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Abstract. The equation of state is a fundamental characteristic of matter and is required in numerous studies and practically
important problems of physics of high energy densities. The report discusses modern requirements for equations of state, theoret-
ical and experimental methods for studying the thermodynamic properties of matter, various aspects of constructing wide-range
equations of state and examples of using wide-range equations of state in modeling high-energy processes.

INTRODUCTION

Equation of state (EOS) describes fundamental thermophysical properties of matter [1]. This is a dependence be-
tween thermodynamic state quantities — is the main fundamental characteristic of a substance, making it possible to
apply the general formal apparatus of thermodynamics and continuum dynamics to thermophysical objects and gas-
dynamics energy processes of a different nature: from heat engines to transient phenomena at high energy densities.
EOS is a “closing” relationship for the system of gas-dynamics equations, expressing in differential equations the most
general laws of conservation of mass, momentum, and energy of matter, which, in turn, reflect the most fundamental
properties of the symmetry of space—time (Noether’s theorem) The laws of conservation of mass, momentum, and
energy in the most general and compact mathematical form reflect the whole body of processes in nature, whereas an
EoS complements this general formalism with qualitative characteristics of a particular substance: gas, liquid, crystal,
and plasma, i.e., a whole variety of processes and phenomena in nature.

The interest in EOS of matter has always been high not only from the viewpoint of practical (technical or energetic)
applications but also for understanding and describing processes and phenomena at high thermal energy densities. The
advent of modern energy sources with a highly localized energy density, such as lasers, charged- and neutral-particle
beams, shock waves, ultraintense electromagnetic waves, etc., has initiated laboratory studies of states of matter with
earlier unreachable, extremely high pressures and temperatures, corresponding to new regions of the phase diagrams of
matter. This substantially extended the community of scientists interested in physic of high energy-density physics [1,
2, 3]. The fast progress in numerical methods for new peta- and exaflop computers necessitated the development
of efficient difference schemes for calculating transient gasdynamics phenomena [4, 5, 6, 7, 8], which significantly
raised the requirements to the adequate and detailed description of thermodynamic properties of matter, because the
accuracy of gas-dynamics calculations is determined not only by the errors of solving conservation equations but, first
and foremost, by errors in the EOS of a substance.

So, EOS is a necessary part of numerical modeling of high-energy processes that controls the specificity and accu-
racy of numerical calculations of transient processes. As a result, modern complexes and software packages must have
libraries and databases of modern EOS for numerous materials and chemical compounds to describe their behavior in
a wide range of the phase diagram.

EOS: THEORY AND EXPERIMENT

The current state of the problem of a theoretical description of thermodynamic properties of matter at high pressures
and high temperatures is given in a set of publications (see refs. [1, 9, 10] and references therein). In spite of the
significant progress achieved in predicting EOS information accurately in solid, liquid, and plasma states with the
use of the most sophisticated “ab initio” computational approaches (classic and quantum methods of self—consisted
field, diagram technique, Monte—Carlo, and molecular dynamics methods), the disadvantage of these theories is their
regional character [1, 9, 10]. For example [1], the Schrodinger equation is solving for crystal at 7 = 0 K, while
integral equations relate pair interactive potential and pair correlation function for liquid and chemical potentials are
used in the “chemical” model of plasmas.
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The range of applicability of each method is local and, rigorously speaking, no single one of them provides for a
correct theoretical calculation of thermodynamic properties of matter on the whole phase plane from the cold crystal
to the liquid and hot plasmas [1, 9]. The principal problem here is the need to account correctly for the strong
collective interparticle interaction in disordered media, which presents special difficulties in the region occupied by
dense, disordered, nonideal plasmas [1, 9].

In this case, experimental data at high pressures and high temperatures are of particular significance, because they
serve as reference points for theories and semi-empirical models. Data obtained with the use of dynamic methods
(see [2, 11, 12, 13, 14, 15] and references therein) are of the importance from the practical point of view. Shock—
wave methods permit to study a broad range of the phase diagram from the compressed hot condensed states to dense
strongly coupled plasma and quasi—gas states. Detailed presentations of shock—wave methods to investigate high
dynamic pressures is given in monographs [1, 2, 10, 11] and reviews [16, 17].

