 

reference time at which the OMEGA drive-beams began to irradiate the target.  As the 

shock-wave evolves through the target, the records show noticeable changes in both 

the total reflectance and brightness of the shock-wave front.  One of the main 

contributors to these changes is the shock-wave strength.  Strong shock-waves are 

very hot, abrupt and smooth, which results in a significant population of energetic 

free-electrons that perturb the material’s optical properties over a short distance and 

readily emit.  These free-electrons increase both the reflectance of the shock-wave and 

produce the self-emission.  The other contributor to the changes in reflectance and
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Figure 11:  Basic configuration of the VISAR-SOP at OMEGA 

 

The experimental target is located within a vacuum chamber at OMEGA.  Probe laser 
light is incident onto the target and collected from the target by a series of beam 
splitters and relay elements.  The image of the target passes to a modified Mach-
Zender interferometer for VISAR* and then onto a streak camera for recording.  For 
SOP**, the image is passed through band pass filters and then onto a streak camera for 
recording  
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apparent brightness is the scattering properties of the dielectric ahead of the shock-

wave front.  Because the dielectrics, notably the aerogel, scatter the VISAR probe 

beam and the shock-wave self-emission out of the collection optics, the emission and 

total reflectance is reduced.  The path length within scattering medium is reduced as 

the shock-wave approaches the rear surface, and with shock-wave arrival at the rear 

surface the scattering becomes negligible.   

The temporal shock-wave velocity and temperature profiles in the figure are 

determined from these two records at the image location corresponding to the spatial 

zero of the color-density plots.  The analysis techniques that are needed to determine 

these profiles are discussed in detail in the next two subsections. 

2.2.1 Velocity Interferometer System for Any Reflector (VISAR) 

At the Mbar pressures produced in this study the shock-waves are dense, hot, 

and quite steep.  As a result, there is a discontinuous change in the optical properties at 

the shock-wave front resulting in a reflective-surface within a dispersive material.  The 

VISAR probe beam, a second-harmonic Nd:YAG laser, experiences Fresnel reflection 

at the shock-wave front and is returned back through the optical relay 

system.  Because the shock-wave front advances through the material, the phase 

accumulated in the probe beam within the material is time-dependent.  The resultant 

Doppler shifted probe beam is relayed into a modified, Mach-Zender interferometer 

(Figure 11).  One of the two legs of the interferometer has a low-dispersion, optical-

grade, fused-silica etalon in the optical-path.  The inclusion of the delay element 

extends the optical-path-length of that leg.  With the addition of the delay element, the 

recombined image at the output of the interferometer compares the accumulated phase 

from two separate times (separated by the etalon delay time, τ).  As a result, the 

difference in phase between the two beams is the sum of the Doppler-shifted 

wavelengths contained in the time τ, which is proportional to the velocity of the shock-

wave and the refractive index of the material, n, that the shock-wave is moving 

through.  The resulting uncertainty is then related to uncertainties in the refractive 

index of the material and the recording system’s performance. 
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Figure 12:  Experimental records and interpretation 

 

The VISAR (left) and SOP (right) records for OMEGA shot s37190 give simultaneous 
records of the evolution of shock-wave velocity and shock-wave temperature along 
with the associated inferred velocity and temperature profiles for a twelve-beam, 
80 TW/cm  shot on a quartz referenced Ta2O5 aerogel target.  In the two-dimensional 
color density plots, white/yellow represents the lowest reflectance (brightness) and 
blue represents the highest reflectance (brightness).  The velocity and temperature 
histories were derived from position zero in the records, which correspond to the same 
point on the target. 
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In the VISAR, the image of the target that is formed at the image plane of the 

Mach-Zender interferometer is relayed to a slit aperture of a streak camera as 

illustrated in Figure 13.  The interferometer’s two-legs are brought into interference at 

the image plane by adjusting the position of the etalon/mirror combination to bring the 

two images into focus and coincident at the output beam splitter.  The time-dependent 

intensity-distribution for a one-dimensional slice of the interference pattern is given by  

I y, t E 2 2 Cos ∆φ t , (38)

where E0 is the magnitude of the electric fields for the two legs and Δφ(t) is the 

accumulated phase-difference for the two legs [55].   At this point, the image at the 

output beam splitter would totally destructively or constructively interfere; 

consequently, a series of fringes, are impressed upon the image of the target by tilting 

the output beam splitter by a small-angle, θ, with respect to the optical axis.  This adds 

a slight phase shift between the two legs at the image plane given by Δφtilt (y)= (2π 

nsplitter y Sin[θ]) / λ0 for the probe-wavelength, λ0.   

The fringe pattern set by the beam splitter serves as a reference for time-

dependent changes of the phase, which can be tracked from the shift of the 

interference fringes.  For the case that the time-dependent phase information is due to 

a Doppler shift (the situation that results from the advancing shock-wave front), the 

phase dependence on the shock-wave velocity was derived by Barker and Hollenbeck 

[56] and later revised by Barker and Schuler [57].  It was recognized that for a highly 

coherent probe beam, the accumulated phase difference between the two legs of the 

interferometer is related to the shock-wave velocity by 

∆φ t n u t dt , (39)

where λ0 is the probe beam wavelength and n is the refractive index of the material 

ahead of the shock-wave front.  If the shock-wave velocity profile exhibits a step-like 

behavior where the velocity goes from a nearly constant value to another nearly 

constant value (the situation that occurs at the contact surface between the reference 
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and the target) then the phase change between t and t-τ shifts the location of maximum 

constructive interference in the one-dimensional view.  The velocity dependence on 

the spatial, fringe-position recorded by VISAR, Δf, is written as 

u t VPF Δf t , (40)

where the velocity per fringe, VPF, is given by 

VPF
λ

2 τ 1 δ , (41)

and δ is a dispersion correction specific to the delay element. 

Figure 14 shows the procedure for exacting this phase information from a 

VISAR record.  This is commonly performed by taking the discrete fast-Fourier 

transform of spatial profiles along a planar region (a).  The spatial frequencies of the 

profiles (number of fringes per unit space) are centered on the carrier frequency of the 

fringes (set by the tilt of the output beam splitter).   The spatial frequencies near the 

carrier frequency are isolated with a filter window to remove high-frequency noise and 

low-frequency signal contributions due to the camera and illumination (b), and then 

the filtered spectrum is inverse Fourier transformed to yield the clean phase 

information (c).  The imaginary-component of the cleaned interferogram (d) contains 

the time-dependent Δf from Equation 41 needed to infer the shock-wave velocity (e) 

and the real-component of the cleaned interferogram contains the amplitude 

information that can be used to infer the reflectivity of the shock-wave front.  
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Figure 13:  Doppler measurements of shock-wave velocity with VISAR 

 

The velocity interferometer system for any reflector detects Doppler shifts to infer 
velocity.  The region (a) of the figure shows a general schematic of the modified, 
Mach-Zender interferometer used by VISAR.  If a shock-wave has the step-wise 
function shown in (b) the Doppler reflected probe beam will have a shorter wave 
length and when these separate times are compared there is a resultant shift (c) of the 
fringe pattern. 

  

(a)

(b) (c)
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Figure 14:  Interpretation of VISAR interferograms 

 

Procedure for processing interferograms to derive velocity from Celliers, et al. 
[30].  Image (a) is the as recorded image, (b) is the discrete Fourier spectrum, (c) is the 
wrapped phase image, (d) is the unwrapped phase image (Δf(y,t)), and (e) is the 
resultant velocity profile after the VPF is applied to a time lineout of the unwrapped 
phase image. 
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It can be seen from Figure 14 that there are discontinuous changes in Δf of the 

recorded fringe pattern.  These discontinuous jumps are a result of the change of the 

optical properties at the contact surface between the two materials [55].  Because these 

changes in the optical properties are simultaneous with changes in the shock-wave 

velocity, the transition from one material to another results in an ambiguous fringe 

shift, integer fringe shift N, i.e. Δφ = Δφ0 + 2 π N.  This ambiguity is resolved by the 

use of two different etalons with different VPFs.  Because the Doppler shift solution is 

only satisfied for common multiples of the two separate VPFs, the shock-wave 

velocity is found by comparing the predicted velocities of integer fringe shifts as 

shown in Figure 15.  In this example, the ambiguity-resolved solution starts at a 

shock-wave velocity of about 32 μm/ns and ends at a velocity of about 22 μm/ns.  The 

uncertainty in the extracted phase is approximately a tenth of a fringe shift; however, 

due to the N fringe ambiguity, the uncertainty in Δf(t) is typically around 1%.  This 

reduction is due to the certainty of the integer N fringe ambiguity, which is chosen to 

be greater than a single fringe.  The uncertainty in the shock-wave velocity is then 

approximately 1% because the uncertainties in the refractive index of both the aerogel 

and of quartz are of the order of 0.1%. 

