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INTRODUCTION

THE dynamic method of producing and measuring high
pressures, developed in the post-war period (see sur-
veys b- 3J) makes it possible to study the characteristics
of condensed substances. Initially, the main purpose of
these investigations was the determination of shock
adiabats of substances having normal and lowered den-
sity and of their isentropic compressibility, knowledge
of which would permit us to develop the equation of
state for the substance at high densities, pressures,

and temperatures "7, using some model considera-
tions from the theory of the solid state. Research was
done primarily on metals, for which in the very first
works the range of pressures reached hundreds of
thousands®’ and millions of bars®’. By this method
data have now been assembled for scores of elements
and compounds over a very wide range of pressures up
to 10 Mbar.!?:'*'®) The trend toward the maximum
possible limits brings about the problem of replacing
the original chemical explosives by nuclear explo-
sives""®%!  which would generate pressures of the
order of several hundred megabars, and bring us nearer
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to that region where the conclusions of the quantum-
statistical Thomas-Fermi model'?"'**! become valid.
Owing to the studies of polymorphic transformations at
high pressures and temperatures, which led to the syn-
thesis of artificial diamonds, the progress in high-
pressure physics has become known to wide circles of
nonspecialists. Under dynamic conditions this trans-
formation™’ is 10’—10'* times faster than when static
pressure is applied. Considerable interest has thus
arisen in the chemistry of ultrahigh pressures!?®:?*!
which is already making its first strides.'?572%!
Investigation of substance transformations and their
accomplishment lead to an interest in the kinetics of
processes occurring during shock compression at the
shock front; this compression is remarkable in many
ways. Within a layer only several tens of interatomic
spacings thick a considerable part of the kinetic energy
supplied to the substance under shock compression is
converted irreversibly into heat; the entropy, pressure,
density, and temperature all change from their initial
values to the ultimate ones, many times greater. The
shock wave is a powerful generator of defects, formed
during the strong plastic deformation taking place at the
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wave front. These disturbances of the ideal crystal
lattice, as under normal conditions, determine to a large
extent the electrical, optical, and other physical charac-
teristics of the material. The generation of imperfec-
tions brings about an acceleration of phase transforma-
tions 1292°°%1 and is the reason for the relatively high
conductivity, the absorbing power ®°?, and possibly the
polarization of shock-compressed dielectrics reported
by a number of investigators.®™*!!

All this stimulates interest in the study of processes
taking place at the front of the shock wave. There is
particular interest in optical methods that use a light
beam as a laboratory instrument. These methods enable
us to record changes of state in layers whose thickness
is of the order of one-hundredth of the wavelength of
light, inaccessible to any other method used in the study
of fast phenomena.

The particular features of the optical method made it
possible %7 o establish experimentally that, under
shock compression, the density jump in the condensed
substances takes place within a layer < 107% cm thick
and requires only 7~ 107** sec. This period is com-
parable to that of the establishment of equilibrium in a
phonon-phonon interaction. It has been found that the
front of the shock wave is very smooth (mirrorlike),
the roughness being considerably less than 107 cm. [}
Irregularities of the order of 10 cm have been repor-
ted at the front of a shock wave caused by the detonation
of a liquid explosive“®*"!, Investigations of the reflec-
tion and refraction of light incident on the shock-com-
pressed material showed ' %! that the refractive index
of both liquid and solid substances increases linearly
with the density in a wide density range up to p = 2p,,
where po is the density at atmospheric pressure. The
proportionality factor is nearly the same as at atmos-
pheric pressure. An anomalously high reflectivity of the
shock front has been found*®? in carbon tetrachloride
when its density becomes 1.9 times the normal value.
Liquefaction of ionic crystals in the compressed state
causes ®’ a rise in the refractive index as well as in
its derivative (by a factor of about 1.5—1.7), whereas
at atmospheric pressure the same change of state is
accompanied by a drop in the refractive index. These
two facts are due to different variations of the refractive
index with density in the liquid and solid phases of the
material, and in turn to a change in the character of the
interionic interaction on melting. The high sensitivity
of the optical method to the density gradient**’ made it
possible to reveal the structure of the shock front in
substances that undergo polymorphic transformation.
Thus, in the case of KC1 and KBr, which under@o phase
transition at 20 kbar,“®!%? it has been found**’ that the
first phase existed at 100 kbar over a period of about
10"''—10"" sec. The same time was found int*] for
the transition of glass (heavy flint) into the plastic state
at pressures exceeding 260 kbar. Below this pressure
the state of the glass is initially described by a non-
equilibrium adiabat of elastic compression. The transi-
tion into plastic state has a relaxational character.

Research on the optical characteristics of water with
stepwise application of pressures between 20 and
40 kbar revealed"™’ the phase transformation of water
into ice VII. It is interesting that, when the pressure is
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applied dynamically, water freezes up within about
107" sec.

Some valuable information about the characteristics
of various substances was supplied by investigating their
radiation under shock compression. The rise in the
brightness of radiation as the shock wave propagates in
a body made it possible to determine “***? the absorp-
tion coefficients of shock-compressed ionic crystals at
high temperatures. The absorption coefficients found
under these conditions are about 100 times the normal
values. Studies in the Soviet Union®%'®’ and in the
United States ®'°! have shown that the conductivity of
dielectrics behind the shock front increases by a factor
of more than 10'° times. Analysis of the absorption and
conduetivity characteristics of shock-compressed ionic
crystals led to the conclusion®’ that the shock wave
transforms the dielectric into a semiconductor with
donor levels whose thermal ionization produces free
electrons in the conduction band. According to this
mechanism, the relatively high concentration of free
electrons (10'® cm™) determines both the absorption
power of shock-compressed ionic crystals and their con-
ductivity °?.

Thermodynamic equilibrium in condensed materials
is established much faster than in shock-compressed
gases (approximately in inverse proportion to the densi-
ties). The relatively high absorption power of shock-
compressed condensed dielectrics“**°? and the short
periods (about 107° sec) in which electrons manage to
pass into the conduction band and reach equilibrium with
the lattice®™?, make it possible to measure them in cer-
tain ranges of temperature in shock-heated mater-
ials*®). The important result of this work was the
construction of the fusion curves for many ionic crys-
tals up to record high pressures of the order of
0.5—2.5 Mbar; only the initial positions of the curves,
up to 20—40 kbar, were previously known. While in
many respects the high pressures attained by shock
compression cannot fully replace static compression,
since the density and the temperature are varying to-
gether, in the case of studies on the melting of materials
nature itself supports the investigator. By changing the
pressure we change the temperature and, in a certain
pressure range, the states observed on the dynamic
adiabat represent a section of the fusion curve!®,

When ionic crystals are compressed by a factor of
1.7, they remain solid up to a temperature of about
4000°K “®! which exceeds the melting point of the most
refractory metals. Analysis of experimental data has
shown that the entropy jump during fusion in the com-
pressed state is close to that at atmospheric pressure.
The heat of fusion in the compressed state is thus pro-
portional to the melting temperature “®'. In contrast,
the volume changes in the melting of ionic crystals
compressed by a factor of 1.5—2 are smaller by ap-
proximately an order of magnitude than the volume
change associated with melting at atmospheric pressure.
The part played by the anharmonic nature of the oscilla-
tions has been determined, and it has been shown™®? that
this has little influence on the heat capacity of solids up
to melting temperatures of about 4000°K (Acy/cy = 10%).