The available experimental information is shown in Fig. 1 on a 3D, relative volume—temperature—pressure surface
for aluminum, calculated by a semi—empirical multi—phase EOS [18, 19]. The experimental data on the shock com-
pression of solid and porous metals, as well as isentropic expansion, covers nine orders of magnitude in pressure and
four in density. In a viscous compression shock termed the shock front, the kinetic energy of the oncoming flow is
converted to the thermal energy of the compressed and irreversibly heated medium. This way of shock compression,
see the principal Hugoniot in Fig. 1, has no limitations in the magnitude of the pressure obtained but is bounded by
the short lifetimes of the shock-compressed substance. That is why the techniques employed for the diagnostics of
these states should possess a high (~ 107% — 10~ s) temporal resolution. When a stationary shock-wave discontinu-
ity propagates through a material, the conservation laws of mass, momentum, and energy [2] are obeyed at its front.
These laws relate the kinematic parameters, the shock wave velocity D and the mass material velocity U behind the
shock front, with thermodynamic values — the specific internal energy E, the pressure P, and the specific volume V':

DU
=—— _ P=P+

Vo D
Vv D-U’ Vo

EZEO‘F%(P‘FP())(VO*V). 1)

Here the subscript O indicates the parameters of the immobile material ahead of the shock front. These equations
permit determining the hydro- and thermodynamic characteristics of a shock-compressed mate rial upon recording
any two of the five parameters E, P, V, D, and U, which characterize the shock discontinuity. Determined most easily
and precisely by standard techniques is the shock velocity D. The choice of the second recorded parameter depends
on specific experimental conditions. The “arrest” and “reflection” (impedance-matching) methods are using [2] for
condensed materials. Depending on experimental setup, either shock front velocities in target and etalon materials or
the shock front velocity in target and the impactor velocity are measuring. Today, a wide variety of ways of generating
intense shock waves is employed in dynamic experiments. These are chemical, nuclear, and electric explosions;
pneumatic, gun powder, and electrodynamic guns; concentrated laser and soft X-ray radiation; and relativistic electron
and ion beams [1, 9, 10].

The first published shock—wave data were obtained for metals in the megabar (1 Mbar= 100 GPa) [20] and mul-
timegabar [21, 22] pressure range using explosive drivers. Higher pressures of tens megabars have been accessed
by spherical cumulative systems [23, 24] and by underground nuclear explosions [25, 26]. Maximum pressures of
400 TPa [27] were also reported for aluminum through the use of nuclear explosion. Note, that data obtained by
impedance—matching techniques require the knowledge of the EOS for a standard material. Previously a monotonic
approximation of the shock adiabat of lead between the traditional region of pressures < 10 Mbar to Thomas—Fermi
calculations was used for the standard [25, 26]. It seems that iron, for which absolute Hugoniot measurements have
been reported to pressures of 100 Mbar [28, 29], is now the best etalon material.

The extension of the phase diagram data to greater relative volumes, in comparison with the principal Hugoniot, is
achieved with shock compression of porous samples [2]. Nevertheless, difficulties in fabricating highly porous targets
and non—uniform material response of the porous sample to shock loading imposes a practical limit to the minimum
density of a specimen. The method of isentropic expansion of shocked matter, depending on the magnitude of the
shock pressure and, consequently, the entropy provided, produces in one experiment transitions from a hot metallic
liquid shocked state , to a strongly coupled plasma, then to a two—phase liquid—gas region, and to a Boltzmann’s
weakly ionized plasma, and finally to a nearly ideal gas [2, 9, 11].