2.2.2 Streaked Optical Pyrometer (SOP) 

As mentioned in Section 1.3, a significant portion of a shock-wave’s energy 

goes into the irreversible heating of the material; consequently, the material behind the 

Mbar shock-waves of this study are heated to a few electron volts (approximately 

10,000 °K).  These temperatures produce highly-radiative bodies, and transparent 

samples allow the diagnosis of the shock-wave front brightness at optical 

frequencies.  The SOP at OMEGA detects radiation in energy bands close to the 

VISAR probe beam: a red channel (600 to 750 nm) and a recently added blue-channel 

(400 to 500 nm).  The blue channel was established after this study and hence was 

unavailable for this work.  The SOP is absolutely calibrated using a NIST-traceable 

radiance source placed at the target location in the target chamber.  The principle of 
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Figure 15:  Resolving a fringe ambiguity 

 

Figure 15 shows the technique for resolving the N fringe ambiguity from a single 
VISAR.  The lineout of the unwrapped Δf(y,t) recorded by two VISAR systems with 
etalon delay thicknesses of 3 mm (red) and 7 mm (blue) with the appropriate VPF and 
integer fringe offsets.  The shock-wave velocity corresponds to the coincident curves 
with the ambiguous fringe shift for the 3 mm etalon being N=3 and N=7 for the 7 mm 
etalon. 
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the calibration of SOP is that the collected radiant power from the standard is 

normalized to the known radiance providing the transfer function of the SOP; 

subsequently, the intensity detected by the SOP can then be related to the radiance of a 

Planckian source at a temperature, T.   

For the SOP, the self-emission of the shock-wave front is transmitted through 

the relatively simple system of lenses and steering mirrors to a slit imaged by the 

streak camera.  In the optical-path of the self-emission, systems of long-pass and 

short-pass filters are used to establish the channels of the SOP.  The blue-channel of 

the SOP is defined by a long-pass filter with a cutoff wavelength of 390 nm and a 

short-pass filter with a cutoff wavelength of 500 nm.  The red-channel of the SOP is 

defined by a long-pass filter with a cutoff wavelength of 590 nm and relies on the 

streak camera’s insensitivity to wavelengths greater than 700 nm to form the long-

wavelength band-edge.  The SOP spectral response is calibrated to a NIST-traceable 

standard, the OL Series 550 spectral radiance standard [58], and is found to exhibit the 

response shown in Figure 16a.  This response has been integrated with the radiance 

given by Planck’s law, 

L λ, T
E T⁄ , (42)

where ħ is Planck’s constant, c is the speed of light, and λ is the wavelength of the 

radiation, to infer the temperature, T, of the Planckian source.  When this is done with 

the relatively narrow channels of the pyrometer, one finds a simple relationship 

between the output of the SOP and the temperature is given by,  

T T
L A I⁄ , (43)

where T0 is the characteristic temperature associated with the SOP.  The quantity, A, 

in Eq. 43, is the camera integration constant and has the functional form 
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A B ∆ W Ω T SR G
M BC

. (44)

The new variables inside this equation are the camera binning, B, the width of the slit, 

Ws, the gain, G, and the sweep rate, η.  The system constants are the pixel-dimension, 

Δx, the solid-angle of the lens, ΩLens, the integrated-average of the transmission and 

spectral response, <Tx SR>, and the system magnification, M.  For temperatures above 

the characteristic temperatures of the two channels, 1.8 eV red and 2.8 eV blue, the 

SOP output is nearly linear with temperature, Fig 16b.  Typical uncertainties in these 

calibration parameters are ±2% in T0 (from Eq. 43), ±5% in A, and the photon 

statistics contribute about ±4% into the uncertainty of I (from Eq. 43).  All of these 

uncertainties together in this linear regime result in an uncertainty in temperature of 

approximately ±8%. 

With VISAR closing the kinematic equations, the shock-wave temperature is 

the final equation-of-state parameter to be determined. A direct application of Eq. 43 

is shown in the temperature lineout of Figure 12.  This temperature curve is the 

brightness temperature of the shock-wave front.  The radiation from inside the shock-

wave experiences a Fresnel reflection at the shock-wave front just like the VISAR 

probe beam.  Therefore, if the reflectivity of the VISAR probe beam, R, is assumed to 

be identical to the SOP band of interest, then the radiation detected by SOP is the 

product of the emissivity of the shock-wave front,  = 1-R, and the radiance of the 

shock-wave front (Figure 17).  In the VISAR-SOP configuration at OMEGA this is 

accomplished by normalizing the real-component of the unwrapped phase image to the 

probe beam intensity profile and the known initial reflectivity of the target.  This gives 

the corresponding shock-wave front reflectivity as a function of time, which in turn, is 

correlated to the recorded self-emission and shock-wave velocity.  These 

measurements are then used in a version of Eq. 43 for the gray-body temperature, 

TGB
T

L R A I⁄ . (45)
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Figure 16:  SOP relationship to brightness temperature 

 

The SOP spectral response was absolutely calibrated to relate SOP output to 
brightness temperature.  In the calibration (a), a NIST traceable standard was imaged 
in situ by the SOP diagnostic.  From this source a wavelength dependent spectral 
response was determined for the red and blue channels of the diagnostic.  These 
spectral response curves can then be used with a blackbody approximation for an 
experimental source (b) to derive a blackbody temperature dependence on the 
recorded signal from the experimental record. 

 

  

(a) (b)
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Figure 17:  Inferring gray-body temperatures 

 

The gray-body approximation was incorporated into the temperature measurements to 
account for reductions in transmitted emission due to the reflectance of the shock-
wave front.  Under the gray-body approximation, the reflectance of the shock-wave is 
taken to be constant over optical wavelengths.  The reflectance as determined by the 
green VISAR probe laser then can be used with the time-dependent SOP intensity in 
Eq. 45 to determine the corrected temperature of the shock-wave front.  
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2.3 Target 

The targets used in this study consist of a pusher assembly (a plastic ablator 

and an aluminum or quartz reference) that transmit a shock-wave into a low-density 

aerogel sample (silica or Ta2O5) that is under study.  These targets are generally 3 mm 

squares and the aerogel targets are transparent to optical wavelengths (Figure 18).  The 

targets are mounted to stalks and oriented such that the OMEGA beams are incident 

symmetrically about the target normal and the two principal diagnostics (VISAR and 

SOP) are normal to the rear-face. 

2.3.1 Reference assembly 

The reference assembly has two components: a plastic ablator and a reference 

material.  The plastic ablator is a 20 μm thick foil of polystyrene (CH) that is irradiated 

by the laser.  A low atomic-number ablator material reduces the production of high-

energy (> 2 keV) X-rays.  The lower energy X-rays are then easily absorbed in the 

dense, highly-ionized, shock-wave compressed ablator keeping X-rays away from the 

reference and the target minimizing the preheating of the materials before the shock-

wave arrives.  Polystyrene is commonly used as the ablator due to its low atomic-

number and ease of handling and machining.  The ablator thickness is chosen to 

ensure that none of the higher atomic-number reference material is heated by the laser 

while minimizing the amount of time the shock-wave propagates through the 

ablator.  The ablator is attached to the reference material using a UV cured epoxy.  
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Figure 18:  Equation-of-state, planar-target 

 

Figure 18 shows a typical Ta2O5 aerogel, planar-target with a plastic ablator and 
quartz reference shown size relative to a penny in the background.  These targets are 
generally 3x3 mm slides attached to a mounting stalk.  This view shows the target as 
seen from the diagnostics (VISAR and SOP).  The backing (square material) is a 
combination of a plastic ablator and a quartz slide and the bluish material is the 
aerogel.  Target alignment reticules, like the gold grid visible in this image, are used to 
aid in pointing, rotation and focusing during experimental setup. 
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The two reference materials used in this study are aluminum and z-cut, alpha-

quartz.  The aluminum pushers are approximately 70 μm thick while the alpha-quartz 

thicknesses are 100 μm thick to compensate for the slightly lower X-ray absorption in 

the quartz.  The aerogels are mounted to the aluminum reference by bonding a free-

standing aerogel sample onto an aluminum foil.  To ensure that the glue did not wick 

into the aerogel, the samples are glued only at the edges with a UV-cured epoxy.  The 

consequence of gluing the aerogel to the aluminum is that gaps, owing to the surface 

roughness of the aerogel, are generally present between the reference and the 

target.  These gaps increase the uncertainty in the selection of the proper isentrope 

(initial state) for the release wave.  With the alpha-quartz pushers, the aerogel targets 

are grown directly onto the pusher and eliminate gaps at the contact-surface.  This 

manufacturing technique is possible because, while the aluminum disintegrates in the 

environment of the aerogel manufacturing process, the alpha-quartz is impregnable 

under these conditions. 

2.3.2 Low-density Ta2O5 aerogel 

The Ta2O5 aerogel samples in this study consist of three mean densities; 0.1, 

0.15 and 0.25 g/cm3.  The small grain size of aerogels results in a significant amount 

of Rayleigh scattering.  This limits the maximum sample thickness that can be probed 

with optical diagnostics to a few hundred micrometers for 0.1 g/cm3 aerogel, and 

approximately 100 μm for the 0.25 g/cm3 aerogel.   

The Ta2O5 aerogels were produced by the Lawrence Livermore National 

Laboratory via a sol-gel process that entails the hydrolysis of tantalum ethoxide 

[Ta(OC2H5)5] in an ethanol solution [59].  To initiate the growth of Ta2O5 colloids, 

this solution is catalyzed with a small amount of acetic acid.  The titration of the 

solution takes from minutes to weeks depending on the desired density and 

structure.  The colloids are small enough to remain suspended in the solvent in a 

gelatinous form at room temperature.  Prior to drying the samples, the pH of the 

gelatin is lowered with acetic acid to facilitate cross-linking.  The mixture is 
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introduced into an autoclave, where the solvent is extracted from the gelatin by 

supercritical evacuation.  The remaining suspended colloids take the shape of the 

vessel and cross-link at contact-surfaces.  In regions away from the contact-surfaces, 

the unlinked oxygen atoms terminate in an alkynol (typically methanol).  If the aerogel 

is sintered after the drying process the alkyl groups are released leaving only 

hydroxyls, which greatly increase the water absorptivity of the aerogel. 

