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Investigation of thermophysical and mechanical properties
of matter under extremal conditions

I.K. Krasyuk, P.P. Pashinin, A.Yu. Semenov, V.E. Fortov

Abstract. The main results of experimental studies performed
during the last ten years at the General Physics Institute, the
Russian Academy of Sciences, on the properties of matter
under extremal conditions created with the help of high-power
laser radiation are presented. The problems associated with
temperature measurements of the material behind the shock-
wave front are discussed. The results of experimental studies
of the mechanical properties of matter under conditions of
ultrahigh deformation rates are presented. Examples of
efficient application of numerical simulation for studying
the mechanical and hydrodynamic processes occurring in
matter subjected to high-power laser irradiation are given.
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1. Introduction

During the last ten years, properties of matter under
extremal conditions created with the help of high-power
laser radiation have been carried out at the General Physics
Institute (GPI), the Russian Academy of Sciences (see, for
example, Refs [1—12]). These investigations were largely
initiated by Academician A.M. Prokhorov, and were con-
tinued under his guidance and support. Apart from the staff
of GPI, scientists from the Institute for High Energy
Densities of the Joint Institute of High Temperatures,
Russian Academy of Sciences, and from the Institute of
Chemical Physics Problems, Russian Academy of Sciences,
also participated in these studies.

Lasers offer a unique possibility of studying the physical
properties of matter at high energy densities. For example,
in experiments on laser-induced nuclear fusion, a significant
compression of matter (1000 gcm™>) or a considerable
heating (100 keV) can be attained at the centre of shell-
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type spherical targets, depending on the type of targets and
the conditions of irradiation. In the typical case of irradia-
tion by a pulsed laser, absorption of energy by the target
material leads to the formation of a high-temperature
plasma. The hydrodynamic expansion of the plasma results
in the emergence of an ablative pressure on the target caused
by the recoil pulse. Under the action of this pulse, a shock
wave with an amplitude of several hundred megabars is
formed and starts propagating in the target. Heating and
compression of the target material take place behind this
wave front. The experimental methods developed at present
make it possible to use such shock waves for obtaining the
thermodynamic parameters of matter to derive the wide-
range (over a wide range of variation of the parameters)
semi-empirical equations of state. The application of lasers
allows an investigation of the phase diagram regions that
were not studied earlier.

Section 2 of this paper is devoted to the application of
high-power laser shock waves for studying the thermophysi-
cal properties of matter under extremal conditions.
Problems associated with the temperature measurements
in the material behind the shock-wave front are discussed.
One of these is the screening of optical radiation from the
hot region by matter in the unloading wave. Another
problem concerns the specific nature of the laser technique
used for generating shock waves. Since a high-temperature
plasma is formed at the front surface of the target, its
radiation may cause a preheating of the target and,
consequently, change its initial parameters.

In Section 3, another aspect connected with the appli-
cation of laser shock waves, namely, the investigation of
mechanical properties of matter at ultrahigh deformation
rates, is presented. As a shock wave is reflected from the
back surface of the target, a region of tensile stresses or
‘negative’ pressures is formed in the vicinity of the target.
This leads to the phenomenon of spall, resulting in chipping
of a part of the target material from the back surface. The
use of laser shock waves also made it possible to study such
phenomena at deformation rates for which the dynamic
strength of the material approaches its theoretical limit.

Section 4 contains a review of the numerical methods
used in Sections 2 and 3 for simulating the investigated
shock-wave phenomena. Examples are given to demonstrate
the efficient use of numerical simulation for studying the
mechanical and hydrodynamic processes induced in matter
by high-power laser radiation.
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2. Thermophysical parameters
of a dense plasma in a rarefaction wave

One of the main applications of laser shock waves is their
use in the development of wide-range semiempirical equa-
tions of state for a substance [13]. The method of
investigation is based on the use of algebraic relations
between hydrodynamic values at the discontinuity surface,
which are corollaries of the general laws of conservation of
mass, momentum and energy for a one-dimensional steady-
state motion [14]:

V=(D-UV,/D,
P=Py+DU/V,, (D
E=Ey+0.5(Py+ P)(Vy— V).

Here, V= 1/p is the specific volume, P is the pressure, E is
the internal energy, D is the velocity of the shock-wave
front moving in the unperturbed stationary matter, and U is
the mass velocity, i.e., the velocity of particles behind the
shock-wave front. Quantities with subscript ‘0’ correspond
to unperturbed matter ahead of the shock-wave front.
Measuring any two of the five parameters (P, V, D, U and
E) and using formulas (1), we can determine the hydro-
dynamic and thermodynamic parameters of the substance
and establish a relation between them with the help of the
caloric equation of state

E=E(P,V). )

Usually, the kinematic parameters D and U are measured
for metals. Measurements are made by recording the time
in which the shock-wave front passes certain fixed (basic)
distances. The accuracy of measurements of velocities D
and U of the shock wave must not be worse than 5% —
10 % in cases of practical importance.

The use of dynamic diagnostic techniques based on
expression (1) for obtaining the shock adiabat assumes
the stationarity and one-dimensionality of the flows of
the substance under investigation. The stationarity and
one-dimensionality are ensured by an appropriate choice
of the target thickness and the diameter of the irradiation
spot. Using the caloric equation of state (2), we can carry
out hydrodynamic computation of the adiabatic flows of
matter. However, to take into account the heat transport
processes or the emission from a heated substance, the
temperature should be specified explicitly as a function of
pressure and volume:

T=T(P,V). A3)

At present, for constructing total thermodynamic equations
of state, an indirect method based on the solution of a
linear homogeneous differential equation in 7 is used (see,
for example, Ref. [15]),

oE oT oE oT
[” (a—v)J op -(@)J =" )

Equation (4) follows from the first law of thermodynamics
and is supplemented by at least one experimentally
obtained value of temperature as a boundary condition.

The caloric equation of state (2) obtained for the region of
the P — V plane under consideration is used.

The interest towards direct temperature measurements in
dynamic experiments stems from the fact that new data on
temperature in various regions of the P — ¥ plane can help
in refining the dependences T'= T(P, V), obtained by solving
Eqn (4). Note that because of experimental problems and an
ambiguity in the interpretation of the obtained results, only
a small number of published works on laser shock-wave
generation are devoted to direct measurements of the
temperature of a substance behind the shock-wave front
in metals.

In the case of metals, direct optical measurement of the
temperature of the substance behind the shock-wave front is
a quite complicated problem, mainly due to screening of
radiation from hot regions of the target by the vapours of
the substance in the unloading wave. The small duration of
irradiation also complicates matters. It becomes necessary to
satisfy a number of requirements to the design of the target
and the accuracy of its preparation, to the quality and
power of the laser beam, as well as to the space and time
resolution of the recording instruments. For a typical laser
pulse duration of ~ 1 ns, the target thickness should not
exceed 15—20 pum, while the diameter of the irradiation spot
should be at least 150—-200 pm. The emerging experimental
complications can be removed by using measuring instru-
ments with a high spatial and temporal resolution, and by
meeting certain requirements of precision of preparation
and purity of the targets made from the material under
investigation.

The initial state of the target is also very important
because the laser generation of shock waves is associated
with the formation of a high-temperature plasma at the
front surface of the target; consequently, the target material
can be preheated by the X-rays from the plasma corona and
by a fast electron beam. This necessitates the development
of suitable technique for measuring the temperature of
preheating and for determining the initial state of the target
material under investigation.

In this work, we discuss the possibility of using pyro-
metric technique for measuring the temperature of the target
material behind the front of the shock wave emerging at the
free surface of the target (Fig. 1). The experimental results
[16—18] obtained by measuring the sample heating in the
case of laser generation of shock waves in aluminium are
compared with the results of numerical simulation. It is
shown that preheating of the target can significantly affect
the parameters of the optical signal detected from the back
surface of the target, and hence the accuracy of measure-
ments of temperature and pressure of the substance behind
the shock-wave front.