Another important case of self-similar gas dynamic flow is the centered Riemann rarefaction wave. In experiments
involving determination of isentropic expansion curves for a shock-compressed material, the states in the centered
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dumping wave are described by Riemann integrals [2]:

" auN? AU

Ve = = — Fu — il

s VH+/(dP> dP, Es=Epy /P<dP> dP, 2)
Py Py

where indexes S and H relate to isentrope and shock adiabat, correspondingly, and integrals are calculated along the
measured isentrope P = Ps(U).

These measurements of release isentropes of shocked materials are of especial importance. The adiabatic expansion
of a substance, see curves s in Fig. 1, precompressed to megabar pressures by a shock wave, permits investigating
an interesting plasma parameter domain located between a solid and a gas, including the metal—dielectric transition
region and the high-temperature portion of the boiling curve of metals with their critical point [9, 30]. Since the
metallic bond energy is rather high, the parameters of the critical points of metals are extremely high (4.5 kbar and
8000 K for aluminum, 15 kbar and 21000 K for tungsten [9]) and unattainable for static experimental techniques.
That is why until recently the critical point characteristics were measured only for three of all metals, which account
for ~ 80% of the elements of the Periodic Table [9]. On the other hand, because the critical temperatures of metals
are high and are comparable to their ionization potentials, metals in a near-critical state vaporize directly to an ionized
state and not to a gas, as is the case in the rest of the chemical elements. This circumstance may lead to exotic
“plasma” phase transitions predicted for metallization by Ya. B. Zel’dovich and L. D. Landau [31] and other theorists
for strongly compressed Coulomb systems (see Refs. [9, 32, 33, 34] and references therein). Such results traverse
states in the intermediate region between the solid state and gas, occupied by a hot dense metallic liquid and strongly
coupled plasma [9, 11], which is a region poorly described by theory. Experimentally studied release isentropes for
copper have as initial high energy states solid, and melted, and compressed liquid metal. The range of thermodynamic
parameters covered in the adiabatic expansion process for these states is extremely wide (Fig. 1), covering five orders
of magnitude in pressure and two orders of magnitude in density. It extends from a highly compressed metallic liquid,
characterized by a disordered arrangement of ions and degenerate electrons, to a quasi—nonideal Boltzmann plasma
and a rarefied metallic vapor. Upon expansion of the system, the degree of degeneracy of the electronic subsystem
is decreased and a marked rearrangement of the energy spectrum of atoms and ions occurs. A partial recombination
of the dense plasma also takes place. In the disordered electron system a “metal—insulator” transition takes place
and a nonideal (with respect to different forms of interparticle interactions) plasma is formed in the vicinity of the
liquid—vapor equilibrium curve and the critical point. Where the isentropes enter the two—phase liquid—vapor region
evaporation occurs; on the gas—side condensation occurs [9, 11, 18].

Note, that typical shock—wave measurements allow determination of only caloric properties of matter, viz. the
dependence of the relative internal energy on pressure and volume as E = E(P,V). The potential E(P,V) is not
complete in the thermodynamic sense and a knowledge of temperature T or entropy S is required for completing the
thermodynamic equations and calculating first and second derivatives, such as the heat capacity, the sound velocity
and others [1].

Only a few temperature measurements in shocked metals are available [35], as well as analogous measurements
in release isentropic waves [18]. This information is of great importance in view of a limitation of purely theoretical
calculation methods. From this point of view, thermodynamically complete measurements obtained with the use of
the isobaric expansion (IEX) technique [36] are of a special significance. In this method metal is rapidly heated by
a powerful pulsed current, then expands into an atmosphere of an inertial gas maintained at constant pressure. This
data range in density form solid to the critical point and intersect, therefore, the release isentrope data for metals (see
Fig. 1). Data on slow electric discharge in metallic foil, “Enceinte a Plasma Isochore” (EPI) [37], are attributed to
case of the isochoric heating and occupy the supercritical domain on the phase diagram.

The region between principal shock adiabat and isotherm can be accessed with use of the isentropic compression
technique. This method allows one to obtain simultaneously high pressure and high densities in the material under
study. In practice the sample is loaded by a magnetically driven impactor or by a sequence of reverberating shock
waves in a multi-step compression process.