Porous aerogels readily absorb atmospheric moisture (hydrophilic).  The 

absorbed moisture is held by Van der Waal forces (physiosorbed).  The high 

polarizability of the hydroxyl as compared to an alkyl group makes the sintered 

materials especially hydrophilic and difficult to remove all the moisture from the 

sample.  Most experiments with this aerogel (including this study) use unsintered 

samples.  This means that these aerogels have residual alkyl groups that are weakly 

chemically bound, chemisorbed, to the surfaces of the aerogel structures. 

The aerogel targets used in this study are produced by creating a ‘vat’ of the 

catalyzed tantalum ethoxide/ethanol solution as described above.  The samples are all 

formed on quartz slides by coating them with the gelatin and placing the slide in a 

casting vessel.  The manufacturer casts a much larger witness from the same ‘vat’ that 

is machined and weighed for density estimates.  These growth techniques are expected 

to be highly reproducible with manufacturer-quoted density errors of less than 

10%.  A systematic densification of the samples compared to the witness is possible 

due to an increase in the importance of capillary effects for the large aspect-ratio 

targets. 

2.3.3 Low-density SiO2 aerogel 

As is discussed in Section 3.3, experiments are also performed to establish 

quartz as a release standard for the Ta2O5 measurements.  This required a separate 

study that used SiO2 aerogels that have been previously established as an intermediate 

reference [60].  The SiO2 aerogel is formed with an identical method as described in 

Section 2.3.2 for the Ta2O5 with the exception that the parent solution is the hydrolysis 
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of tetramethoxysilane in methanol with ammonia as the catalyst.  The primary 

difference between manufacturing targets of SiO2 aerogels and Ta2O5 aerogels is the 

availability of a wetting-silicone based bonding agent [61].  This permitted the use of 

machined SiO2 aerogel samples without gaps. 
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Chapter 3 

Experimental Observations 

As mentioned previously this experimental series used the OMEGA laser 

facility and its VISAR/SOP diagnostic.  With OMEGA and these diagnostics the 

multi-Mbar shock-wave regime can be achieved in these aerogel targets.  In this 

chapter, the series of measurements that are required to determine the EOS of the 

Ta2O5 aerogel are discussed.  The measurements can be subdivided into two 

categories: characterization of the targets and the reference, and the target 

experiments. 

The characterization measurements are performed to provide inputs so that the 

target experiments can be evaluated.  These measurements include the refractive index 

characterization (needed for the shock-wave velocity determination from Section 

2.2.1), the density characterization (needed for the impedance-matching technique in 

Section 1.4), and the quantification of manufacturing/environmental residuals.  To this 

end, measurements of the refractive index of the targets are made with an 

interferometer technique.  The refractive index measurements of known standards are 

then compared to these measurements to evaluate the manufacturer quoted 

densities.  To determine the amount of the absorbed contaminants that are removed 

prior to an experiment, a series of experiments are performed that exposed aerogel 

samples to heat and vacuum to determine the quantity and type of contaminants 

present in the target at the time of the experiment.  In addition to understanding the 

initial condition of the target, measurements are required to establish quartz as a 

reference material for this study.  This effort included the calibration of quartz with an 

impedance-match standard material, silica aerogel.   

With the characterization of the target and the reference materials established, 

the necessary inputs are available for interpreting experimental observations of the 

EOS of Ta2O5. The observations include the kinematic properties that can be 

determined with the measurement of the shock-wave velocities with VISAR [30], and 
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the thermal properties that can be determined with the measurement of the shock-wave 

brightness with the SOP [31]. 

3.1 Refractive Index Measurements of the Ta2O5 Aerogel 

As mentioned in Section 2.2.1 the refractive index, n, of the sample material 

affects the VISAR sensitivity, and due to the highly porous nature of aerogels, the 

optical properties of an aerogel material differ greatly from its standard amorphous 

state.  For these aerogels, the real part of the refractive index is near unity and the 

imaginary part is negligible [62].  Due to this near unity refractive index and the 

thinness of these aerogel samples, it was necessary to use an optical technique based 

on white-light interferometry to the measure the refractive index of the targets 

[63].  This technique uses the short coherence-length of white-light to identify the 

apparent depth of a reflective surface that is viewed through a refractive medium of 

thickness, d, as shown in Figure 19a.  This depth adjustment, ΔL, achieves a total 

optical-path-length, OPL, through the sample that is equal to the OPL from the 

reflective surface through air.  Using these two positions to eliminate the unknown 

distance between the image plane and the surface of the refractive medium, a 

relationship among these quantities is obtained 

OPL 2 ΔL d OPL 2 n d⁄⁄ , (46)

and after solving for n, then the simple relation 

n 1 ΔL d⁄  (47)

is found where n is the real part of the index of refraction. 

A ZYGO NewView 5000 white-light-interferometer [64] is used to measure 

both the depth adjustment, ΔL, due to the refractive property of the aerogels and the 

thickness of the aerogels.  The objective numerical aperture, NA, for the ΔL 

measurement is 0.075 to keep the incident rays as normal to the aerogel surface as 

possible.  The thicknesses of the aerogel targets, d, are measured in a manner shown in 
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Figure 19b.  Because the refractive index for an aerogel is close to that of air and the 

surface of the aerogel has a surface roughness of the order of a few microns, the 

thickness measurements required the use of an objective with a NA of 0.33 to achieve 

a small depth of focus.  The use of this relatively large NA limited the overall depth of 

field to about a millimeter; however, through multiple measurements around the edge 

of the target, a reasonable surface profile is obtained.  The uncertainty in the ΔL 

measurement is dominated by the need to use the small NA objective which has a 

depth of focus about 0.1 μm [64] resulting in an uncertainty of ΔL at about 4% while 

the uncertainty in identifying the thickness of the target, d, is approximately 3% as 

determined by data scatter.  The refractive indices of the Ta2O5 aerogel targets are 

measured to be 1.0206±0.0010, 1.0297±0.0017, and 1.0471±0.0024 for the 0.1, 0.15, 

and 0.25 g/cm3 aerogel targets, respectively. 

3.2 Density Measurements of a Ta2O5 Aerogel 

The importance of the initial conditions for equation-of-state measurements 

using the Hugoniot is discussed in Section 1.3.  Of the independent equation-of-state 

variables, density and temperature, the density remains finite with shock-wave 

strength while the temperature grows without bounds.  Because of these different 

behaviors, the initial density of the material is very important especially for solids far 

from their melting point where the density does not change very much with 

temperature.  The nominal density values of 0.1, 0.15 and 0.25 g/cm3 supplied by the 

manufacturer are estimates based upon a witness sample rather than the actual study 

material itself. To determine if the target shrank more than the witness, it is important 

to relate the density to another observable like the refractive index. 

The Claussius-Mossotti relation [65] applied to a highly-porous-material 

shows that the refractive index, n, less unity is proportional to the density of the 

porous material   

n 1 α ρ, (48)
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Figure 19:  (a) Measurement of equivalent optical-path-length (b) target thickness 

 

The measurement technique for determining the refractive index included two 
steps:  first, the change in stage position, ΔL, required to keep the base of the sample 
at equal optical path length (OPL) through air and the target (a), and second, the 
thickness of the sample is measured by the difference in stage position, d, for the 
target upper surface in focus position and the base in focus position (b).  Because the 
measurement (a) is through the sample, a small NA is desirable, whereas, the surface 
measurement of (b) works best with a large NA. 
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where α is a proportionality constant associated with the strength of the dipole 

oscillators [62].  The knowledge of this proportionality constant and the refractive 

measurements from Section 3.1 can be used to determine the density of the individual 

targets.   

To determine the proportionality constant in Eq. 48, the manufacturer 

machined a witness sample of known density to approximately a hundred microns 

thickness.  At this thickness, the technique described in Section 3.1 is used to 

determine the refractive index.  Based on such measurements, the proportionality 

constant was found to be 0.188±0.013.  Comparing the densities determined by the 

relation in Eq. 48 to the manufacturer’s estimate with the witness samples, the two 

measurements agree to within the combined uncertainties; thus, the density of the 

witness is used here to describe the target.  However, the equality of the two 

measurements provides no insight into the purity of the samples.  To resolve this 

ambiguity, another set of measurements are required to quantify the amount of 

contaminants absorbed and the nature of their bonding mechanisms. 