2.1 Experimental conditions

The experimental setup is described in Ref. [16] and
presented in Fig. 2. We used 0.53-um laser radiation
with an intensity up to 3 x 10" W em™ at the target.
The laser pulse of the FWHM duration 0.6 ns had a
Gaussian shape. A special smoothing technique was used
for obtaining a uniform distribution of intensity over a
focal spot of diameter 200 um [19]. Experiments were
performed with step targets of aluminium prepared by
using the sputtering technique. The choice of the target
material was dictated by the fact that the equation of state
for aluminium has been studied quite well (see, for example,
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Figure 1. (a) Structure of the shock-wave front before emerging at the
free target surface in the two-temperature approximation taking target
preheating into account (7; and T, are the ion and electron temperatures,
T) is the preheating temperature, 7, is the temperature of the vapour of
the material) and (b) schematic diagram of the spatial profiles of density
p and temperature 7= T; = T, during effluence of the material in
vacuum, i.e., during its unloading, after the emergence of a shock wave
at the free surface. The dotted curve in Fig. 1b corresponds to the initial
position of the back surface of the target (x = dp).

Figure 2. Schematic of the laser experiment [16]: (/) laser beam; ( 2) step
target; (3, 4, 6) lenses; (5) biprism beamsplitter; (7) combination of
‘red” and ‘blue’ optical filters; (8) input slit of the streak camera.

Refs [15, 20]). The thickness of the target base was 9.4 um,
and the step had a height of 4 um for a transition zone
width of about 2 pm (Fig. 2). The quality of target
preparation was controlled with an electron microscope.
The error in the measurement of the step height did not
exceed 0.05 pum.

Radiation from the back side of the target was detected
with a streak camera with a time resolution of 5 ps, equip-
ped with a CCD array consisting of 12-bit elements (the
total number of elements was 512 x 512). The quality of the
shock wave was such that the time spread of the shock-wave
front emerging at the back surface of a 13.8 pm-thick
aluminium target did not exceed 5 ps within a spot of
diameter 200 pm. As a whole, this spread characterises the
quality of the target and the uniformity of its irradiation.
The error in determining the shock-wave velocity under
these conditions did not exceed 2.5 % for an absolute value
of 24.5 km s~
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Figure 3. (a) Characteristics of a two-channel pyrometer: ‘blue’ and ‘red’
spectral sensitivities gppe(4) and gieq(4) of the pyrometer channels and (b)
the effective colour temperature calculated by using formula (7).

The colour temperature of matter in a rarefaction wave
was measured with a two-channel pyrometer for recording
the glow from the back surface of the target in the red
(600 nm) and blue (400 nm) spectral regions. The optical
system consisted of a biprism and two optical filters. Fig. 3a
shows the characteristics of spectral transmission of each of
the channels [16—18] taking into account the spectral
sensitivity of the streak camera.

2.2 Numerical simulation

Numerical simulation technique was used for determining
the shock-wave characteristics from the results of experi-
mental measurements. One-dimensional time-dependent
differential hydrodynamical equations of fluid dynamics
expressing the laws of conservation of mass, momentum,
and energy were solved numerically. The wide-range semi-
empirical equation of state of the substance under
investigation was taken into account [15].

A special computer programme (hydrodynamical nume-
rical code) in Lagrangian variables [21] was developed to
solve this problem. Section 4 of this paper is devoted to a
detailed description of the numerical technique. The relation
between ablation pressure pulse amplitude P, and the laser
radiation intensity / was described by the similarity relation
[13]

P, = A", (5)

where the coefficient 4, and the exponent m are determined
by the specific conditions of laser irradiation [3].

We calculated the time dependence of the emission
temperature of the substance in the rarefaction wave formed
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after the emergence of a shock wave at the free (back)
surface of the target (Fig. 1b) using the approach developed
in Ref. [14] together with the above-mentioned hydrody-
namical code for calculating the spatial density and
temperature profiles of the matter at fixed successive instants
of time during which the unloading wave existed (see
Problem 4 in Section 4). In the course of the unloading
of the target material, the radiation from the hot region is
shielded by a layer of the colder substance (Fig. 1b). As a
result, the detector receives radiation from the colder layers
situated closer to the boundary of the expanding substance.
The emitting layer is located at a distance from the
boundary with the vacuum at which the optical thickness
for the radiation being detected is approximately equal to
unity. If we neglect the effect of thermal conductivity and
radiation, the profiles of gas-dynamic parameters for a
shock wave emerging at the free surface of the target,
which are required for calculating the effective emission
temperature, can be determined by solving the gas-dynamic
Riemann problem. In this case, the solution lies on the
isentrope of the unloading of the target material to vacuum.

Following Ref. [14], we consider the emission of a layer
of the material with temperature and density distributions as
shown in Fig. 1b. The spectral brightness of radiation on the
free surface of the layer can be calculated from the
expression [14]

B, = @i e |- [ mEne] ©

where

B0 2he? 1
5 explhe/(OkT)) - 17

7%, 1) = 7(x, {1 — exp[—he/(ZkT(x, 1))]}

are respectively the spectral brightness of thermal radiation
and the absorption coefficient for optical radiation taking
into account stimulated emission. The integral in (6) is
calculated over the entire target thickness from its boun-
dary with vacuum (x = d). The effective colour temperature
T* is determined from the relation

jgredBAd/E _ K(T* _ JgredB)(.)d)~ ) 7)
J gbiue B,d2 J Gore B)d2

where g4 and gy are respectively the red and blue
spectral sensitivities of the pyrometer channels (Fig. 3a).

The plasma absorption coefficient was calculated by
using a numerical code [22, 23] based on the generalised
‘chemical’ model taking into account the effects of imper-
fection, degeneracy, and metal-insulator transition. In this
code, the absorption coefficient is calculated after determin-
ing the plasma composition by summing the contributions
from all photoionisation channels, supplemented with the
contribution of bremsstrahlung absorption in the field of
ionised atoms.

Considerable difficulties are encountered while using
expression (6) for calculations. This is due, first, to a
very large range of variation in the absorption coefficient
%(x, t) (up to five orders of magnitude) and, second, to large
gradients of y(x,7) along the x axis. Because of these

difficulties, integral (6) was calculated numerically using
an irregular mesh with automatic condensation in the
regions of large gradients and nonmonotonic behaviour
of the integrands. The constructed algorithm is a combi-
nation of analytic formulas for exact integration and the
methods of approximate representation of functions.
Another approximation used for determining the absorption
coefficient was the Kramers— Unsold formula derived for a
singly ionised gas of hydrogen-like aluminium atoms [14]:
-3

i: 1.2N>3< 10 exp (5.99 1.24/2) ®)
1. ApT T

Here, y; is measured in micrometers, / is the radiation
wavelength in micrometers, p = p(x) and 7 = T(x) are
respectively the spatial distributions of density (in g cm™)
and temperature (in electronvolts) in the emitting layer. The
atomic weight of aluminium is 26.98 and the ionisation
potential is 5.99 eV. The degree of ionisation was assumed
unity in calculations.

2.3 Processing of experimental results

Figs 4 and 5 show the experimentally chronograms of
emission in the red and blue spectral regions on the back
surface of a step-shaped target [16]. To reduce the effect of
statistical errors in subsequent data processing, the results
of two experiments using similar parameters of laser
irradiation of the target were combined. The least square
method with a successive selection of nonlinear approx-
imating functions was used for smoothing the emission
curves. The results of smoothing are shown by thick curves
in Figs 4 and 5. The approximating functions were chosen
by taking into account the requirement of coincidence of
the red and blue signal peaks, following from the properties
of the blackbody radiation.