The final conclusion is that shock—wave techniques allow one to investigate material properties in very wide region
of the phase diagram — from compressed solid to hot dense liquid, plasma, liquid—vapor, and quasi—gas states.
Though the resulting high pressure, high and temperature information covers a broad range of the phase diagram, it
has a heterogeneous character and, as a rule, is not complete from the thermodynamic point of view. Its generalization
can be done only in the form of a thermodynamically complete EOS.
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FIGURE 1. Generalized 3D volume—temperature—pressure surface for aluminum. M—melting region; R—boundary of two—
phase liquid—gas region with the critical point CP; H; and H,—principal and porous Hugoniots; Hy and Hyg— shock adiabats
of air and aerogel; DAC—diamond—-anvil—cells data; ICE—isentropic compression experiment; [EX—isobaric expansion data;
S—release isentropes. Phase states of the metal are also shown.

EOS PROBLEM, DEMANDS AND FORMULATION

Constructing adequate EOS of a substance is a major challenge (see [1, 17] and references therein). According
to [1], modern models of EOS are constructed either from experimental results or by methods of statistical physics.
The main difficulty on the way to a consistent theoretical calculation of the EOS of a substance by methods of
statistical physics is the necessity to correctly take into account the complex structure of interparticle interaction in the
quantum-mechanical many-body problem with arbitrary coupling constants and any type of statistics. Therefore, the
calculations usually employ simplified models, the applicability of which is limited and established in each particular
case on the basis of either the internal characteristics of the model or by a comparison with more accurate solutions or
experimental results. The latter way is obviously more constructive, because there are numerous examples (the van der
Waals theory, integral equations, nonideal plasma, etc.) in which the actual applicability of models goes significantly
beyond the bounds dictated by the smallness of the corresponding dimensionless parameters and criteria.

In the next stage of the development of thermodynamic models, the existing experimental data are utilized to
choose the basic numerical parameters in the functional dependences based on exact solutions or simplified models.
The semiempirical models obtained in this manner are used to describe and formulate an adequate model of the zero
approximation in especially complex situations (liquids, solids, and dense electromagnetic and quark-gluon plasma)
not allowing one to separate a small parameter of the perturbation theory. The success in developing semiempirical
models is verified by both the quality of describing a wide variety of different experimental data and the possibility of
extrapolation calculations. It is clear that, for semiempirical EoSs, the experiment is not only a necessary complement
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but also the actual basis of their existence.

Despite the utmost generality and internal consistency of the formal apparatus of continuum mechanics, numerical
calculations of particular phenomena with chosen EOS have their specific features. Upon a typical high-power energy
release, matter undergoes complex thermodynamic processes. The energy release gives rise to a three-dimensional
gas-dynamics flow, characterized by large gradients of thermodynamic quantities. It involves different phases: from a
crystal to a hot liquid and to an evaporated and ionized substance. The numerical simulation of such processes requires
the use of wide-range EOS. In most phenomena of practical interest, macroscopic quantities characterizing the state of
a substance vary rather slowly as compared to the rates of relaxation processes leading to thermodynamic equilibrium.
Under such conditions, particles of a continuous medium remain in a state close to thermodynamic equilibrium. In an
adiabatic motion (in the absence of heat transfer), the equilibrium states of gas particles can be described by entropy
or the internal energy as functions of specific volume and pressure S(V,P) and E(V, P). In the general nonadiabatic
case, the equation involves temperature, which should also be related to pressure and specific volume, e.g., in the form
P(V,T). As was noted above, all state functions can be obtained from one potential (internal energy E, enthalpy H,
Helmbholtz free energy F, Gibbs function G) defined as a function of the corresponding variables: E(S,V), H(S,V),
F(V,T) and G(P,T) . Thus, it is natural to understand that constructing an equation of state is specifying one of
these dependences. However, in practice [1], constructing an equation of state is often understood as a less complete
description of the properties of a substance (e.g., constructing a caloric equation in the form P(V,E)).