A series of three tests are run on samples from the same batch of Ta2O5 aerogel 

in ambient laboratory air having 30 to 40% relative humidity.  The samples are 

approximately a half centimeter in diameter, roughly two centimeters in height, and 

weigh approximately 100 mg prior to testing.  The first test determines the total 

amount of residuals by heating the sample in a dry nitrogen atmosphere utilizing a 

Computrac Moisture Analyzer [66].  The samples are heated to 450 °K over 

approximately five minutes per the analyzer’s termination criteria.  The samples are 

removed from the analyzer and transferred to a scale capable of 0.1 mg accuracy 

measurements.  The mass of the sample and absorbed moisture are tracked as a 

function of time relative to the initial exposure to air.  Because of the need to transfer 

from the test apparatus to a scale, the measurement began about 15 seconds after 

initial exposure.  Figure 20 shows a characteristic time-dependent aerogel-absorbed-

contaminant mass versus exposure time to the atmosphere.  Extrapolating these results 

to time zero, the mass of the target without any contaminants is inferred to be 
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100.8±0.1 mg.  The measured initial mass (prior to heat exposure), 104.7±0.1 mg, is 

then normalized to this extrapolated value to determine the mass percentage of 

contaminants, which constitutes about 4% of the mass of the sample as it came from 

the manufacturer.  The second sample is exposed to a vacuum (of the order of 10-4 

Torr), however, with no heat addition.  This sample remains in a vacuum environment 

for a week and is removed and measured in the same manner as previously 

described.  After normalization, it is found that approximately 3% of the as-

manufactured mass is due to absorbed contaminants that can be removed by vacuum 

alone.  To determine if the normal OMEGA shot cycle, which is approximately 20 

min of vacuum exposure achieves the same result, a third sample is placed in an 

equivalent vacuum for a period of 20 min and removed and tracked in time.  The 

extrapolation of this sample again shows that the mass percentage of physiosorbed 

contaminants removed is 3% of the total as-manufactured mass. 

These measurements indicate that approximately 1% of the as-manufactured 

mass fraction is from chemisorbed contaminants (contaminants that require heat 

addition to break bonds) while the remaining 3% is physiosorbed and sufficient for 

vacuum removal.  The importance of these measurements is that the contaminants that 

can be removed by vacuum are removed in times less than the OMEGA shot cycle; 

however, a small amount of the residual contaminants remain, which can be expected 

in any experiment with this material. 

3.3 Alpha-quartz as a Reference 

In the work described in this thesis, both aluminum and z-cut, alpha-quartz are 

reference materials.  Aluminum has been used as a reference material in many studies 

[67-69] and its release characteristics have been examined in detail [60, 70-71] with 

multiple authors concluding that for moderate pressures aluminum is a good standard 

to reference other materials.  From these release characteristic studies, it is found that 

SESAME table 3700 [60] or an empirical fit to the average release curves of many 
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models, including table 3700 [71], provide an accurate description of the behavior of 

the aluminum.  

In contrast, alpha-quartz has only recently been chosen as an experimental 

witness [18] and as an impedance-match reference material [72].  For the present 

study, the use of the alpha-quartz has two advantages over aluminum.  Both alpha-

quartz and porous-Ta2O5 are transparent, permitting the measurement of the shock-

wave conditions just before release into the aerogel.  Second, alpha-quartz is 

impervious to the hostile manufacturing conditions of the aerogel, which as mentioned 

earlier, permitted the casting of the aerogel directly on the reference material 

eliminating gaps.  These two properties make quartz an ideal standard for accurate 

shock-wave EOS experiments of aerogels. 

Quartz is prevalent in the Earth’s crust and therefore important to debates 

pertinent to moon formation theories involving planetesimal impacts [73]; 

consequently, the dynamic response of alpha-quartz has received a great deal of 

attention by laboratories around the world [18-19, 74-76].  Recent experiments in 

quartz measured both the kinematic (Hicks et al. [18], Trunin et al. [75], Lyzenga et 

al. [76] datapoints in Figure 21) and thermal (Hicks et al. [19], Lyzenga et al. [76] 

datapoints in Figure 22) properties at high pressures (> 0.5 Mbar) with high-

accuracy.  In Figure 21, the experimentally determined dependence of compression on 

shock-wave strength for alpha-quartz is shown along with three ad hoc 

phenomenological models for the behavior of the material.  The SESAME-7385 

provides a poor description of the kinematic-behavior of the material [77].  Both the 

Kerley-7360 model and the QEOS model of quartz reasonably describes the kinematic 

behavior of quartz over this very large pressure range, and based on this kinematic 

behavior, the two models are difficult to delineate.  However, these models are built 

without the benefit of the measurements of the thermal properties shown in Figure 22; 

thus, the latter measurements are especially useful in differentiating between the two 

models.  In Figure 22, the open, orange triangles show the thermal 
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Figure 20:  Measurement of absorbed contaminants 

 

Figure 20 shows a characteristic plot of the total mass of a sample with absorbed water 
as a function of time after removal from the heat addition test.  Three such tests were 
performed; this one test was performed to measure the full chemically and physically 
absorbed contaminants.  A second test was performed to determine the amount of 
physically absorbed contaminants.  A third test was performed to determine the 
amount of physically absorbed contaminants that are removed in an OMEGA shot-
cycle.  
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behavior of the shock-wave compressed quartz-polymorph, fused-silica, and the open, 

blue circles show the thermal behavior of shock-wave compressed z-cut, alpha-

quartz.  Considering the QEOS and Kerley models from Figure 21, neither model 

perfectly reproduces the thermal measurements; however, the Kerley model appears to 

contain the pertinent material properties and likely only requires slight adjustment of 

the material behavior to achieve agreement within the experimental uncertainty.  All 

of the experiments using the quartz reference in the present study release from over 3 

Mbar, and as can be seen in this figure, the Kerley model adequately describes the 

thermal state of the material in this shock-wave strength regime. 

While it has been shown that the Kerley-7360 alpha-quartz, model describes 

the high-density-physics well along the standard-state Hugoniot for the pressure range 

above 2.5 Mbar, it was still not known whether the extrapolation of this model away 

from the Hugoniot is sufficiently rigorous to describe the isentropic release from these 

states.  To determine this, the method used by Knudson, et al [60], to verify the release 

of aluminum was repeated with alpha-quartz.  Those researchers used the Sandia Z-

accelerator to launch magnetically-driven, flyer-plates to measure the dynamic 

response of silica aerogel with an initial density of 0.2 g/cm3.  They used the 

asymmetric-impact, direct-collision-method (described in Section 1.4) to provide a 

quasi-absolute measurement of the aerogel’s EOS and used these measurements as a 

reference standard for low-density release measurements.  They used the first method 

to obtain a direct measure of the aerogel EOS and compared that to the result obtained 

by the impedance-match method which relies on the release of a standard.  Since the 

two agreed, the conclusion was that the aluminum release was adequately known.  

The release behavior of alpha-quartz is verified here with impedance-match 

experiments performed on the OMEGA laser system.  In these experiments, alpha-

quartz reference materials shock-wave compressed silica aerogel targets from the 

same stock as the Z-experiments.  The aerogel targets used in the OMEGA 

experiments are cut and diamond turned to achieve 100 μm thick samples with surface 

roughness less than a few percent.  These aerogel targets are attached to the alpha-
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Figure 21:  Alpha-quartz pressure-density plane 

 

Figure 21 shows the pressure versus the density principal Hugoniot for alpha-quartz 
(from Hicks, D. G., et al. PoP 2005) as measured by laser-driven shock-waves Hicks 
2005 (solid, black diamonds), by explosive-driven shock-waves Trunin 1971 (open, 
blue diamonds), by nuclear-driven shock-waves Trunin 1971 (solid, green squares) 
and 1994 (open, green inverted-triangles), and by gas-gun-driven shock-waves Marsh 
1980 (open, pink triangles) and Lyzenga 1983 (open, purple squares).  The popular 
EOS models for quartz are also overlain with the data.  As can be seen, while 
SESAME 7385 is clearly overly soft (higher predicted compression for a given shock-
wave strength), the quartz-QEOS model and the Kerley 7360 EOS model both predict 
the measured compressions well. 
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Figure 22:  Alpha-quartz temperature-pressure plane 

 

Figure 22 shows the temperature dependence of alpha-quartz (open, blue circles) and 
the fused-silica polymorph (open, orange diamonds) on shock-wave strength with a 
proposed phase-map as reported by Hicks, D. G., et al. PoP 2006.  In addition to 
Hicks’ measurements, low-pressure gas-gun measurements by Lyzenga and Ahrens 
1983 for alpha-quartz (solid, blue circles) and fused-silica (solid, purple circles) are 
shown along with the QEOS model (dotted lines) and the Kerley7360 model (dashed 
lines) for the initial densities of alpha-quartz (blue) and fused-silica (red).  At about 3 
Mbar, the Kerley model begins to perform reasonably well in predicting the shock-
wave compressed-thermal state while QEOS doesn’t begin to achieve equivalent 
prediction results until approximately 8 Mbar. 
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quartz reference samples with either a UV-cured epoxy or a silicone-based bonding 

agent [61].  The targets with UV-cured epoxy generally had small gaps of a few 

microns between the pusher and sample; while, the silicone based bonding agent 

eliminated gaps between the contact surfaces.  Since the VISAR tracked the shock-

wave in the pusher and across the contact-surface, it is possible to select the correct 

release isentrope even in the presence of gaps, albeit with a higher uncertainty.  An 

experimental record of a shock-wave propagating through the quartz pusher and 

releasing into silica aerogel is shown in Figure 23.  The interpretation of this 

interferogram is identical to that discussed in Section 2.2.1.  At approximately 6.5 ns, 

the shock-wave reaches the rear surface of the quartz.  The compressed material 

subsequently releases into the small vacuum-gap resulting in a brief loss of 

reflectivity.  The releasing pusher material soon encounters the sample and a shock-

wave forms in the silica aerogel as indicated by the return of the reflectivity.  The loss 

of reflectivity is consistently less than 0.5 ns indicating that gaps in between the 

contact-surfaces are less than about 10 µm. 