Intensity (arb. units)
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Figure 4. Optical signals recorded from the base surface of the target in
the ‘red’ (a) and ‘blue’ (b) transmission bands of the pyrometer. The solid
curves are the results of their smoothing. The intensities in both figures
are presented in identical relative units.
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Figure 5. Optical signals recorded from the step of the target in the ‘red’
(a) and ‘blue’ (b) transmission bands of the pyrometer. The solid curves
are the results of their smoothing. The intensities in both figures are
presented in identical relative units.
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Figure 6. Temporal profile of temperature in a rarefaction wave at the
emergence of a shock wave (a) at the base surface of the target and (b) at
its step, computed using the total gasdynamic model and calculated from
the experimental results. The bold solid curve is calculated value of the
experimental colour temperature 7", while the fine solid curve corres-
ponds to the computed value of the maximum true temperature 7. The
dotted curve shows the temperature calculated by using Eqns (6) and (7)
and the semi-empirical model of optical density, while the dashed curve
shows the temperature calculated by using Eqns (6) and (7) and the
Kramers—Unsold formula for optical density.

The calculated dependence of the ratio of intensities of
thermal radiation in the red and blue spectral regions on the
blackbody temperature (Fig. 3b) was used for determining
the temperature. This dependence was obtained by taking
into account the spectral sensitivities g..q and gy of the
channels shown in Fig. 3a. The thick curves in Fig. 6 show
the results of calculation of the colour temperature of
radiation at the base surface and the step of the target.
A comparison of the temperature behaviour on both the
surfaces of the target reveals the following. One can see that
the maximum temperature at the step is lower than at the
base surface of the target. Moreover, the durations of the
fronts of temperature growth in these cases are also different
(52.5 ps for the base surface and 33.5 ps for the step). In
other words, the duration of the measured temperature
growth front decreases with increasing thickness of the
target. Note that the leading front of the curve obtained
for the base surface shows traces of a pedestal indicating
that the target was preheated to a temperature of
0.4575c eV.

2.4 Results of numerical simulation

2.4.1. Determination of the pressure pulse amplitude

The ablation pressure amplitude P, on the front surface of
the target was determined by comparing the measured time
with the time obtained as a result of numerical simulation
of the passage of the shock-wave front through a distance
equal to the step height on the target. It was assumed that
the pressure pulse repeats the shape of a laser pulse of the
FWHM duration 0.6 ns.

A comparison of Figs 4a and 5a, as well as 4b and 5b
shows that the delay of the emission signal from the step
with respect to the signal from the base surface of the target
is equal to 203 ps. This means that the shock-wave front
propagates the distance s, =4 pum (step height) in a time
t, = 203 ps. Calculations show that the measured delay time
t, is related to the pressure amplitude P, = 6.8 Mbar at the
front surface of the target. Accordingly, the shock-wave
pressure amplitude at the base distance inside the target (see
Section 2.1) is P, = 6.5 Mbar. On the other hand, if we
assume that the shock-wave propagation in the case under
consideration is stationary, the velocity of the shock-wave
front can be calculated from the expression D = hy/t; =
19.7 kms™'. Then, we obtain the pressure Py = 6 Mbar
behind the shock wave in the steady-state approximation
from the shock adiabat table of aluminium for velocities [15,
20]. The difference in the pressures P, and P indicates the
attenuation of the shock wave during its propagation
through the step and, consequently, to the approximate
nature of the estimate obtained for the shock-wave ampli-
tude in measurements of the average velocity of the shock-
wave front.

2.4.2. Calculation of the temporal profile
of the colour temperature

The spatial profiles of the density of the substance and its
temperature in a rarefaction wave at preset instants of time
close to the instants of time when the shock-wave front
emerges at the free surfaces of the target (base surface and
the surface of the step; see also Problem 4 in Section 4) were
obtained by using the numerical hydrodynamical code
supplemented with semiempirical wide-range thermody-
namic complete real equation of state for aluminium.
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Then the time dependences of the colour temperature at the
base surface of the target and at its step (Fig. 6) were
calculated using expressions (6) and (7) and the curve
shown in Fig. 3b.

Various models used for determining the optical density
of aluminium lead to close results, but the values obtained
on the basis of the Kramers—Unsold model are slightly
larger. Fig. 6 also shows the calculated temporal profiles of
the maximum ‘true’ temperature 7,(z) of the substance in
the unloading wave, which was determined as the maximum
temperature in the theoretical temperature field for each
instant of time.

A comparison of experimental and theoretical values of
the temperature indicates a considerable shielding of the
target region with the maximum temperature by a layer of
the substance with a lower temperature, separating this
region from the free surface of the target. The shielding is
manifested more strongly at the step surface than at the base
surface: the relative difference between the measured tem-
perature and the maximum temperature at the base surface
does not exceed 26 %, while the measured temperature in
the rarefaction wave at the step surface is about half the
maximum temperature. Moreover, equalisation of the
measured temperature at the base surface with the calcu-
lated temperature occurs much more rapidly, viz., 55 ps
after the emergence of the shock wave at the free surface. By
way of comparison, it can be stated that the time after which
these two quantities become equal at the surface of the step
exceeds 400 ps. It will be shown below using the method of
numerical simulation that the time of growth of the optical
signals, and hence the duration of the rise front of the
temperature being detected is influenced by preheating of
the target (see Fig. la).

2.4.3. Effect of the shock-wave front structure
on the duration of the optical signal rise front

Let us estimate the duration of rise in the emission signal
from the back surface of a target as a function of the shock-
wave front parameters. The finiteness of the spatial size /; of
the shock-wave front increases the duration #; = /;/D of the
front of the observed optical signal.

The schematic diagram of the shock-wave front struc-
ture [14] is shown in Fig. la. In a high-intensity shock wave,
the ion temperature 7; differs sharply from the electron
temperature 7, behind the shock wave, the ion temperature
being much higher than the electron temperature. Because
the intensity of optical radiation is mainly determined by the
electron temperature, the rise in the optical signal being
detected is determined by the rate of equalisation of the
electron and ion temperatures.

Following Ref. [14], let us estimate the width of the
relaxation zone [ = t;D (Z; is the electron—ion thermali-
sation time) over which the electron and ion temperatures
are equalised. For a substance under normal conditions, the
values of 7,; obtained by Spitzer [24] and by using the model
taking plasma imperfection into account [25] are 15 and
0.2 fs, respectively. Hence, the relaxation zone width is
Ii=4x10°%=3%x10"% pm for D =20 km s

The inclusion of the electron thermal conductivity leads
to a thickness /, = (2/5)%/D =2 x 10— 5x 107> pm of
the preheating layer, » being the electron thermal con-
ductivity (see, for example, Ref. [14]). These estimates show
that for a substance in the normal state (7=293 K, p =
2.7 g cm ™), the total width of the front before the shock-

wave front cannot exceed /; = i + [, = 6 x 10~ pum, while
the rise time ¢} = (/i + lp + lop)/D of the optical signal
being detected must not exceed 1 ps. The quantity /y, is the
distance at which the signal emerges from the bulk of the
substance and is detected by the detector. To be more
precise, it is the thickness of the cold (unheated) layer of the
substance near the back surface of the target with the optical
thickness

d
Topt = J dxx(x) ~1,
[

where parameter d characterises the position of the target —
vacuum interface (see Fig. 1b). Note that, since /,; < /;,, the
contribution from /,; can be disregarded. For an aluminium
target at room temperature, oy ~ 1072 pm.

The duration of the fronts of experimentally detected
optical signals is found to be much larger than the
theoretically estimated quantity 7. The preheating of the
target due to its effect on the shock-wave front duration and
thermophysical parameters of the target may be one of the
possible reasons behind the broadening of the fronts of these
signals.