At the same time, the heat capacity of an organic
compound, lucite, increases substantially with rising
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temperature. Further pressure increase during shock-
compression of lucite causes far-reaching breakage of
chemical bonds®?’. Changes in the phase states have
been found on dynamic loading of carbon tetrachloride.
Nonequilibrium radiation many times stronger than
thermal radiation has been found in a number of ionic
crystals compressed at relatively low pressures (of the
order of several hundred kbar). Thus, in the case of
LiF at 340 kbar the measured light flux exceeds the ex-
pected equilibrium value by a factor of 10'". Another
form of nonequilibrium radiation was found when ionic
crystals were shock-compressed with pressures of
2—5 Mbar. In these conditions, the radiation brightness
was much lower than would correspond to the equili-
brium temperature. Brightness temperatures differ
increasingly from calculated values as the width of the
energy gap is reduced. This effect is attributed to a
screening of the equilibrium radiation by frontlayers of
the shock-compressed material, in which the electron
temperature has not yet reached its equilibrium level.
Our survey reports the main results obtained in
studies of the optical characteristics of shock-com-
pressed dielectrics and their temperatures behind the
shock front. Some attention is paid to the methods of
investigation and to their principles, since the literature
(particularly foreign literature) does not as yet reflect
any consensus as to the possibilities of optical methods
in the research on shock-compressed materials, as a
result of which the number of publications dealing with
this subject is very limited. Most of the results des-
cribed in our survey were obtained in the author’s
laboratory between 1956 and 1966. The results of some
very extensive studies on the optical characteristics of
statically compressed dielectrics have already been
reviewed®>%*) and we shall not dwell on them here. We
also omit consideration of the methods of obtaining and
measuring pressures and densities under dynamic load-
ing, including the optical methods, indispensable as
they are for analysis of any other characteristics.
These questions are adequately discussed in 320,541,

I. STUDY OF THE OPTICAL CHARACTERISTICS OF
SHOCK-COMPRESSED CONDENSED MATERIALS,
AND OF THE STRUCTURE AND SMOOTHNESS OF
THE FRONTS OF LARGE-AMPLITUDE SHOCK
WAVES

1. Experimental Procedure

Propagation of a strong shock wave through a mater-
ial is accompanied by a rise in the latter’s density and
temperature and by a change in other characteristics,
including optical ones. The change in density alone in-
creases the refractive index and causes optical inhomo-
geneity of the medium, and this is the basis of many
methods used for the optical recording of processes
accompanied by shock waves.

The optical characteristics, and in particular the re-
flectivity of the shock front, are related to its surface
texture and thickness. The high sensitivity of the reflec-
tivity to the density gradient was first utilized by Hornig
and his co-workers ®%°"’ for investigating the structure
of the shock wave and detonation front in gases. Hornig
et al. also studied the structure of shock waves in lig-
uids at pressures of only a few atmospheres %,
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Knowledge of the reflectivity of shock-wave fronts in
condensed media is also important for the determination
of the emissivity of shock-heated substances when the
latter’s temperature is determined from their radiation
(for further details see Sec. 7). For exactly this pur-
pose, the present writer suggested in 1957 an investiga-
tion of the reflectivity of shock-compressed substances.
This method, developed in collaboration with Yushko,
Sinitsyn, and Krishkevich® *'™! was later applied to
investigations of a wide range of phenomena. The suc-
cess of these studies was greatly aided by the partici-
pation of Zel’dovich.

In'%7%:176) the light reflected from the shock front
was recorded after passing through a layer of uncom-
pressed originally transparent material as the wave
moved through this layer. The principle is shown in
Fig. 1. If the investigated material remains transparent
after it has been compressed by the shock wave, it is
possible to determine the refractive index of the com-
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FIG. 1. Schematic diagram (a,b) and results (c,d) of an experiment
on the measurement of the refractive index of a shock-compressed
material and of the reflectivity of the shock front:

IL, IV — light reflection from stationary boundaries B-C and A-B;
I1I, V — light reflection from the shock front and moving boundary
A-B; 1 — investigated material: 2,3 — explosive charges; 4 — explosive
light source; 5 — prism; 6 — high-speed moving-image camera.
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pressed material from the course of the rays. Use is
made of the following relationship:

n} —nj sin?

S w
where ¢ is the angle of incidence, n,, n;, and n; are the
refractive indices in the prism and in the investigated
material before and after compression, and u = a/b
(see Fig. 1,d). The shock-front thickness has no effect
on the refractive index obtained by this method, since
the front is very thin compared to the compressed layer.
This method is much less accurate (An/n, ® 1—2%) than
the usual methods applied in refractive-index measure-
ments, but it does provide an opportunity to find the re-
fractive index of a material compressed by a factor of
1.5 to 2, and also gives a picture of the relationship
between refractive index and density over a very much
wider range of densities. Moreover, the accuracy of the
method can be improved. Thus, in a recently published
paper[‘r’gJ the refractive indices of shock-compressed
liquids were determined accurately to three decimal
places.

The layout shown in Fig. 1 also makes it possible to
determine the reflectivity of the shock front. It is only
necessary to compare the intensity of a light beam re-
flected from the shock front with the intensity of an
identical beam reflected from an optical boundary having
a known reflectivity. The optical boundary between the
investigated material and the prism is used as the
reference surface (boundary B-C).

The reflection coefficient of the shock wave front can
be found from:

~

sw_ Rref (¢)
Teer 11— Ryer @)12 ’

R W (2)
where Ig  /Ipef is the ratio of the intensities reflected
from the shock front and from the reference surface,
found from the blackening of film by a photometric
method, and Ryref(e) is the reflection coefficient of the
reference surface.

If unpolarized light is used, formula (2) can only be
regarded as approximate. The resolution of this method
under the conditions of an explosion experiment, when
the investigated material is 10 to 15 m from the record-
ing instrument, is R = 10", The error of a single
measurement is AR/R = + (5 — 10)%.

The distinguishing features of an explosion experi-
ment and the relatively low brightness of available light
sources made it in many cases impossible to carry out
spectral measurements. For this reason the investiga-
tion was carried out on materials having low dispersion
in the visible spectrum.

The above methods were employed in studies of the
optical characteristics of both solid and liquid initially
transparent dielectrics. The pressure in the investiga-
ted body was varied by varying the detonation power of
the explosive, and also by generating a shock wave in it
by impact of plates of various materials driven by an
explosionh’m’le’w] .

The state of shock-compressed material may be as-
sessed from the propagation velocity of a shock wave
within it, which is determined in the same experiment.

Future increases in the brightness of the external
light source may permit spectral measurements of the
change in the dispersion of the material’s refractive
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index under compression, and determination of the edge
of the absorption band. Such measurements may shed
light on the changes in the electronic structure of con-
densed dielectrics and on their transformation into the
metallic state. Thus, the present studies of Drickamer
et al. 5959 with static compression might be extended
to a much wider range of densities. A promising method
for this work would be based on light reflection when a
powerful shock wave is started not by explosion but by
the impact of a plate accelerated in a hydrogen or helium
gun'®’, The recording apparatus could then be brought
substantially nearer to the investigated specimen and, if
the brightness of the external light source were simul-
taneously raised as well, the accuracy and resolution of
the method would be greatly enhanced.

2. Front Thickness and Smoothness of Shock Waves in
Condensed Inert and Explosive Substances

In an idealized model the shock-wave front in the
condensed material is regarded as an infinitely thin
boundary surface between matter at rest and matter in
motion. In fact, viscosity and thermal conduction result
in a finite thickness of the shock front. In optical inves-
tigations in which light is reflected from the sections
with the highest dn/dx, it may be useful to define the
thickness of the transition layer as

A An Ap

= @nldimes . @l0max

(3)

Since p and n behave in an identical manner, the varia-
tions of reflectivity may be directly related to the den-
sity variations. We note that the right side of (3) is the
same as Prandtl’s definition of the shock-front thick-
ness. Following'®®’ and'®?, the front thickness in liquids
at very low shock-wave amplitudes, of the order of a
few tens of atmospheres, is 107 cm. It is known!®?’
that the greater the shock wave intensity, i.e., the grea-
ter the pressure jump, the thinner the front.