A series of seven quartz-pusher SiO2-aerogel impedance-match experiments 

have been performed on OMEGA.  For each shot, VISAR measures the shock-wave 

velocities in the quartz-reference and the aerogel-targets.  The shock-wave velocities 

recorded just before and just after the shock-wave reached the contact-surface between 

the quartz and the aerogel are shown in Table 1.  The equation-of-state table for alpha-

quartz (Kerley-7360) is used to determine the pressure in the quartz prior to the shock-

wave’s release into the aerogel, PQ, and the impedance-matching particle velocity, up, 

and shock-wave strength, PSiO
2, using the method discussed in Section 1.4.  Figure 24 

shows the dependence of the shock-wave velocity on the particle velocity in this study 

(yellow diamonds) in comparison with the results obtained by Knudson et al. (green 

diamonds), Trunin and Simakov (red diamonds) and Vildanov et al. (blue diamonds) 

[60,78-79].  The measurements from Trunin, Simakov, and Vildanov et al. were 

obtained with impedance-match analysis.  They are included for continuity in the low-
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Figure 23:  Silica aerogel equation-of-state target and interferogram 

 

The target used to measure the release behavior of quartz consisted of silica aerogel 
mounted to a quartz pusher.  The interferogram from an experimental record shows 
the shock-wave evolution as it propagates through the target.  At t = 0, OMEGA 
begins irradiating the surface of the target.  At approximately 1 ns, the shock-wave 
exits the plastic ablator and enters the quartz with a reflected shock-wave going back 
into the ablator.  Due to the expansion of the critical-surface, the coupling between the 
laser and the target decreases resulting in a decay of the strength of the shock-wave as 
evidenced by the fringe movement.  At t = 5 ns, the shock-wave is strengthened by the 
arrival of a compression wave due to the arrival of the reflected-shock-wave at the 
vacuum interface.  This causes the shock-wave to become steady as it approaches the 
interface.  The shock-wave reaches the interface at 6.5 ns and temporarily looses 
reflectivity until a new shock-wave forms in the aerogel at about 7 ns.  In this 
example, the shock-wave velocity for the quartz is determined from the time period 5 
to 6.5 ns and 7 to 8.5 ns for the aerogel. 
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Table 1. Kinematic measurements of silica aerogel, quartz-reference 

Shot  
(g/cm3) 

us
Q 

(μm/ns)

PQ 

(Mbar) 
us  

(μm/ns)

up 

(μm/ns)
P   

(Mbar) 
 

(g/cm3) 

s44191 0.20±0.01 17.1±0.5 4.5±0.3 20.4±0.3 16.6±0.8 0.68±0.06 1.08±0.26

s44885 0.20±0.01 19.0±0.3 5.8±0.2 23.2±0.3 19.2±0.4 0.89±0.05 1.15±0.16

s44888 0.20±0.01 17.5±0.2 4.8±0.1 21.0±0.2 17.2±0.4 0.72±0.04 1.11±0.13

s45412 0.20±0.01 18.3±0.4 5.4±0.3 22.2±0.3 18.3±0.7 0.81±0.08 1.14±0.22

s45413 0.20±0.01 16.9±0.4 4.4±0.25 20.0±0.3 16.4±0.6 0.65±0.05 1.10±0.22

s45685 0.20±0.01 20.7±0.2 7.0±0.15 25.8±0.2 21.3±0.4 1.10±0.06 1.14±0.11

s45586 0.20±0.01 13.4±0.2 2.5±0.2 14.5±0.2 11.9±0.3 0.35±0.02 1.12±0.17

Shot data and inferred EOS parameters of silica aerogel.  The columns correspond to 
the OMEGA shot archive number, the initial density of the aerogel, the measured 
shock-wave velocity within the quartz, the final shock-wave strength prior to the wave 
decomposition, the shock-wave velocity measured within the aerogel, the particle 
velocity that conserves mass and momentum for the wave decomposition, the strength 
of the shock-wave within the aerogel, and the density of the shock-wave compressed 
aerogel. 
  

r0
SiO2 SiO2 SiO2 rSiO2
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Figure 24:  Silica aerogel shock velocity versus particle velocity plane 

 

Figure 24 shows the shock-wave velocity dependence on the particle velocity for 0.2 
g/cm3 silica aerogel.  The points with the yellow error ellipses are from this study; 
while, the green are from Knudson, et al., the blue are from Vildanov, et al., and the 
red are from Trunin and Simakov. 
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Figure 25:  Silica aerogel pressure-density plane 

 
Figure 25 shows the translation of the us-up plane to the shock-wave strength versus 
the compressed-density plane.  At low pressures, below 0.3 Mbar, the aerogel crushes 
to high densities; however, above this pressure the aerogel crushes to just over 1 g/cm3 
and becomes relatively independent of shock-wave strength.  
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pressure regime and are not intended to support the release verification.  The 

experimental uncertainties both from this study and Knudson’s study, are 

approximately the size of the data points used in this figure (Trunin and Simakov, and 

Vildanov et al. did not publish values for the uncertainties in their database) [80]. 

Figure 25 shows the translation of the shock-wave velocity versus particle 

velocity into the pressure versus density equation-of-state plane using Eqs. 25 and 

26.  This equation-of-state plane is very sensitive to uncertainty in the measured 

shock-wave velocity and particle velocity making it ideal for comparison to the 

Knudson et al. measurements [60].  As can be seen in the figure, the measurements 

agree to within the experimental uncertainties.  This demonstrates that alpha-quartz 

can be used as a reference material for impedance-match experiments.  As stated 

above, this is particularly useful for the Ta2O5 experiments of this study, and validates 

the use of Kerley-7360 description of quartz in other experiments at release shock-

wave strengths of about 3 Mbar.   

3.4 Kinematic Properties of Ta2O5 Aerogel 

The kinematic properties of the Ta2O5 aerogel samples are studied using both 

aluminum and alpha-quartz as the reference material.  The shock-wave velocity in the 

aluminum reference is inferred from a quartz witness adjacent to the aerogel sample as 

shown in Figure 26 following the high-precision method proposed by Hicks et 

al.[18]  In this study, the linear relationship, reported by Hicks et al., between the 

measured shock-wave velocity in a quartz witness and the shock-wave velocity in 

aluminum, us
Al=B0 + B1(us

Q-<us
Q>), where <us

Q>=20.57 μm/ns, B0=21.14±0.12 

μm/ns, and B1=0.91±0.03, is used to determine the aluminum shock-wave 

velocity.  The shock-wave velocities in both the quartz and aerogel portions of the 

sample are determined with VISAR and are tabulated in Table 2 along with the other 

kinematic parameters determined from the impedance-match analysis using the 

SESAME-3700 equation-of-state model for aluminum. 
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Figure 26:  Ta2O5 aerogel target aluminum-reference and interferogram 

 

Figure 26 shows the experimental package used when the reference material is 
aluminum and an associated interferogram.  The target includes a quartz witness 
material in addition.  The quartz is used to characterize the shock-wave in the 
aluminum pusher.  The interferogram shows the shock-wave within the aerogel 
(lower-half) and within the quartz (upper-half).  Before 3.5 ns the shock-wave is 
within the aluminum reference.  After 3.5 ns, the shock-wave reaches the material 
interface where it breaks-out of the aluminum.  The quartz and aerogel shock-wave 
velocities are both determined from within a nanosecond of the break-out. 
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Table 2. Kinematic measurements of Ta2O5 aerogel, Al-reference 

Shot ρ0   

(g/cm3) 

us
Al 

(μm/ns)

PAl 

(Mbar) 
us  

(μm/ns)

up 

(μm/ns)
P   

(Mbar) (g/cm3) 

s34136 0.25±0.025 24.6±0.3 10.1±0.3 30.6±0.5 25.3±0.7 1.94±0.18 1.46±0.24

s34138 0.25±0.025 19.1±0.3 5.5±0.2 21.7±0.5 18.3±0.6 0.99±0.11 1.58±0.38

s34141 0.25±0.025 25.5±0.3 11.0±0.3 32.2±0.5 26.5±0.7 2.13±0.19 1.40±0.22

s34143 0.25±0.025 24.1±0.3 9.6±0.3 30.0±0.5 24.7±0.6 1.85±0.17 1.41±0.23

s34915 0.25±0.025 27.1±0.3 12.6±0.3 35.1±0.5 28.4±0.7 2.50±0.22 1.32±0.18

s34917 0.25±0.025 22.0±0.3 7.8±0.25 26.5±0.5 22.0±0.6 1.46±0.14 1.48±0.26

s35152 0.25±0.025 26.3±0.3 11.7±0.3 33.5±0.5 27.4±0.7 2.30±0.21 1.38±0.21

s35153 0.25±0.025 25.9±0.3 11.4±0.3 32.4±0.5 27.0±0.7 2.19±0.20 1.51±0.25

Shot data and inferred EOS parameters of Ta2O5 aerogel.  The columns correspond to 
the OMEGA shot archive number, the initial density of the aerogel, the inferred shock-
wave velocity within the aluminum, the final shock-wave strength prior to the wave 
decomposition, the shock-wave velocity measured within the aerogel, the particle 
velocity that conserves mass and momentum for the wave decomposition, the strength 
of the shock-wave within the aerogel, and the density of the shock-wave compressed 
aerogel. 
 