2.4.4. Effect of target preheating
on the shock-wave parameters

We will present the results of numerical simulation of the
emission of a substance on the free surface of a 9.4 um-
thick target taking its preheating into account. Calculations
were made under the assumption that the target is heated
due to a uniform heat release in the bulk of the sample with
a constant (in time) power density 1.7 x 10> W cm™>. The
substance may be preheated by X-rays or by a fast-electron
beam from the plasma corona formed at the front surface
of the target during laser generation of a shock wave whose
intensity is assumed to be 2.3 X 10" W cm™2, i.e., about
0.1% of the laser radiation intensity. This assumption is
consistent with the results of preheating of an aluminium
target obtained in Ref. [26], and leads to the anticipated
value 0.3—1 eV [27, 28] of preheating in the shock-wave
front (see also Fig. 6a). The remaining conditions of the
calculation corresponded to the experiment [16].

Note, however, for definiteness that for 7 < 10" W c¢m™>
under conditions of our experiments, the target is mainly
preheated by X-rays rather than fast electrons, and such
absorption is truly of an exponential type. The assumption
about the homogeneity of the source of preheating is a
simplification justified under the condition that the target
thickness is smaller than the absorption length of X-rays.

First, the spatial density and temperature profiles were
calculated taking into account the target preheating (Fig. 7).
Then, the time variation of the colour temperature was
calculated using relations (6) and (7) (Fig. 8b). The rise time
t5 of the temperature calculated in this way is found to be
equal to 22.5 ps, which is comparable with, but still smaller
than the experimentally recorded value of 52.5 ps. Fig. 8a
shows the durations of light signals as functions of the target
thickness, which were recorded in Refs [16, 29, 30]. One can
see that the rise times of light signals for X-ray method of
generating shock waves exceed the values obtained upon
direct laser irradiation on the target.

The above calculations show that, starting from instant
t7 = 0.5 ns after the beginning of the process, metal expands
isothermally in the vicinity of the surface at temperature
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Figure 7. Spatial profiles of the parameters of a substance for a pre-
heated target with surface temperature 7, = 5200 K at the instant
t, = 900 ps corresponding to the emergence of the optical signal at the
base surface of the target. Arrows show the initial position of the base
surface of the target, and u is the velocity of matter in the target.

To=5200 K=045¢eV. As a result of preheating, the
expansion rate i, turns out to be equal to 2.2 km s
Due to this expansion, the position of the shock wave is
shifted to the right by approximately 1 um by the moment
of arrival of its front at the free surface of the target (see
Fig. 7). The arrows in Fig. 7 show the initial position of the
target—vacuum interface. The step height increases by
Ohy = uexpts = 0.5 um, which indicates the change in the
base distance by approximately 10 %. Thus, the preheating
of the target, which changes the base distance, may con-
siderably increase the error of experimental determination of
the velocity of the shock-wave front. The substance in the
rarefaction wave, passing through the solid and liquid
states, enters the two-phase region (Fig.9). In Fig. la,
this region of states corresponds to Ty and /.

2.4.5. Calculation of the characteristics of the gaseous phase
of the material at the liquid-vacuum interface

The limitations of the computer realisation of the numerical
code did not allow a precise evaluation of the density of a
substance in the gaseous phase. In Fig. 1, this region of
states corresponds to Ty, and /,,. Analytic estimates using
the model of evaporation of a heated substance [31] were
made in order to determine the characteristics of a
substance in the gaseous phase. For an aluminium target,
the atomic density n, of saturated vapour particles (in
cm ) as a function of the surface temperature 7, (in eV) is
defined by the semiempirical relation [32]
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Figure 8. (a) Dependence of the duration of the experimentally recorded
optical signal front on target thickness for shockwave generation by
lasers (triangles, [16]) and X-rays (circles [29], bullets [30]), as well as the
results of computations presented in Section 2.4.4 [squares—the arrow
indicates the displacement of results taking into account the gaseous
phase formation at the target surface (see Section 2.4.5)], and (b)
computed temporal profiles of the colour (‘observed’) temperature 7*
for a preheated target and the maximum ‘true’ temperature 7 in a
shock-compressed substance at the instant 950 ps corresponding to the
maximum optical signal recorded from the base surface of the target (see
Fig. 4).

Pressure /kbar
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Density/g cm™*

Figure 9. Phase diagram of aluminium [34]. The hatched region cor-
responds to the melting stage. The dashed curve is the liquid —vapour
equilibrium curve. The trajectory marked by arrows indicates the change
in state of the investigated substance as a result of preheating: com-
pression, melting, isothermal expansion at 7, = 5200 K, and getting into
the unstable liquid — vapour region.

where 4 =2.47 x 102 and B =3.08 (see [32]) are semi-
empirical coefficients. For T, = 0.45 eV, formula (9) gives
ny = 8.5 x 10°° ecm>. The gas-dynamic flux of the gas is
formed at a distance /= 1/(ony) = 1.8 x 10°% cm, where
6 =064x 107" cm? is the gas-dynamic cross section for
aluminium atoms [32]. The density n of matter evaporated
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in the hydrodynamical flow and its temperature 7 are
connected with the saturated vapour density n, and the
surface temperature 7, through the relations [31]

n=031ng=2.6x 10" ecm™>, T=10.65T, =03¢V.

The gas-dynamic velocity u,,, of expansion of a cloud of
vapour calculated by using formulas presented in Ref. [31]
attains values up to 1.2 km s~ '. Since the effective time of
vapour expansion fy,, = fp — iy~ 0.4 ns (1, =0.9 ns is the
instant corresponding to the emergence of the optical signal
at the base surface of the target and 77 = 0.5 ns marks the
beginning of isothermal expansion), the vapour occupies a
region of length /y,, = ty,ptyap = 0.54 pm. The optical thick-
ness of this gaseous layer of aluminium is estimated as
Topt = 0.25. The contribution of this layer to the total rise
time of the optical signal is 13 = /,,/D =27 ps. Thus,
according to the calculations made for the case of sample
preheating, the total rise time ¢°® =1t + 1 +1; for the
observed optical signal is estimated at 50 ps, which coincides
with the recorded value of 52.5 ps within the error limits.

Numerical calculations and analytic estimates show that,
as a result of preheating, the free surface of the target
acquires a layer of the substance of thickness ~ 1.5 pm in
the liquid-gas mixed state, the density in this layer varying
from 2.7 to 1.2x 1072 gem >, In the phase diagram of
aluminium (Fig. 9), the trajectory marked by arrows shows
the change of state of the substance being investigated as a
result of preheating. The layer of the substance formed on
the free target surface in this case absorbs light, leading to a
decrease in the optical signal amplitude and a distortion of
the results of measurement of the ‘true’ temperature.

It follows from the above estimates that, while interpret-
ing the results of experimental measurements of optical
radiation, one must take into account the possibility of
formation of a layer of the substance on the free target
surface, the parameters of this layer differing from those for
the initial state. The time required by the shock wave to
cross this layer and the relaxation processes in the shock-
wave front may considerably affect the rise time of the
optical signal being detected. If this time is comparable with
the time of expansion of the substance, shielding of
radiation from the region with the highest temperature
may lead to a considerable lowering of the observed tem-
perature as compared to its real value.

Thus, while solving other problems in experiments on
the application of laser generation of shock waves for
studying the thermophysical properties of matter behind
the shock-wave front, special attention should be paid to the
evaluation of the parameters of the initial state of the target.
In the first place, even a slight heating of the target can
change its geometrical size; this, in turn, may significantly
affect the accuracy of shock-wave measurements made
under the assumption of a cold target. Second, preheating
leads to the formation of a loose layer on the free target
surface with sharply differing parameters. Relaxation pro-
cesses in this layer may considerably distort the amplitude
and shape of the optical signals from the free surface of the
target used for determining the temperature of the substance
in the unloading wave.