However, up to now there have been no experimental
studies providing a resolution better than 10 cm
(see®®). This gap was filled when the light-reflection
method came into use. Estimates have shown that, for
a transition-layer profile as in ' , the incident light is
reflected in accordance with Fresnel’s law when L/x
< 1072, which for A = 5x 10°% cm gives L < 5x 107" cm.
When L =< 5 x 10 em = A/27, practically no light will
be reflected from the optical boundary. This makes it
possible to resolve front spreading of the order of
10™® cm, which is quite beyond the reach of other
methods.

The materials chosen for the first investigations
in"%! were glycerol, ethyl alcohol, and water, which all
remain sufficiently transparent behind the shock front
at pressures up to 100—300 kbar. This made it possible
to compare the refractive index determined directly
from the course of the beam in the compressed mater-
ial (when the transition layer has no effect on the meas-
urementm]) with the refractive index ng calculated by
Fresnel’s equations from the experimentally found re-
flection coefficient. Both for glycerol and ethanol
(Fig. 2) the two refractive indices were approximately
equal within the limits of experimental accuracy. This
means that the density jump at the shock front occurs
within a layer at the most 100 A thick in a time of the
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FIG. 2. Relationship between the refractive index and density in
ethanol and glycerol*3-5? . Calculated by the Lorenz-Lorentz formula
(6) (—-) and by (9) (—> — —). The experimental data were obtained by
the photometric method in [#°] (@) and by the geometric method in
{*] (O) and [*°] (O).

order of 107'% sec. The same conclusion can be drawn
from measurements of the reflectivity at the shock front
in toluene (P = 170 kbar, ¢ = 1.76) at various angles of
incidence. The completely satisfactory agreement be-
tween experimental results (Fig. 3) and Fresnel’s equa-
tions indicates a sharp jump of density at the shock
front. Similar results were obtained for benzene and
lucite. Investigations of ionic crystals (Sec. 4) also lead
to the conclusion that the profile of the shock wave is
just as steep.

The results obtained in shock compression of
water **? (Fig. 4) constitute an exception; the refractive
indices were in this case found by photometric means,
beginning from ¢ ~ 1.6 (P = 90 kbar), and were found to
be somewhat lower than those obtained by the geometric
method. This can obviously be attributed to the finite
thickness of the transition layer in which the water was
compressed. The water viscosity produces under
normal conditions a front thickness that should not cause
any noticeable deviations from Fresnel’s equations. The
photometric data can be explained'*! if it is assumed "®*’
that the viscosity of water increases greatly when the
pressure reaches P, = 60—80 kbar. In these circum-
stances, when the shock pressure P, is greater than
Py, it may be expected that the front structure will
correspond to rapid compression from P¢y to P, and to
a gradual continuous compression (because of viscosity)
from P¢yp to P;. It may be mentioned that the effect of
viscosity was detected neither in glycerol, which under
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solid line was calculated using Fresnel’s
equations forn=1.95 (6 = 1.76), ng =
1.492. (O) = measured points [*°].
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FIG. 4. Relationship between
the refractive index of water and
the degree of compression (g) in
the shock wave. 1 - calculated by 15+
the Lorenz-Lorentz formula (6); P
0,0 = experimental points taken prd
from [*?]; O = experimental L
points taken from [3°].
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normal conditions has a much higher viscosity than
water, nor in shock-compressed lucite and ionic crys-
tals, which remain solid behind the shock front. In this
respect the behavior of water is anomalous.

Studies of the reflectivity of the shock-wave front in
condensed materials indicate also a very high smooth-
ness (specular character) of the surface. This is shown
qualitatively by the sharp definition of the edge in beams
reflected from the shock front and by the absence of
diffusion background (see for example Fig. 1,c).

A quantitative evaluation of the roughness of the
shock front can be obtained on the basis of'*"’ where
the effect of this roughness on front reflectivity was
considered within the framework of the wave theory of
light reflection.

When the front surface roughness is of the same or-
der as the wavelength of the incident light A, the inten-
sity of specular reflection is reduced and diffuse re-
flection makes an appearance. If the surface irregulari-
ties have a random distribution""’, then

Trough = Ispec. €XP (— 4k? Az%cos? ¥h (4)

where Irgygh and Igpec. are the reflection intensities
from rough and specular surfaces, k = 27/A, ¢ is the
angle of incidence, and (Az%)'” is the degree of rough-
ness. The nature of the light reflection and its intensity
vary as functions of the degree of roughness (Fig. 5).

Since measured reflectivities agree, within the ac-
curacy limits of the method, with values calculated from
the refractive index measured under the same condi-
tions (Fig. 2), it is reasonable to assume that the degree
of roughness of the shock front does not exceed (az7)'"2
=2x 107 cm.

In view of its high sensitivity to the roughness of the
shock front, the light reflection method has beem em-
ployed " ¥:8:%8) _ a5 suggested by Zel’dovich—in the
investigations of shock-wave smoothness in detonating
liquid explosives. Considerable interest in this problem
has arisen in recent years because of the work of
Shchelkin""*  who suggested that, not only in gases
but in condensed explosives as well, the one-dimen-
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FIG. 5. Variation of the nature and intensity of light reflection (at
specular reflection angle) as a function of the degree of surface rough-
ness[*7]. 1,2 — specular and diffuse reflections; A — width of light
source.



FIG. 6. Relative distribution of the in-
tensity of light reflected from the detonation
shock front {*7). 1,2 — overcompressed and
normal detonations of the stoichiometric com-
position of dichloroethane and nitric acid.

sional state of the detonation wave is unstable ®®'. The

earlier work“®*"} dealt with an experimental investiga-
tion of the transparent explosive mixture of concentra-
ted nitric acid and dichloroethane. The stoichiometric
composition of this mixture (60/40 weight ratio) and its
explosive properties are similar to those of TNT.
Analysis of the results by the methods of wave theory

of light reflection led to the conclusion™? that the shock
front in an exploding liquid is not perfectly specular.

The front irregularities cause a lowered intensity of
specular reflection and the occurrence of diffuse re-
flection. Figure 6 shows the intensity distribution of the
reflected beam over its cross-section for various con-
ditions; it can be seen that a reflection such as in Fig. 5a
takes place in the case of normal detonation of the
stoichiometric composition. In normal explosion, the
roughness of the shock front does not exceed 10™° cm,
with a mean period of 5x 107 cm. The average inclina-
tion angle of the irregularities is 1° ", The reason
for the roughness of the front surface is still unclear
We may have here a phenomenon similar to that observed
in gas explosion[70 » where the minimum scale in a mix-
ture of C:H, + 2.5 O; was 10™% cm, or else inhomogenei-
ties may form in the zone of the chemical reaction and
give rise to irregularities of the shock front (because of
the subsonic velocity in the region between the wave and
the reaction zone). However, this irregularity of the
front has no noticeable back-effect on the reaction.

(743

3. Density Dependence of the Refractive Index of Liquid
Dielectrics. Anomalous Behavior of Shock-compressed
compressed Carbon Tetrachloride.