The main goal of EOS development is its usage in gas dynamic codes. The experience of numerical modeling puts
physical and mathematical demands and limitations to EOS.

This is wide range of applicability, i.e. EOS must describe thermodynamic properties in solid, liquid and plasma
states. EOS also must be continuous and smooth in each phase. EOS for each phase must provide for mathematic
conditions of resistance to compression (at P(T = const) — o one has V — 0), stability of the heat conductivity
(Cy = (dE/IT),, > 0), existence of acoustic perturbations (Cs = (dP/ 8p);/ %> 0) and stability of shock compression
waves ((BZP/ 8V2)T > 0). The scalability means that new experimental or theoretical information can be easily
implemented in EOS. Finally, the EOS part in gas dynamic calculations must be minimal. It is not simple to satisfy
simultaneously all of these demands. This fact explains a great amount of EOS models.

EOS models are given by thermodynamically complete potentials. The free energy thermodynamic potential F' =
E — TS is most suitable, its complete differential is

dF = —SdT — PdV 3
The knowledge of F(V,T) of the uniform system under condition of thermodynamic equilibrium allows one to

determine partial derivatives which are used to obtain measured thermodynamic functions and other potentials. Let
us show it on example of the free energy:

_ (IFV,T)\
P(V,T)——( 5V )T— Fy “
_ (IF(V,T)\
S(V,T)=— (”)V =—Fr 5
Cy(V,T)=T <8SS;T)) =T xFrr (6)
T
JoP as
(oS, T)\ s (ﬁ)v (W)T - Fr
o= (550 - (), E) s (ol
T
CH(V,T) = -V? (‘mm) = —V?Fyy ®)
v ),
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Here in formulas (4), (5), (6),(7), (8), (9) P, S, Cy, Cp, Cr and Cg are pressure, entropy, heat capacities at constant
volume and pressure, isothermal and isentropic sound velocities, correspondingly.

Considering a mixture of two phases / and 2 of matter at given pressure and temperature also under condition of
thermodynamic equilibrium with relative parts & and (1 — &), it is easy to obtain

V=EVi+(1-E)V, (10)
S=ES1+(1-8)8> (11)
V-V S—35;
= = 12
& -V $-8 (12)
Corresponding differentials are
dVv =EdVi+ (1 =&)dVy+ (V] —V,)dE (13)
dS=E&dS1+(1—&)dSr+ (S1 —S)dE (14)
dé = dav, 1-¢)dV. 15
&= 5y GV + (1= §)av) (15)
The partial volume derivative is
Fyy =0 (16)
while the mixtured derivative is derived by Clausius—Clapeyron law
dP  $— S8
Fr=—= 17
TTar T w—vi (1n

Using differentials of pressure dP = (g—(j)TdV + (g—;)vdT and of entropy dS = (g—g)TdV + (%)VdT one can

obtain

- (%)
dV . dT aT % (18)
T (%)
V)r
dS as as dVv
ar (ar)ﬁ (av)m 19

Equations (14), (15), (17), (18), (19) allows one to determined the complete derivative of the mixture (here A’ = %)

dpP

2 @ira-ov =g (s-wap)ra-o (s-ug) e

= ESi (185

S1—95
Vi—V,
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and the partial one
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where indexes relate to thermodynamic functions of phases / and 2.

Obviously, one can not use multi-phase EOS in gas dynamic codes directly. Indeed, thermodynamic derivatives are
easily determined for the case of the uniform physical system, see Egs. (6)-(9). These equations become much more
complicated in the case of thermodynamically equilibrium two-phase system, see Egs. (10)-(21). Note, that it is also
necessary to know relative parts & and (1 — &) of these phases. So the use of EOS in tabulated form is an efficient
decision, which provides for good accuracy of EOS description and high performance of gas dynamic computations.
The generation of tables using united EOS model [11, 19, 38, 39] guarantees the self consistency of thermodynamic
functions.