Experimental evaluation of the target preheating and
steps aimed at its elimination continue to be a quite
complicated problem. Because the emission brightness of
the heated layer depends strongly on temperature, it is

difficult to separate in a single experiment the optical signals
from the preheated layer and the signals from the substance
heated by a shock wave. It will be shown in this work that
one of the ways for solving this problem is to estimate the
target preheating from the rise time of the optical signal
being recorded. For this purpose, the following experiment
can be proposed. It is necessary to use a target consisting of
two foils separated by a distance at which the one-dimen-
sional nature of irradiation of the composite target is
preserved (approximately 20—30 pum). The foil thicknesses
are equal to the thickness of the base and the target step,
chosen in our experiments on laser generation of shock
waves. For a target of composite structure, a bright flash of
light appears at the spot where the shock wave emerges at
the back surface of the second foil with a delay of 1-1.5 ns.
The sensitivity of the recording instrument can be improved
significantly by lowering its time resolution.

The target preheating can be decreased by taking simple
steps, e.g., by depositing on the front surface of the target a
plastic ablator with a small atomic number Z and/or a layer
of a substance for which the value of Z is much higher than
the atomic number of the investigated target material. It was
shown experimentally in Ref. [33] that the intensity of X-
rays from the front surface of the target is lowered, thus
leading to a decrease in preheating. In this case, a much
better agreement is obtained between the measured and
calculated parameters of the optical signal from the free
surface of the target.

3. Mechanical properties of matter at high rates
of deformation caused
by a laser-induced shock wave

3.1 Experiment

Consider the results of investigation of the dynamic
strength of an aluminium alloy for high deformation
rates. For this purpose, we used the phenomenon of
spallation associated with the reflection of a shock-wave
front at the free surface of the target consisting of the
substance under investigation [14] (Fig. 10). The shock
wave in the target was generated by exposing its front
surface to a laser pulse.

Experiments were carried out at the General Physics
Institute using Kamerton and Sirius Nd: glass lasers. The
main parameters of the lasers are: ‘Kamerton’ — radiation
wavelength 4 = 0.53 pm, maximum pulse energy E, .. =
100 J, and pulse duration £, = 2.5 ns [35]; ‘Sirius’ — 41 =
1.06 um, E., =601J, t, = 5-80ns, and pulse shape is
triangular (see Ref. [36] for details). Fig. 11 shows the
experimental setup schematically.

Laser radiation was focused on the target in a spot of
diameter 1 mm. The target was a 180460 pm-thick plate of
AMg6M aluminium alloy consisting (see, for example,
Ref. [32]) of aluminium with admixtures of Mn (0.3 % —
0.6%) and Mg (5.5%—6.5%). The last letter in the
abbreviation indicates that the alloy is annealed (soft), its
density being 2.61 g cm™* (slightly lower than the density
2.70 gcm ™ of aluminium). According to the results of
numerical simulation (see Sec. 4.3), the edge effect was
suppressed by preparing the targets with a 100-pm pro-
trusion of diameter | mm on the back surface. In order to
determine the instant #g, of splitting in the experiments, a
TDS-744A Tektronix oscilloscope was used to measure the
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Figure 10. Results of interaction of a laser-induced shock wave with the
target, leading to spall. As the ablative pressure increases, the front
surface of the target shows (a) spall at the centre of a cylindrical step
target (154 kbar); (b) its growth (187 kbar); and (c) its termination
following a complete separation of the spall layer from the target
(247 kbar). The experiments were carried out on the Sirius laser (General
Physics Institute, RAS).
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Figure 11.
layer; (4) electric-contact sensor;
Uy=10V.

Experimental setup: (/) laser beam; (2) target; (3) spall
(5) oscilloscope; C =0.01 pF,

time 7, of arrival of the spall layer at the electric-contact
sensor. The sensor was situated at a distance 110—880 pm
from the target.

The spall strength and the time of separation of the spall
layer from the target was determined by using the thickness
hg, of this layer and the time ¢, in each experiment. The
peculiarities of the shock wave hardening of the material
were studied in experiments with artificially spall layers. In

this case, an aluminium  foil of  thickness
8—50 um was gently pressed to the back surface of the
target.

3.2 Simulation

Numerical simulation was used for calculating in each
experiment the velocity of the layer separated from the
target during the act of splitting. For this purpose, a one-
dimensional nonstationary hydrodynamic code was worked
out on the basis of the numerical solution of differential
equations [21, 37, 38] expressing the laws of conservation of
mass, momentum and energy, supplemented by the wide-
range semi-empirical equation of state of the substance
under investigation [15]. The AMg6M alloy was simulated
by using the equation of state for aluminium in which the
initial density p, was assumed to be equal to 2.61 g cm .
As in Sec. 2, the connection between the pressure pulse
amplitude P, and the laser radiation intensity I was
established through the similarity relation (5).

3.3 Determination of the spall instant 7,

In the part of the target left undamaged after the action of
the shock wave, the mean position of the spall plane S and
the average thickness of the spall layer Ay, were measured
with the help of a microscope. The instant tg, of spallation
was determined by using the nonlinear equation

tsp + L/Usp = larr- (10)
Here, L is the distance between the back side of the target
and the electric-contact sensor. The velocity v, of the split
layer was calculated with the help of numerical calculation
of the pressure profile P(¢) in the spall plane S using the
formula

8
by = milj " (1), (11)
i1
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Figure 12. Pressure profiles in (a) dynamic and (b) quasistationary
spallation modes.
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where mg, = poh, is the mass per unit surface area of the
split layer. The instant ¢, corresponds to the beginning of
the pressure pulse acting in the spall plane (Fig. 12). Then
the spall strength ¢* of the material was calculated using
the formula ¢* = |P(t,)|. The strain rate of the material in
the spall plane S at instant f,, which is defined by the
formula V/Vy = (dV/dt)/Vy = —(dp/dt)/p,, was evaluated
numerically.

Note that the fracture of the material is a complex
kinetic process extended over a certain period of time [39].
For the sake of simplicity, it was assumed that the spallation
occurs instantaneously after the attainment of a limit value
of the negative pressure, corresponding to the dynamic
strength of the material.

3.4 Experimental results

In our experiments, two main deformation modes leading
to the fracture of the investigated material were observed.
These modes, which can be termed as the dynamic mode
and the quasistationary mode, differ qualitatively in that
the load increases linearly in the first case right up to the
instant of fracture, while in the second case the material is
stretched rapidly, after which its fracture takes place under
an almost constant load (see Fig. 12). The two mechanisms
compete with each other, and the mode for which the spall
occurs earlier under the given shock-wave loading con-
ditions is the first to be realised.

3.4.1. Dynamic deformation mode

Fig. 13 shows the experimental dependence of the spall
strength ¢* of the material on the strain rate V/V;. These
data are supplemented with the earlier results of shock-
wave experiments [40]. One can see that the dynamic spall
strength of the material in this mode increases monotoni-
cally with the strain rate right up to 10’ s~! and can be
described by the empirical relation

" =0.74(V/Vy)*°, (12)
where ¢* is measured in kilobars and I'// Vo in inverse
seconds. In the range V/V, = (1 — 1.5) x 10 s!, the dyna-
mic splitting strength increases sharply to a value o4y, =
80 kbar, after which it remains practically unchanged. This
indicates the attainment of the limiting dynamic strength of
the material under investigation. Its value has been
estimated theoretically at ~ 100 kbar [40], which corre-
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Figure 13. Dependence of the spall dynamic strength of the alloy

AMg6M on the deformation rate for dynamic spall mode, obtained in
laser (circles) and explosive (squares) experiments [40], as well as for an
artificially spall layer (bullets). The solid curves are obtained by smoot-
hing of experimental data using the least square method, while the
dashed curves are the results of simulation.

sponds to the approximation of simultaneous fracture of all
bonds in the solid.

As expected (see, for example, [41]), the results of
experiments carried out using artificially spall layers
(with the exception of two lower bullets in Fig. 13) show
that the hardening of the material occurs in the contact
plane between the artificial layer and the target surface. The
static strength o ; of the investigated material, measured in
the limits /¥, — 0 and 7 — oo, is equal to 3.4 kbar [32]
and is shown by the thin dot-and-dash line in Fig. 13.