In most of the publications on the dependence of the
refractive index n of liquid dielectrics on the density p
the results refer only to a relatively narrow range of
densities, determined by their thermal expansion "™,
A somewhat wider range of densities was investigated
in static compression'™ ", The first of these papers™®!
deals with the dependence of the refractive index of
water, alcohol, and their mixtures in the pressure range
extending to 1500 atm. In most cases, the experimental
results can be described better ™»7»7®! by the Gladstone-
Dale empirical formula

n—1

(5

=const,

than by the Lorenz-Lorentz formula

n2—1
n2-2

(6)

=const
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FIG. 7. Relationship
between the refractive index 1 Ro g
of liquid dielectrics and the v
degree of compression [42:*5]:
O - toluene, ny, = 1.492; @ —
benzene, ny = 1.496; A — ace-
tone, ng = 1.359; M — glycerol,
ng = 1.472; + — water, ny =
1.333; A — CCl,, ny = 1.457;
O — ethanol, n, = 1.362.
Method of calculation: 1 —
(6); 2 —(5); 3 — (8); and
4-().
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or by Drude’s equation

%1 _ const. (1)
0
The study of optical properties of shock-compressed
matter enables us to determine n(p) in a substantially
greater range of densities exceeding the initial density
by a factor of 1.5—2. These investigations were carried
out™®%:%%) o several liquids. The results obtained by
the photometric ! and geometric '’*%) methods (see
Sec. 1) are shown in Fig. 7. In the photometric method
the refractive index was calculated from the measured
reflection coefficients by means of Fresnel’s formula.
The degree of compression was found from the meas-
ured velocity of the shock wave and the already known
shock adiabats of the investigated liquids. It can be seen
from Fig. 7 that the experimental data for various liq-
uids are grouped around the straight line (n— 1)/(no — 1)
= 0 = p/po [where no and po are the refractive index and
the density at atmospheric pressure]| which reflects the
Gladstone-Dale dependence of refractive index on den-
sity. The experimental data never fall into the hatched
areas whose boundaries delimit the Lorenz-Lorentz or
Drude dependence n(o) for n, = 1.33 and 1.50. The
correspondence of the measured data”" " and rela-
tions (5), (6) and (7) for ¢ = 1 is similar (Fig. 8).
Returning to Fig. 7, we note that, while the general
agreement between the measured data and Eq. (5) is
quite satisfactory, the data for toluene and benzene
slightly deviate toward greater values of n, and those
for glycerol and water are on the low side. It may be
recalled that the temperature dependence of the refrac-
tive index was not taken into account in the above dis-
cussion. However, the measurements were carried out
under such conditions that the dynamic application of
pressure caused a rise not only of density but also of
temperature. Thus, when water is shock-compressed
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FIG. 8. Comparison of
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designation as in Fig. 7.
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by a pressure of 1440 atmospheres, its density rises to
1.75 g/cm?® and its temperature to 875°C." ™! it
was suggested that the combined effect of density and
temperature on the refractive index of water can be
described by the following equation:

n=1.334-+0.334 (0 — 1) — 1.90-10~Ts (8)

(where T is in “C and 0 = p/po); the above expression
gives in a satisfactory manner the refractive index of
water vapor (which, according to experiments isn=1
+0.33p)7° and that of ice® (n = 1.311 with p = 0.9168).
The difference between (8) and the Gladstone-Dale
formula is that the former contains a temperature term.
In the range of densities and temperatures prevailing at
the shock front in water, calculations by (8) (curve 3 in
Fig. 7) yield satisfactory agreement with the measured
values of the refractive index. The value of (dn/8T)p in
(8) was taken from'"®’. The values of (dn/6T)p for other
liquids are of the same order.7®"*

In"®! an effort was made to describe liquids by a
modified Drude formula which took into account the
change in the fundamental absorption frequency with
change of density. The authors of'®? took into account
the change in polarizability on compression in order to
reconcile the analytical relations with the measure-
ments. We shall discuss this problem in greater detail
in the next section.

Let us look more closely at the results of the inves-
tigation of CCls, shown in Fig. 9. The ordinates are the
measured reflectivities (normalized to ¢ = 30°) at the
fronts of shock waves of various intensities. It is evi-
dent that up to ¢ = 1.9 the reflection coefficients are
no more than 2 or 3%, which shows satisfactory agree-
ment with the Gladstone-Dale formula (several values
are also found for other liquids, as shown in Fig. 7). As
the intensity of the shock wave and the degree of com-
pression increase, the function R(¢) moves sharply up-
ward, and at o ~ 2.15 the measured reflection coeffi-
cient exceeds the value calculated from (5) by a factor
of nearly 5. The R(¥) relation for CCl, is also anomal-
ous when ¢ = 1.95. In all other investigated liquids R(¥)
follows the Fresnel equations, but Fig. 10 shows that in
the case of CCl, the light reflection from the shock front
is considerably greater than would be indicated by the
refractive index calculated from (5); moreover, with in-
creasing ¥ the fraction of reflected light increases
faster than Fresnel equations indicate. Temperature
measurements have shown (see Sec. 9) that the function
R(o) for CCl, is similar to those for other liquids, pro-

20
R % b
1
L of ,
,’ FIG. 9. Reflectivity of the
) shock front in carbon tetrachloride
,’ as a function of the degree of com-
mr r pression [*°]. O (— — —) measured
l’ data; the solid line represents values
5 ‘I calculated by (5).
/ﬂ/j{/
7 i .
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FIG. 10. Reflectivity of the

shock front in carbon tetrachloride
as a function of the incidence angle,
for a degree of compression o0 = 1,95,
O — measured, —— graphs calculated
by Fresnel’s equations forn,,: 1 —
corresponding to the experimental w
point at ¢ = 45°, 2 — calculated by
(5) foro = 1.95.
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vided the CCl, remains solid behind the shock front. The
anomaly appears when P = 300 kbar and T = 3500°,
when the originally liquid carbon tetrachloride remains
liquid behind the shock front as well. The reason for
this anomalous behavior of CCl, is still far from clear.
It was suggested that this might be caused by a red shift
of the edge of the fundamental absorption band, but in-
vestigations of the shock wave front reflectivity with
incident wavelengths X = 4000 A and 2600 A revealed no
noticeable differences in the reflection coefficients, i.e.,
they showed the absence of dispersion. Measurements
of the conductivity and absorption power in shock-com-
pressed CCl, may establish'®®? whether the discussed
effect is not due to a high concentration of free elec-
trons'*?, This is perhaps to some extent indicated by
the results presented in Fig. 10.

4. Investigation of the Optical Properties of Shock-
compressed Ionic Crystals. Nonequilibrium States.

The methods described in Sec. 1 have been used to
investigate the optical properties of some shock-com-
pressed alkali halides 3 " The results for single crys-
tals of LiF, NaCl, and CsBr, none of which undergoes
polymorphic transformation in the employed pressure
range, are shown in Fig. 11. In the case of NaCl, CsBr,
KCl and KBr, which cease to be transparent, the reflec-
tion coefficient at the shock front was measured, and
the refractive index was calculated assuming Fresnel’s
equations to be valid. In the case of LiF, which remains
sufficiently transparent up to 700 kbar at least, the re-
fractive index in the compressed state was found directly
from the course of the beam, using the geometric
method (cf. Sec. 1}. The degrees of compression were
obtained in™®'"**! Figure 11 shows that the relation-
ship between the refractive index and density may be
written as

9

n(6)=ny-F-92 (5—1)

where dn/do is a constant with a different value for

FIG. 11. Dependence
of the refractive index of
ionic crystals on the degree
of compression 043, A 0],
O — measurements on: 1 —
CsBr, 2 — NaCl, 3 — LiF. The
melting regions of CsBr and
NaCl are hatched.




236

(%
V(o]
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those calculated by Eqgs. (6) — 1,
(5) — 2, and (7) — 3: O — measure-
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each crystal. In contrast to liquids, we have here dn/do
< Ng — 1.