As it seen from this consideration, in practice wide-range EOS means multi-phase EOS and, finally, tabulated EOS.

RESULTS OF COMPUTER MODELING

We present in this section results of numerical modeling done with the original 3D parallel code, see for details [40]. It
is based on “finite-size particle in cell” method developed for numerical modeling of processes at high energy density.
It uses the Lagrangian-Eulerian representation of media which allows one to match contact and free surfaces and to
calculate flows with strong deformations. Efficient models of thermodynamic properties, elastic—plastic deformation
and fragmentation have been employed in the gas dynamic code adapted for parallel computations.

An impact of lead sphere (1.5 cm diameter, 20 g mass) on lead plate (0.63 cm thickness) has been investigated
experimentally [41]. These data are of especial interest because the experimental x—ray shot at 30 us fixed the spatial
distribution of impactor and plate densities. It allows one to compare directly computational and experimental results.
The high value of impact velocity results to melting of both impactor and plate with further significant evaporating
during expansion. Earlier 2D numerical modeling of this problem [42] demonstrated the paradox result—the best
description was obtained with the use of most simple EOS model.

3D numerical modeling of experiment [41] has been carried out with multi—phase [11] and caloric [17] EOS for
lead in hydrodynamic approach.

FIGURE 2. Sphere on plate impact for Pb: experimental (left) and computed (right) x-ray photograph of the debris cloud at 30 us.

The spatial distribution of density at 30 us obtained in numerical modeling with use of multi—-phase EOS has been
integrated. This profile is compared with experimental one [41] on Fig. 2, the agreement in form and sizes is good.
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On the transmission image of this process, the darker areas correspond to higher integrated density and the calculated
shape and size of the cloud of fragments and the density distribution are in a good agreement with the experiment.
The results of calculations with the caloric EOS showed significant deviations from the experimental X-ray diffraction
pattern and from the time distributions of density and pressure obtained with the multiphase EOS.

These effects have a physical explanation from the analysis of thermodynamic path of the impact and release pro-
cesses. According to multi—phase EOS [11], lead is liquid after impact. Its entropy is practically equal to the entropy
of the critical point, so it strongly evaporates with positive pressure during expansion along the release isentrope. The
caloric EOS [17] does not provide for correct description of the vaporization effect at low densities. Moreover, it
produces negative pressures at specific volumes V=0.1 g/cm? and higher which corresponds to two—phase liquid—gas
region on the phase P—V—diagram. So, the use of caloric EOS results to occurring of significant regions of negative
pressures in expanding material, up to its mechanic failure. The use of multi-phase EOS results to a failure in solid
state, while the expansion of material with high specific entropy leads to its evaporating.

From the analysis of the calculated pressure and density distributions and comparison with the experimental X-ray
diffraction pattern, we conclude that the results of numerical simulation using the multiphase EOS, which is more
physically justified, correctly describe the experimental data and physical processes upon a high-velocity impact.
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FIGURE 3. 3D chondrite sphere impact on silica wall: results of computer modeling. Damage value distribution at 0.1 us (left)
and 2 us (right).

Another example of numerical modeling corresponds to an impact of chondrite asteroid on Earth surface. Simplified
caloric EOS [43] developed for chondrite was implemented in the framework of 3D gas dynamics computer code as
well as previously developed EOS for silica. An impact of chondrite sphere (0.8 m diameter, 2000 kg mass) on silica
plate (2 m thickness) has been investigated in 3D. Three dimensional surfaces of material damage value distribution
at 0.1 us and 2.0 us are on Fig. 3. These calculations have been done as model tests of high-velocity asteroid impact.

CONCLUSION

The problem of developing efficient EOS for using in numerical modeling of of high-energy processes has been
considered. The general demands to EOS are formulated and discussed. The necessity to generalize the experimental
and theoretical information contained in local sections of the phase diagram into a semiempirical EOS has been
demonstrated. Results of numerical modeling of high-velocity impacts calculated with realistic EOS, have been
presented and discussed.
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