3.4.2. Quasistationary deformation mode

At the initial stage of experiments, the material is deformed
at a rate V/V, exceeding 5 x 107 s', after which it is in a
stretched state over a time interval Af¢ =ty — ¢ under a
practically constant load wuntil fracture takes place
(Fig. 12b). Here, ¢; is the instant at which the pressure
becomes negative. Fig. 14 shows the experimental depen-
dence of the spall strength on the duration of a
quasistationary negative pressure pulse. Processing of the
results of measurements by the least square method shows
that the dynamic strength of the material in this case is
almost inversely proportional to the duration Az of the
negative pressure pulse and satisfies the empirical relation

ot =7x 10°A: /4, (13)

where ¢ is measured in kilobars and Af in nanoseconds.
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Figure 14. Dependence of the spall dynamic strength of the alloy

AMg6M on the duration of tensile stress for the quasistationary spall
mode, obtained in laser experiments (circles) and for an artificially spall
layer (squares). The solid curves are obtained by smoothing of experi-
mental data using the least square method.

For small A¢, the spall strength for the quasistationary
mode tends to the limiting spall strength for the dynamic
mode, attained for large values of V'/V,. For At — 80 ns,
the spall strength tends to its static value of 3.4 kbar. The
results of experiments made with artificially split layers (see
Fig. 14) confirmed that the material is considerably hard-
ened under the action of a shock wave in this case also.

Our experimental investigations have made it possible
for the first time to determine the instant at which the
spallation takes place. Dynamic strength studies in the
aluminium alloy AMg6M showed that spall can take place
for various types of nonstationary loading. These types can
be classified as dynamic, quasistationary, and intermediate
loading.

It is convenient to introduce the parameter & = ty, /1, for
systematising these modes (here, f, is the instant at which
the tensile stress o attains the value o, corresponding to the
beginning of spallation and 7, is the instant at which the
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stress ¢ attains its maximum value. In this case, material is
fractured upon a linear increase in the stress with time in the
first mode (for & < 1). In the second mode (¢ = 2), rapid
stretching and fracture of the material occur at a constant
stress. The third mode (1 < & < 2) is a combination of stages
with comparable durations of loading: at the first stage, the
load increases linearly with time, while at the second stage it
remains practically constant right up to the instant at which
the layer is split from the target. The mode for which the
sample is spalled earlier under the given conditions of shock-
wave loading is actually realised in the experiment.

The ultimate dynamic load determined experimentally
for the first time for the aluminium alloy AMg6M was
found to be equal to 80 kbar, which is close to the
theoretical estimate of 100 kbar.

4. Numerical simulation
of shock-wave phenomena

Numerical simulation of physical processes has become an
important component of scientific research. In many cases,
the results of simulation provide new information on the
internal nature of a process under investigation, whose
characteristics cannot be measured by experimental meth-
ods as yet. In particular, such information gained from
numerical calculations has made it possible to detect and
give a physical interpretation to the spall mechanism
described in Section 3, which was unknown earlier.

Simulation of phenomena and processes studied in some
applied investigations and experiments necessitates further
development and improvement of the methods leading to
reliable numerical results. This is important, for example,
for simulating the flow of media with arbitrary equations of
states. Such problems include the simulation of high-
intensity shock wave propagation in various media and
high-velocity impacts in which certain real properties of a
substance become significant. The efficiency of using nume-
rical simulation or studying thermophysical and mechanical
properties of a substance subjected to shock-wave action is
demonstrated in Sections 2 and 3.

A large number of special programmes and algorithms
have been developed to take into account the properties of a
substance (i.e., its equation of state) for a wide range of
thermodynamic parameters. In particular, these algorithms
are used for determining the values of pressure, velocity of
sound, and temperature using the values of density and
internal energy. The results can be presented in the form of
tables as well as analytic relations approximating the
dependences of thermodynamic parameters of the sub-
stance. The application of such equations of states
necessitates the adaptation of the existing numerical meth-
ods to such equation or the use of new methods specially
developed for such equations of state.

4.1 Peculiarities of numerical simulation
of shock-wave phenomena

Consider in greater detail the specific difficulties which have
to be overcome in analysis of wide-range equations of state
as applied to gas-dynamic equations describing the laws of
conservation of mass, momentum, and energy (see, for
example, [14, 37, 38]). At present, a number of quite
reliable and widely used numerical methods have been
developed for calculating the flows of media with model
equations of state (in particular, for a perfect gas).

However, the following particular problems are encoun-
tered during attempts to extend these models to the region
of nonideal equations of state.

Consider first implicit discrete difference schemes used
for approximating the initial partial differential equations.
The application of implicit difference schemes consisting of
nonlinear systems of algebraic equations for the required
values of mesh functions involves difficulties associated with
the convergence of iterative processes used for finding a
solution. This can be attributed quite often to nonstandard
behaviour of the equation of state in certain regions.
Additional difficulties are encountered, for example, in
Newton’s iterative method since it requires the knowledge
of the derivatives of thermodynamic parameters (which also
complicates the equation of state) as well as the disconti-
nuities of the derivatives themselves. The frequently used
quasi-linearisation of the equations does not simplify
matters since it cannot be employed in every situation
and may also introduce uncontrollable errors.

The last remark also applies to the methods (both
explicit and implicit) in which certain forms of artificial
viscosity have to be taken into consideration. In particular,
the frequently used Neumann — Richtmyer quadratic viscos-
ity [42, 43], derived under the conditions of the equations of
states of a perfect gas, may lead to serious errors when used
improperly [44]. In a real wide-range equation of state, such
errors may even increase in general. No reliable procedure
has been worked out for controlling the introduced error.

The same applies to explicit as well as implicit numerical
methods based on a meticulous preliminary multiparametric
tuning of the numerical algorithm on the basis of certain
principles. For example, such a situation arises during the
correction of the flows [45, 46], where the numerical solution
is specially modified using the properties of the exact
solution of the nonlinear advection equation. The applica-
tion of such methods sometimes raises questions concerning
the propriety of a certain a priori tuning of the method to
obtain a solution whose properties, strictly speaking, are not
known beforehand. It appears that the numerical solution
may become distorted in the case of some quite complicated
interactions.

Such arguments necessitate the use of algorithms in gas-
dynamic analysis with arbitrary equations of state, which
would be most natural in a certain sense for the given system
of equations without introducing any additional concepts
that are not consequent of the specific nature of these
equations of state. Such an approach permits the selection
and application of only those methods, which are based
directly on the properties of the gas-dynamic equations
themselves. These include Godunov’s method [47—-49] and
its hybrid modifications as well as other types of Godunov’s
method, e.g., Roe’s method [50, 51], Courant—Isaacson—
Rees method [52], and some other methods (see the
literature cited in Refs [37, 38]). Here, hybrid modification
indicates that the algorithm may change its properties, for
example, the order of approximation. All these methods are
explicit and provide the most adequate description of the
vicinity of influence of gasdynamic system of equations.

Generally speaking, Godunov’s method is nonlinear and
is based on the exact solution of the problem of decay of an
arbitrary gas-dynamic discontinuity (Riemann’s problem).
Roe’s method is ‘quasi-linear’: a special explicit averaging
procedure based on the solution preserving a number of
properties of Godunov’s method based on the exact solution
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was used for calculating the mesh function at the boundary
of mesh cells. Unfortunately, Roe’s method can be used only
under certain conditions imposed on the equation of state
being used [37, 38]. The Courant—Isaacson— Rees method is
‘linear’ in a certain sense: Riemann invariants of a locally
linearised system of hyperbolic-type equations are used to
determine the mesh parameters at the boundaries of diffe-
rence cells. An additional advantage of this method over the
previous two methods is that it does not require the
conservative forms of the initial system of equations. In
particular, this allows the construction of a difference
scheme, including one for a basically non-conservative
system of equations of two-temperature gas dynamics. Quite
arbitrary equations of state can be used in this method.
When applied for numerical computations, the Courant—
Isaacson—Rees method exhibited high reliability, efficiency,
and simplicity over a wide range of interactions and for all
the equations of state used in the analysis (see, for example,
Refs [2, 21, 37, 38)).