We shall first consider the values of n(o) measured
in the solid phase. In all investigated crystals dn/do has
been found to be substantially smaller than could be ex-
pected on the basis of the Lorenz-Lorentz, Gladstone-
Dale, and Drude formulas (Figure 12). A similar differ-
ence in the initial slope of the function n(c) was found
earlier® 7 from investigations of the photoelastic
characteristics of ionic crystals (cf. Fig. 12 and the
fourth and fifth lines in Table I). Direct measurements
of the refractive index in NaCl, KBr and LiF under
hydrostatic compression, with pressures up to
1 kbar [8"], produced, for the first two crystals, results
close to those mentioned earlier (see the sixth line in
Table I). In the case of LiF, Waxler and Weir ®*! did not
record any change in n, and concluded that at high com-
pressions the refractive index n in LiF and in other
crystals should decrease. This conclusion contradicts
the above-quoted results of measurements carried out
on shock-compressed ionic crystals. It also contradicts
the results of ®*?, where it was established that the re-
fractive index of LiF increases linearly in the entire
investigated pressure range up to 7 kbar; the value of
podn/dp = dn/do = 0.132 given in®*! is close (see
Table I) to the results of studies of the photoelastic
characteristics® 7 and to results obtained in shock-
compression *?,

We now turn to another interesting property of n(o),
revealed in"?!. The experimental study of n() in the
shock-compression of ionic crystals covers also the
range of densities in which the ionic crystals at the

Table I
Crystat LiF KCl NaCl KBr KI CsBr
70 1.302 1.4%0 1.544 |1.559)1.667| 1.698
Compression range  |1,30—1,48| 1.68  |1.45—1.68| 1,70 | — | 1.63
g 43
3
gl dnt 0.1 0.25 024 loss| — | 054
= do
s (d_n) s1-83 0.1 0.23 0.24 035043 | 0.48
S| Vo /geq o 0.0 - 0.28 |0.35| — —
(;_")405‘ 0.26 —1.04 ~0.78 ] 0.0 ] — -~
P
2| Compression range — 1.83—1.98 — 1.88) — |1.8-2.07
= o 43
B| dne - 0.35 - 0.53 | — 0.9
E do
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shock front become liquid because of heating. The prob-
lem of melting in shock compression will be discussed
in detail in Sec. 8. For the moment we shall only say
that both the refractive index and its derivative increase
sharply during melting in the compressed state. Thus,
in the case of CsBr, melting causes the refractive index
to increase (Fig. 11) from 2.05 to about 2.45. The ex-
perimental results obtained for the liquid phase of
shock-compressed crystals of CsBr, KCl, and KBr are
satisfactorily described by the same equation (9) as are
those for the solid state, but dn/do is about 1.5—1.7
times larger (cf. Table I). It has been shown*®’ that at
atmospheric pressure the change in the density of liquid
alkali halides causes a change in the refractive index
about 1.5 times as large as that in the solid state. Fig-
ures 11 and 12 and Table I indicate that, in a wide den-
sity range, n(o) for each of the phases, solid and liquid,
can be separately described (though only approximately)
by expressions similar to (9), with (dn/do)liq

> {dn/do)gq], having a common point at ¢ & 1, as shown
qualitatively in Fig. 13. This may explain the apparent
contradiction whereby at atmospheric pressure melting
brings about a lowering of the refractive index, while in
the compressed state melting increases it (cf. Fig. 13).
Let us consider briefly the physical nature of the
above effects. The refractive index is known to increase
with increasing density and electronic polarizability,
and the latter determines almost wholly the dielectric
constant in the region of optical frequencies. Since the
refractive index of alkali halides increases more slowly
with density than would be expected from the Lorenz-
Lorentz or Drude equations, it apparently follows that,
as the interionic spacings are reduced, the deformability
of the electron shells of ions acted upon by light is re-
duced because of the increased repulsion forces. In
other words, compression causes a decrease in the elec-
tronic polarizability of the ions. This was first pointed
out by Muller ®"’. According to Burstein and Smith ®?’,
the decreased polarizability of ionic crystals accom-
panying the reduction in interionic spacing is due to an
overlapping of the electron shells, i.e., to an increased
ratio of covalent to ionic bonding. In crystals such as
MgO, diamond, etc. which have a high degree of covalent
bonding, the refractive index, according to those au-
thors, actually decreases as the density is increased.
An analogous effect has been discovered in ZnS and
Al;Os. B3 1 all these cases decreased electronic polar-
izability not only compensates but even predominates
over the effect of increasing density. An increase in the
part played by covalent bonds when ionic crystals are
compressed seems quite likely, since the rising density
is associated with a rise in repulsion forces, which are
determined by exchange and overlap of electron shells.

FIG. 13. The character of the
dependence of the refractive index
on density (degree of compression)
in the solid (1) and liquid (2) phases
of ionic crystals. The numerical
values are those for CsBr. A — melt-
ing region at atmospheric pressure, 5
B — melting region in a shock-com-
pression state.
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The fact that overlap forces are not taken into account
is one of the reasons that the Lorenz- Lorentz formula
is unsatisfactory for describing the n(o) dependence; the
above formula is derived assuming that there is no
“‘overlap’’ between ions. On the basis of all these quali-
tative considerations, the difference between the values
of dn/do in the solid and liquid phases of ionic crystals
may be connected with the change in the nature of bonds
occurring when the crystals are liquified““. It is also
well known that the change of aggregate state without
any changes in the nature of the bonds has little effect
on the polarizability of atoms or ions ™. The above
considerations are only qualitative. For the purpose of
quantitative discussion, Muller introduced a correction
factor that allows for the change of ion polarizability on
compression:

(Z_g)expt: (—sg_)calc (1—"2o)s (10)
where (dn/do)q,c is taken from Lorenz-Lorentz or
Drude equations and A, expresses the degree of coval-
ence of the bonds. Expression (10) is widely used 83,871
in discussions of experimental data and for their analy-
sis. The difference in the value of A, depending on the
starting analytical formulae, indicates that the parame-
ter A, is purely empirical. Moreover, for liquids

Ao > 0 if the Lorenz-Lorentz equation is employed for
n(@), and Ay < 0 if the Drude formula is used. The diffi-
culties in determining the internal fields in crystals,
even in the case of alkali halides, make it impossible at
present to calculate theoretically their dielectric con-
stants. The work of Yamashita and Kurosawa is, how-
ever, a step in this direction #%%7,

Let us now consider the results of an investigation of
the reflectivity of the shock front in KCI and KBr. !
The results for KBr are illustrated in Fig. 14, and it
can be seen that, when ¢ = 1.7—1.9, the measured points
can be described by a relation such as (9) with dn/do¢
following from the studies ®*? of the photoelastic
characteristics, as with other crystals (see above).
There is a noticeable deviation from this relationship
in the case of KBr at ¢ = 1.54 and in the case of KCl at
¢ = 1.52. The reflection coefficient is here 2—3 times
smaller than would be expected. In"? this difference
was attributed to the fact that at pressures lower than
~ 150 kbar the polymorphic transformation of KCl and
KBr into the CsCl structure **? takes place within a
time 7> 107'? sec. In this case the incident light is re-
flected from a layer of substance that remains in meta-
stable state at the shock front (point 1 in Fig. 15), which
corresponds to the dynamic adiabat of the first phase of
the substance. Since this is steeper than the adiabat of
the second phase, a smaller refractive index (point a in
Fig. 14) corresponds to the smaller density jump at the
shock front. The nonequilibrium states of the first pha-

FIG. 14. Refractive index of
KBr as a function of the degree of
compression. O — measured points
{#3]); the melting region of KBr un-
der shock-compression is shown
hatched; a — point corresponding
to the metastable state at the shock
front.
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ses of KCl and KBr'*! are given in Fig. 15 (points A).
The same figure shows also the positions of the adiabats
of the first phases of KCl and KBr, calculated by Urlin
using the state equations developed in'*®’. When the
pressure is higher, the temperature rises, the relaxa-
tion time is reduced, and the phase transformation oc-
curs in a layer very much thinner than A/27. In this
case, the refractive index corresponds to the total vol-
ume jump behind the shock front (point 2’ in Fig. 15),
and this has been confirmed experimentally (Fig. 14).
Hence, the polymorphic transformation in KC1 and KBr
during shock compression with a pressure of

P = 200—210 kbar takes place in less than 2 x 107*? sec.
The melting process at the shock front occurs within
the same time, although in the case of KBr, in contrast
to CsBr (Figs. 14 and 11), melting in the narrow near-
frontal layer occurs also at higher pressures than be-
hind the shock front.