 

  

Ta2 O5 Ta2 O5 Ta2 O5 rTa2 O5
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Although aluminum is a proven reference material, the difficulties of affixing 

these aerogels to the aluminum contact-surface without gaps proved challenging and 

had a low success rate; consequently, the quartz reference target design, similar to that 

shown in Figure 23 replaced the aluminum referenced design.  The difference between 

the two targets is that the Ta2O5 aerogel replaces the silica aerogel.  With the aerogel 

grown directly on the reference, the interface between the two materials is gapless 

leading to a perfect shot success rate.  With the quartz pushers and transparent 

aerogels the shock-wave velocity is continuously measured through the quartz pusher 

and into the aerogel.  Table 3 lists the nineteen experimental results including us
Q and 

us
Ta

2
O

5 for the aerogels along with the particle velocity and pressure inferred from the 

impedance-match technique using the Kerley-7360 model.   

Figure 27 shows results for the shock-wave velocity dependence on the particle 

velocity for the three different densities of Ta2O5 aerogel (the initial densities 0.1, 

0.15, and 0.25 g/cm3 targets are blue, red and green, respectively).  Experiments with 

the 0.25 g/cm3 aerogels are performed with both aluminum and alpha-quartz pushers; 

the darker blue points are measurements obtained with aluminum pushers and the 

lighter blue with quartz pushers.  In Figure 28, the measurements from Figure 27 are 

translated into the pressure-density equation-of-state plane, with the same coloring 

legend.  Also shown in Figure 28 are the a priori predictions by the QEOS model for 

this material (shown with the blue, red and green curves correlating to 0.1, 0.15, and 

0.25 g/cm3, respectively).  Figure 28 shows that the model predicts the observed local-

asymptote at about 6-fold compression for a strong, shock-wave.  A disagreement 

exists at the lower pressures (below a Mbar) where the experiments exhibit higher 

compression than predicted by the model.  The model’s region of high compression, 

occurring at approximately a tenth of a Mbar, is at much lower shock-wave strength 

than that found in these experiments.   

The shock-wave velocities across the contact surface are used with the 

impedance-match technique as discussed in Section 1.4 to derive the kinematic 

properties of the shock-wave.  This procedure is shown in Figure 29 for OMEGA shot
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Table 3. Kinematic measurements of Ta2O5 aerogel, quartz-reference 

Shot ρ0   

(g/cm3) 

us
Q 

(μm/ns)

PQ 

(Mbar) 
us  

(μm/ns)

up 

(μm/ns)
P   

(Mbar) 

ρ  

(g/cm3) 

s37190 0.10±0.01 21.2±0.2 7.4±0.15 27.0±0.3 23.7±0.6 0.64±0.09 0.82±0.18

s37729 0.10±0.01 26.8±0.2 12.4±0.2 37.1±0.3 31.5±0.7 1.17±0.15 0.66±0.11

s37730 0.10±0.01 18.5±0.2 5.5±0.1 22.3±0.2 20.1±0.5 0.45±0.06 1.03±0.29

s37731 0.10±0.01 17.6±0.1 4.9±0.1 20.7±0.2 18.8±0.3 0.39±0.05 1.07±0.24

s37732 0.10±0.01 21.6±0.2 7.7±0.2 27.8±0.3 24.3±0.6 0.68±0.09 0.79±0.16

s37734 0.10±0.01 24.1±0.2 9.8±0.2 32.6±0.2 27.7±0.6 0.90±0.12 0.66±0.11

s38790 0.10±0.01 26.4±0.3 12.0±0.3 36.2±0.3 31.0±0.8 1.12±0.15 0.69±0.14

s38127 0.15±0.015 17.3±0.1 4.7±0.1 19.9±0.3 17.6±0.4 0.53±0.07 1.29±0.30

s38129 0.15±0.015 19.9±0.2 6.4±0.1 24.3±0.2 21.0±0.5 0.77±0.10 1.11±0.20

s38793 0.15±0.015 23.6±0.2 9.4±0.2 31.0±0.4 25.8±0.6 1.20±0.16 0.90±0.16

s38794 0.15±0.015 22.8±0.2 8.7±0.2 29.7±0.3 24.8±0.6 1.10±0.15 0.90±0.15

s36542 0.25±0.025 19.2±0.2 6.0±0.1 22.2±0.4 19.0±0.4 1.05±0.09 1.72±0.31

s36545 0.25±0.025 24.8±0.2 10.5±0.2 31.1±0.4 25.8±0.5 2.00±0.16 1.46±0.19

s36546 0.25±0.025 22.7±0.2 8.6±0.2 27.9±0.3 23.2±0.5 1.62±0.13 1.48±0.19

s42092 0.25±0.025 16.5±0.1 4.2±0.1 18.2±0.2 15.5±0.3 0.71±0.06 1.70±0.22

s42094 0.25±0.025 16.9±0.1 4.4±0.1 18.8±0.2 16.0±0.3 0.75±0.06 1.70±0.22

s42097 0.25±0.025 24.9±0.1 10.6±0.1 31.3±0.2 25.9±0.3 2.03±0.14 1.44±0.13

s42098 0.25±0.025 20.6±0.1 6.9±0.1 24.3±0.2 20.7±0.3 1.26±0.09 1.67±0.18

s42099 0.25±0.025 22.4±0.2 8.4±0.2 27.3±0.3 22.8±0.4 1.56±0.13 1.53±0.20

Shot data and inferred EOS parameters of Ta2O5 aerogel.  The columns are identical to 
table 2 with the exception that the shock-wave velocity and shock-wave strength in 
quartz is given. 
  

Ta2 O5 Ta2 O5 Ta2 O5 Ta2 O5
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Figure 27:  Ta2O5 shock-wave velocity versus particle velocity plane 

 

Figure 27 shows the shock-wave velocity dependence on the particle velocity for the 
three densities of this study.  The points with the dark blue error-ellipses are from the 
experiments in 0.25 g/cm3 aerogels with the aluminum reference and the light blue are 
for the same density with the quartz reference.  The points with the red error-ellipses 
and green error-ellipses are from the 0.1 and 0.15 g/cm3 aerogels, respectively.  The 
uncertainty of the velocity measurements was dramatically reduced with the quartz 
reference as evidenced by the relative area of the error-ellipses. 
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Figure 28:  Ta2O5 pressure-density plane 

 

Figure 28 shows the translation of the us-up plane to the shock-wave strength versus 
the compressed-density plane for the three densities 0.1, 0.15, and 0.25 g/cm3 (green, 
red, and blue, respectively).  In addition to the measurements, the QEOS model’s 
predicted dependence for the three densities is shown as the solid lines.  As can be 
seen, below a Mbar the measured compressed density is significantly higher than that 
predicted; however, above a Mbar, the QEOS model appears to adequately predict the 
material behavior.   
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Figure 29:  Impedance-match analysis 

 

The uncertainties in the slopes of the Rayleigh lines were used here to determine the 
uncertainties in the kinematic properties of shot s37190.  The uncertainty in the 
measurement of the shock-wave velocity of the reference standard produces 
uncertainties in the isentrope (thin red curves), which combines with the uncertainties 
in the density of the aerogel and shock-wave velocity in the aerogel (thin light gray 
lines). 
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s37190.  The shock-wave velocity in the quartz just prior to the shock-wave arrival at 

the contact surface is 21.2 μm/ns with an uncertainty of 1% because the contact 

surface is free of gaps.  This yields a Rayleigh line with small slope uncertainty.  The 

intersection of the Rayleigh line and its uncertainty with the reference Hugoniot (in 

this case quartz), identify the release shock-wave state, P0, with its associated 

uncertainty.  The isentropes from P0 and its uncertainty are calculated for the reflected 

wave, and the Rayleigh line for the aerogel, the product of 0.1 g/cm3 and 27 μm/ns, 

and the associated uncertainty in this slope, approximately 5%, can then be matched to 

the release waves.  The rectangular uncertainties in the final kinematic parameters 

reported in this study are reported as the larger of the uncertainties in the matched 

values (i.e. δup=Max[{δup- ,δup+ }], δP=Max[{δP-,δP+}]). 

3.5 Thermal Properties of Ta2O5 Aerogel 

The streaked optical pyrometer, discussed in Section 2.2.2, is used to infer the 

brightness temperature of the shock-wave front.  These measurements involved the 

simultaneous measurement of the shock-wave velocity and its brightness just prior to 

the arrival of the shock-wave at the rear surface.  Brightness measurements are 

acquired just before shock-wave break-out to eliminate uncertainties in the shock-

wave brightness that might occur due to the scattering or absorption of light within the 

target material ahead of the shock-wave.  The dependence of brightness on shock-

wave velocity measurements is translated to temperature dependence on shock-wave 

pressure using Eq. 43 and the kinematic measurements from Section 3.4, 

respectively.  The results for the 0.25 g/cm3 Ta2O5 aerogel is shown in Figure 30 along 

with the prediction by QEOS (solid line).  As can be seen in this figure, the QEOS 

model overpredicts the temperature of the shock-wave front.   
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Figure 30:  Ta2O5 temperature-pressure plane 

 

Figure 30 shows the temperature dependence on the shock-wave strength for the 0.25 
g/cm3 aerogel.  The figure shows that the predicted-temperature for QEOS is 
significantly different than that observed.  Above 0.1 Mbar the rise in predicted-
temperature as the shock-wave strength increases is about three-times greater than the 
observed-temperature dependence on shock-wave strength. 
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Chapter 4 

Discussion 

As was shown in the previous chapter, the measurements of the EOS of the 

Ta2O5 showed marked differences to the a priori QEOS model that has been built for 

this material.  It was shown that the QEOS model exhibits very different behavior in 

the sub-Mbar regime than the measurements.  In this shock-wave strength regime the 

QEOS model behaves more stiffly (small compression for given shock-wave strength) 

than the measurements.  Because high temperatures with only translational degrees of 

freedom available would restrict the final compression to this extent, it is necessary to 

look at the Ta2O5 molecule to see if the QEOS model may be neglecting degrees of 

freedom that would account for this deviation.  While the temperature measurements 

could be consistent with the higher compression in experiment as opposed to those 

found with QEOS, the very weak dependence of temperature on shock-wave strength 

makes it is necessary to consider other potential reasons for the thermal measurements. 