A few words about the hybrid modification or the
variable order of the numerical method are appropriate
here. Hybridisation is introduced to ensure the second order
of accuracy in the smooth regions of the solution without
changing the algorithm of the through solution, and to carry
out computations using a reliable algorithm with the first
order of accuracy, having good smoothing properties in the
region with strong gradients of the mesh functions. The
introduction of the hybrid modification thus makes it
possible to combine the positive properties of algorithms
having the first order of accuracy (e.g., monotonicity and
the absence of oscillations in the regions of large gradients)
and the second order of accuracy (higher accuracy in the
regions of smooth solution). In particular, the hybrid
modification of the algorithms for gas-dynamics equations
increases the accuracy of computation of contact disconti-
nuities, rarefaction waves, etc., avoiding at the same time
non-physical oscillations at the shock-wave fronts.

4.2 Results of numerical calculations
of one-dimensional spallations

The numerical method developed by us was used to carry
out a number of calculations for test problems, as well
as one- and two-dimensional applied problems (see
Refs [2, 21, 37, 38] for details).

Problem 1. Fig. 15 shows the numerical results of gas-
dynamic simulation of shock wave propagation in an
aluminium target, obtained in Lagrangian coordinates.
Calculations were made by using the real equation of state
of the target material, viz., aluminium. The following initial
conditions were chosen. A 50-um-thick aluminium target
was exposed from the left (Fig. 15a) to a pressure pulse of
trapezoidal shape having a total duration of 0.3 ns with
rising and falling pressure regions of duration 0.03 and
0.01 ns respectively. The maximum amplitude of the pres-
sure pulse was equal to 28 Mbar. Numerical simulation was
carried out for a wide-range equation of state [15, 34, 53]
used both in tabular form and as an analytic approximation
in the form of a computer programme. The results of
numerical simulation were compared with the results of
computations [54] made by using the numerical code Lasnex
(USA) and an equation of state of the type presented in [20].

Fig. 15a shows the pressure profiles in a shock wave at
various instants of time following the onset of the pressure
pulse. Curves (1), (2), (3) and (4) correspond to the

40 x/pm 0 10 20 30 x/pm

0 10 20 30 40 x/um

Figure 15. Simulation of shock wave propagation in a plane aluminium
target. The arrows indicate the direction of propagation of the wave.

instants 0.65, 0.9, 1.2 and 1.5 ns respectively. The triangles
over the curves show the maximum pressure values obtained
by solving the same problem using the Lasnex code and the
appropriate time instants. The slight disparity in the
maximum pressures shown in Fig. 15a is due to different
equations of state used in computations [20]. Fig. 15b shows
the movement of the shock-wave front caused by the action
of a pulse of the same trapezoidal form with a maximum
pressure of 13 Mbar. The circles correspond to the results
obtained in Ref. [54]. The velocity D of the shock-wave front
relative to the gas at rest is connected in our case with the
velocity U of matter behind the shock wave for aluminium
through the semiempirical relation D = 5.289 + 1.238U [15].
The coordinate dependence of the maximum pressure
attained at a given point on the target during the entire
period of intersection is shown in Fig. 15¢c. The reliability of
the numerical computations was verified by checking the
convergence. One can see that the numerical results con-
verge for a spatial mesh width Ax = 0.5, 0.25 and 0.125 pm
respectively for curves (7), (2), and (3).

In the calculations whose results are presented in Fig. 15,
the Courant number C responsible for the stability of
computations was assumed to be equal to 0.2. It should
be recalled that the theoretical estimate of stability gives a
value C < 1. The use of larger values of Courant numbers
equal to 0.8—0.9 sometimes leads to non-physical values of
thermodynamic variables, which were found to be lower
than the values defined by ‘cold’ pressure curves for pressure
and internal energy.

Calculations were made by using a wide-range semi-
empirical equation of state describing a solid, liquid, gas,
plasma and a mixture of theses states [15]. This equation of
state depends on about 50 parameters, most of which are
fundamental constants of a substance, and 15 are chosen
from the condition of best agreement between the exper-
imental values of temperatures and densities at transition
points, in particular the metal —insulator transition, on the
phase diagrams. Numerical simulation was carried out for
equations of state in two forms. The first form consists of
tables showing the velocity of sound and pressure as
functions of density and internal energy, which were stored
in the memory of the computer. The second form includes
the software used for calculating with the required accuracy
the velocity of sound and pressure P(p,¢), where ¢ is the
specific internal energy. The density and pressure values in
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the tables were usually in logarithmic units, with about 3—5
points specified for each order of magnitude.

In the version of the Courant—Isaacson— Rees method
with an explicit evaluation of the derivatives P, and P;, the
obtained results had to be corrected in order to avoid the
non-physical values of the parameters. In particular, such a
situation was encountered when the internal energy was
found to be lower than the energy defined by the ‘cold’
compression curve. The numerical algorithm in Ref. [21]
(see also Refs [37, 38]) was constructed specially for eli-
minating such drawbacks. The reliability and efficiency of
the algorithm were confirmed by the results of simulation of
various phenomena induced by a shock wave in metals,
obtained by using this algorithm.

Problem 2. Fig. 16 shows the results of numerical ana-
lysis of another problem, namely, the effect of a trapezoidal
pressure pulse with maximum amplitude 130 kbar and
duration 20 ns on a material, and its reflection at the
free surface. The pulse was applied to the left of the target
(Fig. 16a). A 500-um-thick aluminium target was chosen,
and the discrete spatial mesh width Ax was equal to 1 um.
The solution of this problem is connected with the inter-
pretation of experimental data [35, 36].
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Figure 16. Simulation of pressure pulse propagation and its reflection at
the free surface.

Fig. 16a shows the pressure profiles at the instants 70,
120 and 170 ns [curves ( /), (2), and (3 )] measured from the
beginning of the pulse action on the target. The arrows show
the direction of pulse propagation in the material of the
target. It can be seen that the compression pressure pulse
with an initially positive amplitude is transformed into a
negative tensile pressure pulse upon reflection at the free
surface. Fig. 16b shows the time variation of pressure at a
point 60 um behind the free surface. Experiments reveal a
spall at this point, i.e., fracture of the material under the
action of tensile pressure following the formation of a
transverse crack and flying away of a part of the material
in the form of a ‘spall plate’. The coefficient of dynamic
strength of the material can be estimated from the modulo
highest negative tensile pressure obtained in numerical
computations at the experimentally observed site of the

spallation. Fig. 16c shows the time dependence of the
(modulo) maximum pressure over the thickness of the entire
target, while Fig. 16d shows the velocity u,,. of the free
surface of the target as a function of time. Thus, Fig. 16
shows the main features of the phenomena initiated in a
material by a relatively weak shock wave, in particular, the
transformation of a positive compressive pressure pulse into
a negative pulse responsible for the fracture of the target
material. A successful simulation of these processes led to
physically significant results described in the previous
sections.

Problem 3. Fig. 17 shows the results of calculations of
the parameters of processes associated with the generation
of a shock wave upon collision of a 10-pm-thick aluminium
striker flying at a velocity of 4 km s ! with a 100-um-thick
aluminium plate. The spatial mesh width Ax in calculations
was put equal to 0.5 um. Fig. 17a shows the profiles of
pressure in a shock wave at the instant 4.96 ns [curve (/)]
and maximum pressure in the target [curve (2)]. Fig. 17b
shows the time dependence of pressure for points x = 0 and
80 um [curves (/) and (2)], maximum pressure over the
entire thickness of the target [curve (3)] and of the velocity
of free surface of the target [curve (4)]. The formulation of
the problem is associated with the conducted experiments.
Numerical calculations make it possible to determine the
impact velocity from the time of emergence of shock wave at
the free surface [36].