5. Optical Study of Elastoplastic Waves in Glass

In“*! the method based on light reflection was applied
to an investigation of elastoplastic flow in TF-5 lead
glass (heavy flint). The transition from elastic to plastic
state under shock conditions was first investigated in a
number of metals'® *®!, Transition to plastic flow con-
dition has also been recorded for materials as brittle
as quartz'®®’, copper glass"*’ and silicon'’. Figure 16
shows schematically the form of the Hugoniot adiabat
for this case. Up to the pressure P,, determined by the
dynamic yield point, the material is compressed elas-
tically. The nonequilibrium elastic adiabat, part of
which is the section 0-1, is shown in Fig. 16 as a dot-
dash line. In the pressure range between P; and P, two
waves travel in the material (Fig. 16, b): an elastic
wave with velocity cg], and a plastic wave with velocity
D: = u, + D2, where u; is the velocity of the material
behind the front of the elastic wave and D, is the veloc-
ity of the wave with respect to the material ahead of its
front. With increasing pressure the plastic wave veloc-

FIG. 15. Equilibrium (—)
and non-equilibrium (— —)
adiabats of KCl and Kbr [!5*%543].
O — experimentally detected
states on nonequilibrium adiabats
[#31; 1(1"), 2(2") — states on non-
equilibrium and equilibrium
adiabats, respectively.

FIG. 16. P-V diagram for
lead glass (a) and structure of
shock waves in elastoplastic
flow (b).




Ir I11rs Iv

FIG. 17. Diagram of the experi-
ment (a) and photochronogram (b) in
the investigation of the reflectivity of
the shock front in lead glass: 1 — prism;
2 — liquid (CCl,); 3, 5 — glass; 4—
liquid. Oa, ab — reflection from the
shock front;a’ a, b’ b — reflection from
the glass/liquid boundary.

b)

ity increases, while the velocity of the elastic wave that
carries the critical yield-point pressures, remains un-
changed. When the pressures become greater than P,
the elastic and plastic compression zones come closer
together and form a unified profile of the shock wave
(Fig. 16,b).

This pattern is clearly demonstrated when the reflec-
tivity of the shock front is investigated in experiments
carried out as shown in Fig. 17. Investigations'**’ have
shown that P, = 79 kbar in lead glass. At pressures
P, < P < P, =170 kbar we find in lead glass a constant
velocity Cg) = 3.77 km/sec (tp — te’ = const), indepen-
dently of the applied pressure. This velocity agrees
quite satisfactorily with the value cgj = 3.67 km/sec
calculated from Young’s modulus E, Poisson’s coeffi-
cient u, and density of lead glass p, by means of the
following formula:

E(d—
fel= l/Po a +(u) = 2

When the pressure P is less than 170 kbar, the boun-
dary between the lead glass and the liquid is reached
first by the elastic and then by the plastic wave. Because
of their different instants of arrival, there is a ‘‘pause’’
of corresponding duration. When P approaches the value
of P3, Dy, increases and the duration of the pause is re-
duced. The weak reflection, which fails to be detected in
the experiment with a two-wave configuration propagat-

24
FIG. 18. Refractive index

of lead glass as a function of the

degree of compression [#4]:

O — experimental data obtained

by the photometric method;

O — ny; —— n (o) in accordance

with (9) with dn/do =n, — 1;

— — interpolated function n(o).
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FIG. 19. Photographic record of an
investigation of the reflectivity of the shock
front induced by the impact of a thin metal
plate on lead glass: t; — the instant when the
rarefaction wave catches up with the shock
wave; t, — the instant when the shock wave
splits into elastic and plastic waves; cc’ —
“pause” associated with the difference in
arrival times of the plastic and elastic waves
at the glass boundary.

ing in lead glass, is due to the fact that density jumps
(and consequently the jumps of the refractive index) for
each of the two waves are relatively small. Whereas one
wave with an amplitude of 170 kbar reflects about 0.5%
of the incident light, upon stepwise loading to the same
pressure the elastic and plastic waves reflect only
0.1—0.15%. When the pressure becomes greater than
P3, the regions of elastic and plastic compressions
come together and form a unified profile of the shock
wave. The velocity of this wave is greater than cg]; the
‘‘pause’’ disappears, the shock wave front reflects the
incident light, and the reflectivity increases with in-
creasing pressure (Fig. 18). When P > 265 kbar

(0 > 1.46), this rise takes place in accordance with the
density jump at the front, and in the region of

P < 265 kbar the measured reflection coefficients are
smaller than calculated ones. This is caused by the re-
laxational character of the transition to the plastic state.
The material is first elastically compressed to the state
of point 5 of Fig. 16, and the reflection corresponds to
the density jump along a nonequilibrium elastic com-
pression adiabat. At P > 265 kbar the time of transition
into the plastic state is T =< 107" sec. At the front of a
shock wave having a sharp profile, the density jumps
from its initial to the ultimate value. This is because
the function n(0) becomes linear starting with such
pressures, as was also observed in ionic crystals not
undergoing polymorphic transformations. The results
shown in Fig. 18 were obtained using various shock in-
tensities in glass. The solid line in Fig. 18 was obtained
in an experiment (Fig. 19) with a setup somewhat differ-
ing from that of Figure 17,a. It was mentioned earlier
that at P < 170 kbar lead glass remains partly trans-
parent (see Figure 17,b), whereas at P > 170 kbar it
becomes almost completely opaque. This difference in
the behavior of glass is apparently due to the difference
in the nature of its compression. The loss of transpar-
ency is evidently caused by disturbance of the optical
homogeneity of the plastically deformed glass, whereas
in elastoplastic compression this process is not fully
realized.

6. Phase Transition of Water into Ice VII Under Shock
Compression

Phase transitions of water into various crystalline
types of ice under high pressures were first discovered
by Bridgman®®!! in the investigation of the isothermal
compressibility of water up to P = 40 kbar. The phase
equilibrium line for ice VII and water was later inves-
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FIG. 20. Phase diagram of water: — phase boundaries [!°1>102];
—.— Hugoniot adiabat [7®]; — — compression by the second shock
wave; O — experimentally investigated states.

tigated by Pistorious et al.™®? up to 200 kbar. The
phase diagram of water constructed from these results
is shown in Fig. 20, which also gives the Hugoniot
adiabat of water from the data of Rice and Walsh'"®!,
The temperatures of shock-compressed water calcula-
ted by Rice and Walsh were checked experimentally by
Sinitsyn, Kuryapin and the present writer tao) using the
method of the photoelectric pyrometry. The experimen-
tally found temperatures for P = 300—400 kbar (Fig. 21)
are sufficiently close to the calculated values, and are
smaller than the latter by about 10%. This means that
we can use the data of Rice and Walsh"®? for necessary
estimates in a wide range of pressures. It follows from
the phase diagram that the dynamic adiabat runs in the
liquid state over nearly the entire considered pressure
range, and only at pressures between 30 and 45 kbar
does it encroach on the region in which water and

ice VII coexist. The values are only approximate, since
the Hugoniot adiabat of water in Fig. 20 does not take
into account its entrance into the two-phase region.
Walsh and Rich "’ investigated the transparency of
water in the pressure range between 30 and 100 kbar by
photographing a coordinate grid illuminated by an ex-
ternal source of light through shock-compressed water
(Fig. 22). The quality of the photographs was taken as
the measure of the transparency. The authors did not
find any absence of transparency of the water in the en-

tire investigated range of pressures. Al'tshuler et al. %%

reached a different conclusion; having investigated the
dynamic adiabatic of water up to 800 kbar, they found a
density jump at 115 kbar and identified it with a phase
transition of water. This conclusion was also reached
as a result of investigations of the transparency of water
under shock compression, using a method similar to
that of Walsh and Rice. The range of pressures inves-
tigated for this purpose was extended in'27 to 300 kbar,
and no loss of the light intensity was detected between

FIG. 21. Temperature of water
behind the shock front as a function
of the front pressure: A, @ measure-
ment with A = 0.478 and 0.625 yu;
— calculated [78].