The Ta2O5 aerogel measurements are compared with the SiO2 aerogel 

measurements in Section 4.1.  The silica aerogels are at a comparable density to the 

Ta2O5 aerogels; however, silica molecule has marked differences from the Ta2O5 

molecule in some of their fundamental properties, namely the binding energy.  As for 

the thermal measurements, the possibility of non-equilibrium between the free-

electrons and the ions are considered in Section 4.2 due to the finite time required for 

ionization.  While this non-equilibrium would adversely affect thermal measurements 

that rely on the local electron temperature near the critical surface of SOP, it would 

not affect the kinematic measurements, which rely on an equilibrium wave that is 

much less localized. 

4.1 QEOS Kinematic Agreement 

Figure 31 shows the shock-wave strength dependence of the compression for 

silica aerogel (upper graph) and Ta2O5 (lower graph).  As can be seen in the graph of 

the Ta2O5 response, the Thomas-Fermi based QEOS model (solid lines) is in good 
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agreement with the high-pressure, kinematic-behavior of Ta2O5.  The pressure where 

this agreement begins is approximately between 0.75 and 1 Mbar for the three aerogel 

sample densities under consideration in this study.  The agreement at higher pressure 

means that sufficient ionization and molecule dissociation exists to allow the 

assumptions of QEOS to accurately describe the kinematic behavior of the background 

molecules/ions.  At lower pressures, the difference between the predicted and 

observed response is large. In this regime, predicted compression ratios are far lower 

than those experimentally observed.  This behavior indicates that the QEOS model is 

likely incorrectly handling the dissociation of the material, which is consistent with the 

reduced observed temperature. 

When comparing the Ta2O5 aerogel to the silica aerogel, it is clear that there is 

precedent for high compressibility in this regime.  The main difference between this 

Ta2O5 study and the studies in the silica aerogel is that the pressure at which the Ta2O5 

aerogels achieve the local asymptote is about three times higher than that in the silica 

aerogel.  This observation might be explained by the fact that Ta2O5 has a total 

sublimation/dissociation energy [81] of 

Ta O s 2 Ta g 5 O g ; ∆H 1157 kcal/mol (49)

which is approximately three times larger than that of SiO2 [82] 

SiO s Si g 2 O g ; ∆H 443 kcal/mol (50)

This difference appears to account for the delayed onset of the local asymptote.  The 

Ta2O5 remains more compressible because these molecular structures imply an 

increased compressibility through the additional degrees of freedom and higher 

energy-consumption to break the bonds (see Eq. 34). 
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Figure 31:  Pressure-compression plane (a) silica aerogel (b) Ta2O5 aerogel 

 

These two figures show the shock-wave strength dependence of the compression for 
silica aerogel (upper-figure) and the Ta2O5 aerogel (lower-figure).  Both curves exhibit 
high-compressions at low-pressures due to molecular contributions to the material 
compressibility.  The molecular contributions become negligible at about 0.3 Mbar in 
the silica aerogel, and at about 0.1 Mbar in the Ta2O5 aerogel.  Above these threshold 
values, the compression is essentially independent of shock-wave strength. 
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It is likely that some of the molecular structures remain intact at pressures 

below one Mbar.  It is important to consider the most probable molecular structure to 

ascertain the number of rotational and vibrational degrees of freedom.  The most 

probable molecular dissociations available to the Ta2O5 molecules 

include:  dissociation to a pair of TaO2 and a free oxygen atom given by 

Ta O s 2 TaO g O g ; ∆H 461 kcal/mol (51)

and to a pair of diatomic TaO molecules and three free oxygen atoms given by 

Ta O s 2 TaO g 3 O g ; ∆H 763 kcal/mol (52)

and full dissociation given by Eq. 49.  From these bond calculations, one sees that the 

most probable dissociation path is the breaking of oxygen bonds to form a pair of 

TaO2 molecules with a characteristic temperature of reaction, ΘT O , of 20 eV, then to 

a pair of TaO molecules with ΘT O of 33 eV, and finally full-dissociation would occur 

with a characteristic temperature, ΘA , of 50 eV.  Note that in Figure 30, QEOS 

predicts a temperature of approximately 10 eV at a pressure of one Mbar.  This is 

below all of these characteristic temperatures indicating that there should be 

significant molecular contributions to the heat capacity of the Ta2O5 aerogels.  It 

should be noted that these characteristic temperatures are based on crystalline silica 

and Ta2O5 and, thus, these characteristic temperatures would be overestimates of the 

binding energies in the amorphous structures.  These would likely be overestimates 

because the amorphous structures are slightly out of equilibrium and hence not as 

tightly bound as the crystalline structure. 

4.2 QEOS Thermal Properties 

The disagreement between the QEOS model and the temperature 

measurements in Section 3.5 is quite pronounced.  The kinematic results indicate that 

the Ta2O5 material can absorb more energy than predicted by the QEOS model.  The 

apparent independence of the measured temperature on the pressure suggests that 
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local, non-equilibrium processes may also be important.  Studies of other material 

have indicated that at sufficiently-high pressures the brightness-temperature 

measurements in alkali-halides, (NaCl, KCl, and KBr) approached a similar plateau 

where the observed temperature became nearly constant with shock-wave strength 

[83].  An explanation for these observations based on a lack of equilibrium between 

electrons and the atoms just behind the shock-wave front was provided by Zeldovich 

[49].   Zeldovich’s argument maintains that the energy of a shock-wave is carried by 

the atoms and transferred (via collisions) to the electrons; thus, full equilibrium 

depends upon the rate of electron-ion collisions.  In most crystalline materials, the 

collision frequency is sufficiently high that equilibration occurs on a sub-picosecond 

time scale.  If the shock-wave speed is sufficiently high and the collision rates are 

moderate, then equilibration can lag significantly behind the shock-wave front.  This 

would result in the electron temperature being lower than the ion temperature until 

deep into the shock-wave front.  As the electron temperature is equilibrating, 

ionization is taking place resulting in an increase of the electron density as a function 

of position within the shock-wave.  Consequently, if the critical-surface of a 

pyrometer channel is closer to the observer than the equilibrium temperature, then the 

brightness temperature, which is predominantly related to bound-free and free-free 

electronic transitions, would be artificially low. 

To determine if these aerogels exhibit this nonequilibrium behavior, a 

simulation of the experiment was performed using the one-dimensional 

hydrodynamics code, HYDRA [84].  In this simulation a 0.1 g/cm3 sample of Yb2O5 is 

shock-wave compressed by a quartz pusher in the same configuration as shown in 

Figure 23.  It should be noted that ytterbium (Yb) is used as a surrogate for Ta because 

opacity tables for Ta were unavailable at the time of the simulation.  The simulated 

drive environment is identical to that used to achieve the highest pressure in the 0.1 

g/cm3 samples.  Figure 32a shows the predicted electron density (ne/nc) as a function 

of the one-dimensional spatial coordinates of the simulation.  The density is 

normalized to the critical density for the band of the SOP centered at 1.84 eV.    
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Figure 32:  Hydrodynamic simulation of experiment (a) density lineout (b) 
temperature lineout 

 

The electron density in the vicinity of the shock-wave front (a) normalized to the 
critical density of the pyrometer’s band center, 670 nm, and the temperature of the 
electrons (red) and the ions (blue) in the vicinity of the shock-wave front (b) 
normalized to the electron temperature at the SOP’s critical-surface.   
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Figure 32b shows the temperature of the electrons (red) and the ions (blue) as a 

function of the one-dimensional spatial coordinate in the simulation.  As with density, 

the temperature is normalized to the electron temperature at the critical-surface for the 

SOP measurement wavelength.  These snapshots are from seven nanoseconds after the 

laser pulse began and spatially referenced to the front surface of the ablator.  In the 

normalized plot of density looking from left to right, the high-density shock-wave 

compressed region, at positions less than 141 μm, is the advancing quartz pusher.  The 

density gradient between 141 and 142 μm is due to the release of the high-density 

quartz into the lower-density aerogel.  The measured shock-wave front is at 

approximately 145 μm and is a little over 500 nm thick.  Ahead of the shock-wave is a 

region where the radiation from the shock-wave is ionizing some of the atoms in the 

material ahead of the shock-wave front to about 4% of the equilibrium electron density 

of the compressed material.  In the temperature plot, one can see the corresponding 

features behind the shock-wave front.  As one approaches the shock-wave front, 

significant deviations occur between the electron and ion temperatures.  The leading 

edge of the shock-wave front transfers energy to the ions by ion-ion collisions heating 

them very rapidly to a level above the final equilibrium value.  The electron-ion 

collision cross-section is smaller; hence, the energy transfer to the electrons is slower 

and lags behind the shock-wave front.  Figure 33 shows a blowup of the shock-wave 

front along with the magnitude of the radiation electric field at the frequency detected 

by SOP as determined by the equation 

E n ω E 0, (53)

where z in this equation is the position in the direction of shock-wave propagation 

[85].  As shown earlier in Section 3.1, the contribution to the refractive index of the 

aerogel is very near unity, so the most influential component to the refractive index 

near the shock-wave front is a result of the plasma electron contribution.  This means 

that the refractive index can be written in the Drude form [86] 
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n 1 , (54)

and evaluating Eq. 53 and Eq. 54 together with the critical frequency of the SOP band 

center and the critical densities curve Figure 32 one arrives at the wave form in Figure 

33.  Radiation born at the equilibrium point (which is approximately 150 nm behind 

the front) is not near a full wave-form; consequently, this shock-wave would appear 

less bright than it should.  Most of the shock-wave front’s brightness will come at or 

just behind the critical surface (approximately 100 μm behind the leading edge of the 

shock-wave).  