Problem 4. Fig. 18 shows the schematic diagram of the
physical experiments on the measurement of heating of the
material behind the front of a high-intensity shock wave
induced by laser irradiation [7-9, 22, 23] (the first pub-
lications appeared in the form of Refs [55—59]). In this case,
a high-intensity shock wave propagates in a metal (Fig. 18a)

P/Mbar P/Mbar u/km st
04
2
0.2
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a b

Figure 17. Pressure and velocity distribution upon collision of a striker
with an aluminium target.
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Figure 18. Scheme for measuring emission of the metal surface at various
stages of shock-wave propagation through the target.
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and then emerges at the free surface (target—vacuum
interface), inducing a glow of metal plasma in the resulting
expansion wave (Fig. 18b). The glow is measured by photo-
detectors simultaneously for different wavelengths A, usually
in the ‘red’ and ‘blue’ spectral ranges [see Eqns (6) and (7)].
Measurements make it possible to determine the temper-
ature and pressure behind the shock-wave front [8, 9]. Such
measurements impose certain constraints on the uniformity
and one-dimensionality of the hydrodynamic flows under
consideration. Direct measurements of the plasma temper-
ature in a shock wave constitute a complex experimental
problem since thermal radiation from hot plasma is shielded
and absorbed by cold metal vapour in the rarefaction wave
formed as a result of emergence of the shock wave at the free
surface [14]. The experimentally measured time variation of
the glow temperature of the metal surface was compared
with the numerically obtained dependence.

Numerical calculation of the time profiles of the inte-
grated temperature was carried out by solving the time-
dependent one-dimensional gas-dynamic equations and by
computing the profiles of density p and temperature 7T at
various instants of metal unloading in vacuum (Fig. 18b).
The obtained density and temperature profiles were then
used to determine the total spectral emission brightness over
the entire thickness of the metal at each wavelength using
formula (6) and taking into account the appropriate
absorption coefficients [14].

First such calculations, made for experiments with
aluminium, lead and bismuth [22, 23, 59] were based on
the exact solution of the wide-range equation of state for
each metal in the form of a rarefaction wave. Subsequently,
the finite-volume Courant—Isaacson—Rees method was
used to determine the parameters of the shock wave
generated in aluminium. The computational model used
the one-dimensional gas-dynamic equations in Lagrangian
coordinates, supplemented by the wide-range semi-empirical
equation of state for aluminium [34, 53].

Numerical analysis of such problems requires a high
degree of accuracy in the calculation of profiles of gas-
dynamic parameters in rarefaction waves in metals. The
accuracy of calculations was increased by using special
modifications of the numerical method described in
[21, 37, 38]. Note that such a modification is essential
only for complex equations of state and not for the ideal
gas equation.

Thus, the method developed by us for a numerical
solution of the equations of hydrodynamics makes it
possible to use any equations of state for a substance
almost without exception. The numerical codes developed
by us proved to be a reliable instrument for calculations
using any equations of state and for solution of problems
characterised by high gradients of the required quantities.

4.3 Results of numerical calculations
of two-dimensional spallation

Consider now the results of numerical solution of some
problems in the dynamics of a deformable solid, which were
also obtained by using the Courant—Isaacson—Rees
method. Non-conservative equations of mechanics of a
deformable solid in a movable coordinate system connected
with the boundary of the solid were used. The peculiarities
of spall in the two-dimensional case for a cylindrical target
are shown in Figs 19-21 (see also Fig. 10). Fig. 19 shows
the experimental setup [2]. The arrows show the direction in

Vv vy
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vy vVoy o

SN\~ N
b d

Figure 19. Schematic of laser experiments showing the spall process.

which the laser pulse of intensity about 10" W ecm™ acts.
Experiments were made on targets without a cut (Figs 19a,
b) as well as with a cylindrical cut (Figs 19¢, d). Fig. 19
shows the peculiarities of spall in these cases. The spall may
be complete (Figs 19b, d ) or incomplete (Figs 19a, c). At
the initial stage of the process, a cut may facilitate the
formation of a cracks along the lateral surface of a
protrusion. Hence a complete separation of the spall layer
from the target may occur under the same conditions only
in the configuration shown in Fig. 19c. In the other
configuration (Fig. 19a), a complete spallation is not
observed.

Fig. 10 shows the photographs of an aluminium (alloy
AMg6M) target with a cut after the spall caused by a laser
pulse. The photographs describe various stages of spallation
in laser experiments with pulse intensities 3.0 x 10!
(Fig. 10a), 3.5 x 10! (Fig. 10b), and 4.3 x 10" W cm™2
(Fig. 10c). The resulting ablative pressure is determined
by a power law (scaling) [3] [see formula (5)] and is equal to
154, 187 and 247 kbar, while the duration of triangular laser
pulses is 40, 10 and 40 ns respectively. The photograph in
Fig. 10a corresponds to the case of partial spall (Fig. 19¢c),
while that in Fig. 10c corresponds to complete spall
(Fig. 19d).

Figs 20 and 21 show the results of two-dimensional
numerical simulation of spallation processes in a target
without a cut and with a cut being deformed under the same
kind of laser irradiation. Simulation was carried out in a
moving cylindrical coordinate system connected with the
target boundary. These figures show the isolines of max-
imum stresses, a larger number of isolines indicating a large
stress. Calculations were made using a square mesh with the
number of mesh points varying from 40 to 320 along the x
axis.

The data presented in Figs 20 and 21 were obtained
under the conditions when spallation in experiments
occurred only for targets with a cut. The regions in which
cracks may appear are hatched in Fig. 21. A vertical crack
may appear at the instant 1 = 74.3 ns, while the horizontal
one may appear later, at = 103.2 ns. The resulting hor-
izontal crack is superimposed on the vertical crack (not
shown in the lowest diagram in Fig. 21). Such cracks have
indeed been observed in experiments. In the target shown in
Fig. 20, conditions suitable for crack formation are not
realised and spall is not observed in these targets (this is
confirmed by experiments [2]).

The results presented in Figs 20 and 21 were obtained by
V.D. Ivanov and I.B. Petrov of the Moscow Institute of
Physics and Technology [60] under a joint project on the
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Figure 20. Results of two-dimensional numerical simulation of spalla-
tion process for a target without a cut.

Figure 21. Results of two-dimensional numerical simulation of spalla-
tion process for a target with a cut.

theoretical and experimental studies of spallation pheno-
mena with the General Physics Institute, Russian Academy
of Sciences. Additional parameters of the spallation process
obtained by using numerical simulation in the two-dimen-
sional case are given in Refs[l, 5, 6], the numerical
technique used is described in Ref. [60], as well as in
Refs [61, 62].

The above examples show that the numerical codes
designed and developed by us conform to international
standards and can be used successfully for solving important
problems associated with the action of high-intensity laser
radiation fluxes on matter. Numerical simulation also serves
as an important supplement to the experimental methods of
investigation at the stage of planning and during measure-
ments, as well as for a correct interpretation of the obtained
data.

5. Conclusions

The results of our investigations show that laser generation
of shock waves can serve as a prospective method for
studying the thermophysical and mechanical properties of
matter under extremal conditions.

Recording instruments with a high spatial and time
resolution are required for studying the thermophysical
properties of matter behind the shock-wave front. Special
attention must be paid in this case to the initial state of the
target.

In the investigations of the mechanical properties of
matter at high deformation rates and for dynamic strength
close to the critical values, it is important to study the
behaviour of the tensile stresses in the spall plane. While

interpreting the obtained results, considerable attention
must be paid to the specific nature of the experiments: a
shock-wave impact may cause a dynamic hardening of the
material being studied.

It has been established that only a complex use of
experimental and numerical methods can lead to new
information in this field of research. An effective use of
the numerical simulation methods based on hydrodynamical
equations has been made possible owing to the introduction
of real semiempirical wide-range equations of state of the
materials under consideration.
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