7 a4 4 W
£, Mbar
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40 and 300 kbar when light passed twice through the
compressed water. This confirms the conclusion that
the water remains liquid along the shock adiabat. At the
same time, calculations show that it is possible to enter
the region of existence of ice VII, or at least the two-
phase region, when the pressure is applied in steps,
provided the first wave carries pressures of

20—40 kbar. Compression of matter by a few succes-
sive shock waves can be realized™"’ by using screens
of alternating layers of different dynamic rigidities. A
shock wave passing through such a layer splits into a
series of waves chasing one another. The material for
these layers was chosen such as to control the wave in-
tensity; and their thickness was such that the second
shock wave caught up with the first one within the in-
vestigated layer of water. One of the obtained photo-
chronograms and the diagram of the setup are shown in
Fig. 23. The following processes can be distinguished
in the photochronogram (Figs. 23 a,b). At the instant 0
the shock wave enters the water. At the instant 3 the
second shock wave catches up with the first one. After
this the wave becomes stronger, as evidenced by the in-
crease in its reflectivity (ray 0-1) and by the kink due
to the increased velocity. The ray 0-2 corresponds to
light reflection from the piston. At the instant 2, the
layer of compressed water becomes opaque, and the
light reflection from the piston is no longer recorded.
Finally, at the instant 4 there is a considerable fogging
of the photochronogram, which indicates diffusion scat-
tering of the incident light. The loss of transparency
and occurrence of diffusion scattering of the light can
be attributed"™’ to the formation of a finely crystalline
phase of ice VII having a refractive index differing from

]
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FIG. 22. Layout for the investiga- K (V\ti

tion of transparency of shock-compressed 7 'é \
77 Ny~
water’’. | — generator of a plane detona- AN 5
[\
[ AY
\.
3

tion wave; 2 — explosive charge; 3 —

metal plate; 4 — coordinate grid; 5 —
Argon flash
illumination

water; 6 — plate delineating the light
beam; 7 — vessel with transparent walls.

FIG. 23. Photographic record (a) [and its scheme (b)] of the
phase transformation of water into ice VII during compression with two
shock waves: 0 — entrance of the shock wave into water; 3 — shock
wave overtakes the first wave; 2 — water loses transparency; 4 — onset
of diffuse scattering.
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that of compressed water. When the experimental con-
ditions are suitably varied, it is possible to obtain such
states (points 1-4 in Fig. 20) over a fairly wide range of
pressures. When the pressure of the first shock wave is
increased, states known to correspond to the liquid
phase are realized behind the second wave (point 5 in
Fig. 20). All these results show convincingly that in
spite of a certain relaxational character of the proc-
ess"’ under certain conditions water manages to
freeze behind the front of the shock wave in a time of
the order of 107°—107" sec. We shall discuss in Sec. 9
another case in which a liquid (CCl,) solidifies under
shock compression. Van Thiel and Alder have repor-
ted M°%1%! that, according to their results, liquid argon
passes into a region of coexistence of solid and liquid
phases under shock compression, i.e. that it freezes
partly.

II. EQUILIBRIUM RADIATION OF THE SHOCK-WAVE
FRONT. EXPERIMENTAL DETERMINATION OF
TEMPERATURES.

7. Possibility of Temperature Measurement in Shock-
compressed Condensed Materials. Principle of the
Method

The requirements of aviation, rocket engineering,
and other branches of modern technology, as well as the
relative simplicity of the generation and measurement
of shock waves in gases, have resulted in a great num-
ber of published reports dealing with these subjects both
in the Soviet Union and abroad. Reviews of work on the
shock compression of gases (including the temperature
measurement), listing the original literature, will be
found in®! and"°®'°®! The highest temperatures in
shock-compressed air and inert gases were achieved
by Model’ "' "and in argon by Roth™?'. Both au-
thors used explosives to generate the powerful shock
waves. Several papers are devoted to the measurement
of temperature and investigation of the spectral distri-
bution of the radiation from the detonation front in con-
densed explosives ™%,

Since shock-wave experiments involving explosions
in condensed matter are laborious and quite complex,
the number of such investigations is very much smaller
than of those dealing with gases. This is particularly
true of the temperature measurement in shock-com-
pressed bodies. It is possible that a certain part was
also played here by the contradictory attitude of some
American workers (see for instance the papers by
Alder'?®? and Deal®®!. For this reason, up to very re-
cent times the investigations of the thermodynamic
properties of condensed materials at the high pressures
created by shock waves were limited to measuring the
kinematic parameters of the shock wave, i.e., its veloc-
ity D and the mass velocity u of the matter behind the
wave front. With the aid of the conservation laws, the
above parameters make it possible to find the pressure
P, density p, and increase in internal energy E."®®’ The
temperature T, which is one of the fundamental thermo-
dynamic characteristics of the state of matter, was
found analytically by using various assumed equations
of state ™7,

Direct measurement of temperatures of shock-com-
pressed condensed bodies provides an opportunity for
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checking and broadening the existing ideas about the
equation of state and the properties of matter at high
pressures. Such studies were initiated by the present
writer in 1956, together with Sinitsyn, Kirillov, and
Kuryapin. Let us consider some basic problems of
these measurements. Since the matter remains in the
shock-compressed state for a very short time, and the
temperatures are very high, of the order of thousands
or even tens of thousands of degrees, the best methods
for the temperature measurements are provided by the
optical approach 110,120,121 pageq on the relation be-
tween the radiation of a body and its temperature. How-
ever, many solids are not transparent, and this is the
difficulty when optical methods are to be employed for
determining the temperature of a material when the
shock wave propagates through it. In this case, informa-
tion about the state of the material can be gathered only
after its expansion!®'#2'*¥!  Transparent substances,
which make it possible to record the radiation of the
layer not yet reached by the shock wave, are thus of
special interest. The radiation of the investigated ma-
terial characterizes its temperature if it is thermal
radiation; the material and the radiation are in equili-
brium. When the material is shock-compressed, the
mechanical energy is first imparted to the lattice and
only then to the electrons, whose energy is of interest
to us, because the radiation is recorded in the visible
part of the spectrum. Establishment of thermodynamic
equilibrium is determined by the phonon-phonon and
phonon-electron interactions. The time required for the
establishment of the phonon-phonon equilibrium is equal
to the phonon mean free path (about 10”7 cm) divided by
the speed of sound (about 4 x 10° cm/sec), i.e., about
107*—10""% sec. The time of an electron-phonon inter-
action is 107*—107"* sec, and since the electron gains
an energy hv during each act of interaction, where v is
the lattice-vibration frequency, the equilibrium between
electrons and the lattice is reached at AT ~ 1 eV in
107" —107"* sec. It is also necessary to allow for the
time required for thermal excitation of the electrons
into the conduction band. Analysis of this process shows
that the equilibrium temperature between the electrons
and the lattice is established behind the shock front in
about 107° sec (for further details see Sec. 13), i.e.,
within a thickness of about 10°—10"* cm. This layer
will not screen the equilibrium radiation of the com-
pressed material if the absorption coefficient o is below
10® em™. As will be shown in Sec. 10, in shock-com-
pressed ionic crystals o < 10° cm™ when T< 1 eV. In
this case the front of the shock wave emits equilibrium
radiation which can be employed for the temperature
measurement. It has been estimated that radiation los-
ses at T < 4 eV are no more than 0.1%, and, of course,
they can be neglected. Consider yet another aspect of
the ]?roblem. It has been established both theoretic-
ally "#%2) and experimentally “'°***J that when strong
shock waves cause luminescence in gases the brightness
temperature of the wave front is substantially lower than
the calculated value. The reason is that, when T > 1 eV,
the gas in advance of the front is heated by radiation
emanating from the front, becomes opaque, and screens
the ‘“hotter’’ front of the shock wave. In shock-com-
pressed condensed materials this effect does not play
any part. Indeed, the change of temperature ATy, in the
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layer in advance of the wave front, caused by the radia-
tion heating, can be evaluated from the condition that in
the stationary case the radiant flux is equal to the flux
of the material energy ahead of the front*:

n2oTt =pc,D ATy,

where n is the refractive index, ¢ is the Stefan- Boltz-
mann constant, D is the shock-wave velocity, p and Ty
are the density and temperature behind the front, and
cy is the specific heat. If Tf = 50 x 10® °K and

D = 10° cm/sec, we have ATy, = 40 x 10° for air but only
20°C for NaCl. This enormous difference in the tem-
peratures of gases and solids heated by the radiation
can be ascribed almost wholly to the difference between
their densities.