The simulation indicates that the critical electron density for the measurement 

wavelength is achieved at a point ahead of where the electrons and the ions come into 

full equilibrium.  Hence, the measurement would exhibit lower temperatures than that 

produced by the shock-wave.  The most reasonable method to overcome this skin 

depth issue is to observe the shock-wave at shorter wavelengths (i.e. at higher critical-

frequencies).  For example, this simulation indicates that a 200 nm pyrometer would 

likely make an accurate measurement of the shock-wave temperature.  While it is 

unfortunate that the simulation could not be performed on Ta2O5, these two materials 

are quite similar physically, and the factor of three between the equilibrium 

temperature and the critical-surface temperature is similar to the corresponding 

observations of the simulated configuration. 
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Figure 33:  Expanded temperature profile of a shock-wave front 

 

Figure 33a shows the temperatures in the vicinity of the shock-wave front in greater 
detail, and Figure 33b shows the electric field magnitude for radiation from the shock-
wave front at the critical frequency of the SOP.  As can be seen between the two 
figures, the radiation the SOP observes is highly attenuated more than approximately 
one hundred nanometers behind the critical surface; consequently, it is possible that 
the equilibrium temperature is not adequately observed with the diagnostic. 
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Chapter 5 

Conclusions 

This study provided experimental EOS data of highly-porous Ta2O5 

aerogels.  With the extremely powerful OMEGA laser system, the aerogel samples are 

compressed from their initial densities of 0.1, 0.15 and 0.25 g/cm3 by shock-waves 

with strengths between 0.3 and 3 Mbar.  Under these shock-wave loads the materials 

are compressed to densities between 5 and 15 times their initial density and to 

temperatures of about 5 eV (58,000 °K).  The shock-wave compressed states as 

diagnosed with the VISAR and the SOP show strong deviations from the available 

QEOS model for this material.  When the compression measurements are compared to 

the QEOS model, it is found that the model underestimates the level of compression 

achieved by shock-wave loading below one Mbar, and reproduces the material 

behavior above a Mbar.  This observation indicates that there are material degrees of 

freedom below one Mbar that are not fully captured by the QEOS model.  The thermal 

measurements indicate that this might be due to less significant heating; however, the 

weak dependence of temperature on shock-wave strength could indicate that non-

equilibrium effects require more attention when considering aerogel materials. 

As a component of the measurement of the Ta2O5, this work also looked at the 

potential of establishing alpha-quartz as a reference standard for this and future EOS 

experiments.  Because the Kerley-7360 model reproduces much of the EOS data 

available for standard-state alpha-quartz, it was examined as a candidate model for 

impedance-match release experiments.  Using a previously established, quasi-absolute 

reference aerogel, laser-driven impedance-match experiments were found to match the 

compression behavior that was observed.  Due to the success of the Kerley model in 

reproducing these results, it is reasonable that the model can be applied in similar 

quartz-release situations with other materials. 
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Appendix A 

Acronyms 

AGEX Above ground experiments 
CTBT Comprehensive Nuclear Test Ban Treaty 
EOS Equation-of-state 
HED-EOS High-energy-density equation-of-state 
HEDP High-energy-density-physics 
IFE Inertial fusion energy 
IR Infrared 
LLE Laboratory of Laser Energetics 
NA Numerical aperture 
NIF National Ignition Facility 
NIST National Institute of Standards and Technology 
OMEGA Multi-kiloJoule laser facility at the University of Rochester 
OPL Optical-path-length 
PANDA Sandia equation-of-state development code 

QEOS Livermore equation-of-state development code (quotidian equation-of-
state) 

SiO2 Silica 
SOP Streaked optical pyrometer 
SSP Stockpile Stewardship Program 
Ta2O5 Tantalum pentoxide 
VISAR Velocity interferometer system for any reflector 
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Appendix B 

Variables 

A SOP signal integration constant 
B CCD bin 
c Speed of light 
cs Isentropic sound speed 
cv Specific heat at constant volume 
C Number of components 
d Target thickness 
DOF Degrees of freedom 
ec Electronic charge 
E Electric field amplitude 
f Phase-space distribution function 
F Helmholtz free-energy 

 

Body force vector 

G SOP gain 
h Planck's constant 
kB Boltzmann's constant 
L Radiance 
m Atomic mass 
me Electron mass 
M SOP magnification 
n Refractive index 
N Species population 
OPL Optical-path-length 
p Pressure 
P Number of phases 

 

Heat flux 
R Reflectivity 
Rc Specific gas-constant 
R0 Thomas-Fermi ion-sphere radius 
s Entropy 
SR Spectral response 
T Temperature 

F
Æ

qÆ
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T0 SOP characteristic temperature 
Tx Spectral transmission 

 

Fluid average velocity 
uf Flyer velocity 
up Particle velocity 
us Shock velocity 

 

Species velocity 
VPF Velocity per fringe 
Ws Slit Width 
x Position 
Z Ionization fraction 
α Oscillator strength 
γ Ratio of specific heats 
Γ Grüneissen parameter 
δ Dispersion correction 
δN Change in species population 
Δf Fringe shift 
Δφ Phase shift 
ΔH Reaction enthalpy 
ΔL Apparent depth 
Δx CCD pixel dimension 
 Internal energy 
η SOP sweep rate 
κ Thermal conductivity 
λ0 SOP characteristic wavelength 
μ Chemical potential 
θ Etalon tilt 
Θ Reaction characteristic temperature 
ρ Density 
τ Etalon delay 
Ξ Viscous disorder 
ω0 VISAR probe angular frequency 
ωp Plasma frequency 
ωL OMEGA angular frequency 
ΩLens Objective solid angle 

uÆ

vÆ
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Appendix C 

Enthalpy of Formation 

In Section 4.1 the relationship of the shock strengths in silica aerogel and 

Ta2O5 aerogel to the onset of a local asymptote was discussed.  It was noted that the 

agreement to these assumptions required a shock-wave that is roughly a factor-of-three 

stronger in the Ta2O5 aerogel than the silica aerogel.  This same ratio coincides with 

the difference of the enthalpy of formation for the two molecules.  In references [81] 

and [82], the required values for comparing the two molecules are not given directly, 

but the parameters necessary for a straightforward calculation are given in these 

references.  As such, this appendix will demonstrate how the values from Eqs. 49-52 

were derived. 

Starting with the information that is given in [81] and [82], the required 

equations are: 

 

(C1)

 

(C2)

 

(C3)

 

(C4)

 

(C5)

 

(C6)

and, 

 

(C7)

2 TaHsL +
5
2

 O2HgL ö Ta2 O5HsL; DH0 = -98 kcal êmol,

TaHsLö TaHgL; DH0 = 186 kcal ê mol,

O2HgLö 2 OHgL; DH0 = 118 kcal ê mol,

TaHsL + 2 Ta2 O5HsLö 5 TaO2HgL; DH0 = 761 kcal ê mol,

3 TaHsL + Ta2 O5HsLö 5 TaOHgL; DH0 = 729 kcal ê mol,

SiHsL + O2HgLö SiO2HsL; DH0 = -217.5 kcal ê mol,

SiHsLö SiHgL; DH0 = 107.5 kcal ê mol.
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Combining Eqs. C1, C2 and C3 one arrives at: 

 

(C8)

or, 

 

(C9)

Similarly combining Eqs. C1, C3 and C4 one arrives at: 

 

(C10)

and combining Eqs. C1, C3 and C5 one arrives at: 

 

(C11)

This same procedure is then applied to Eqs. C3, C6 and C7 to arrive at Eq. 50. 

 

HTa2 O5HsL - 490 kcal ê molLö 2 HTaHgL + 186 kcal ê molL +
5
2

H2 OHgL + 118 kcal ê molL

Ta2 O5 HsLö 2 TaHgL + 5 OHgL; DH0 = 1157 kcal ê mol.

Ta2 O5 HsLö 2 TaO2HgL + OHgL; DH0 = 461 kcal ê mol,

Ta2 O5 HsLö 2 TaOHgL + 3 OHgL; DH0 = 763 kcal ê mol.