Of all optical methods, the brightness method is the
most suitable for measuring high temperatures of bodies
with a continuous radiation spectrum. Its accuracy is
better *'°7 than that of, say, the color method, especially
at high temperatures when the relative energy distribu-
tion in the visible part of the spectrum, from which the
color temperature is found, becomes little sensitive to
temperature variations. The continuity of the radiation
spectrum emitted by the shock front in condensed sub-
stances was confirmed in™® on an SFR high speed
camera with a special spectrographic attachment.

The brightness method for measuring the true tem-
perature is based on Planck’s and Kirchhoff’s laws.
According to these, the true temperature T of a body is
given by the following equations

() oe ()] 5B
alh, 1= 5D 1 —nr (12)

In these equations C: = 1.438 cm-deg is the radiation
constant, A is the wavelength, €g the spectral brightness
of a standard source having a known brightness tem-
perature Tg(°K), while €(x, T) and €°(x, T) are the
respective spectral brightnesses of the measured body
and a black body.

The spectral degree of blackness a(A, T) may differ
from unity both because of the transparency of the ma-
terial behind the front of the shock wave 7 and because
of the reflectivity of the front r. Experiments have
shown'*®3°! (cf. Sec. 10) that the investigated condensed
materials become opaque in considerably thinner layers
than shock-compressed gases''°’. For this reason, we
may either neglect transparency, beginning with a cer-
tain thickness of the compressed material, or introduce
a correction that does not exceed 10% of the measured
temperature *®’, For pressures of the order of 1 Mbar
the experimentally-determined reflectivity of the shock
front %) (cf. Secs. 3 and 4) is so small (r < 2%) that
it can be neglected in the temperature measurements
(CCl, is an exception; see Sec. 3). When the tempera-
tures of shock-compressed materials are measured,
the recorded optical effects last only about 107 sec, so
that highly sensitive and fast-responsive apparatus must
be used. The measurements are therefore carried out

*For the necessity of introducing the factor n? into the Planck and
the Stefan-Boltzmann formulae see [125].
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photographically "'°**! (using SFR-type cameras) or
photoelectrically 1231124991 " The radiation receivers
are either photographic films or photomultipliers.

Under the actual conditions of a detonation experi-
ment, the photoelectric method makes it possible to
measure temperatures beginning from Tmin
~ 1500°K,*®! which corresponds to a light flux about
10° times smaller than would be possible with a photo-
graphic method (Tpin ~ 4500°K), and at the same time
the separated spectral range is reduced by a factor of
3—5. If the photomultiplier is placed near the investi-
gated body, the lower limit of the recordable tempera-
ture may be appreciably reduced"*’. Another advantage
of the photoelectric method is the ease of processing the
experimental data. On the other hand, the photographic
method makes it possible to observe the brightness dis-
tribution over the investigated surface. The time reso-
lution of both methods may reach 1077 to 5 x 107° sec.
Separation of sufficiently narrow spectral intervals in
various parts of the spectrum is achieved by means of_
special glass (Ax = 500 A) or interference (Ax =~ 100 A)
filters. An IFK xenon flash lamp may be employed*®*®!
as the standard light source for the visible part of the
spectrum; the lamp itself is calibrated against an SI-16
ribbon incandescent lamp, using the measuring appara-
tus. The experimental results are most suitably proc-
essed by the method of actinic fluxes'?"? (see also™®’).
Details of the experimental setup and the characteris-
tics of the apparatus have been given earlier *1922%301,

8. Measurement of Temperatures of Shock-compressed
Ionic Crystals and Establishment of their Melting
Curves for Pressures up to 0.5—3 Mbar

Alkali halides are a very suitable subject for tem-
perature measurement under shock compression, since
they are optically isotropic and their single crystals
are transparent in the entire visible part of the spec-
trum. This makes it possible to view the radiation of
the heated material in the shock wave through a layer
that has not yet been compressed. The compressibility
of this class of ionic crystals under dynamic loading
has been investigated in sufficient detailf5-17,49:20,128]

The dependence of the temperature of NaCl, KCl,
KBr, and CsBr on the shock-wave pressure is shown in
the phase diagrams in Figs. 24—27. The results of the
investigations on NaCl and KCl are given in"*®’; KBr,
CsBr, and LiF have been investigated by the same au-
thors. The difference between the temperatures found
by measurements in the blue (A = 0.478 p) and red
(A = 0.625 p) regions of the spectrum does not signify
absence of black-body radiation, and apparently is only
a result of inaccuracy in measurements 7,

All the investigated crystals are characterized by
the same form of the shock adiabat in temperature-
pressure coordinates. When the pressure is relatively
small, their growth is accompanied by rising tempera-
ture, after which the temperature remains nearly con-
stant, and when the pressure is increased further the
temperature begins to rise once more. The authors
of 97 attributed the temperature plateau in the T(P) plot
to the melting of the ionic crystals. In point of fact, the
thermal energy transferred to the body increases con-
tinuously with increasing shock-wave pressure, and,
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FIG. 24. NaCl phase diagram [*°] (the melting curve at high pres-
sures was determined in [*®] from results of temperature measurements
in shock-compressed material). A, @ — temperatures measured at A =
0.478 and 0.625 p. Dynamic adiabats: — calculated as in [*°]; — — —
same but with “superheated” solid phase. Melting curves: —— calculated
asin [4°]; — X — extrapolation of the data in [*3¢] and ['3"] using
Simon’s equation; —— calculated by means of the Lindemann-Gilvarry
expression [134:135],

beginning at a certain pressure (2 in Fig. 28), the ini-
tially solid body should begin to go over into the liquid
state. The further course of the function T(P) along the
dynamic adiabat can be explained®’ by analogy to melt-
ing at atmospheric pressure, when an increase in en-
ergy supplied to the body that has started to melt does
not cause any rise of temperature until the melting
process has been completed. Further heating causes
then once more a rise in temperature. The general
pattern should be similar in the case of shock compres-
sion, with the difference that a certain temperature rise
must be expected in the two-phase region (section 2—3
in Fig. 28), since dT/dP > 0 for the melting curves of

0%
£

FIG. 25. Phase diagram of
KCl [*°).]

FIG. 26. Phase diagram of KBr
[#°]. Notation as in Figs. 24 and 25.

a az 04
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most so-called normal substances. We shall estimate
the possible temperature difference for the same pres-
sures on the shock adiabatic, but with (3,4 in Fig. 28)
and without account (point 5) of the melting process.
The equilibrium condition for the two phases leads to

L
- (13)

{49]
AS
Ts—Ts~Ts 3pr

The subscript 3 refers to the solid and 4 to the liquid
phase on the melting curve; L is the heat of melting,
and AS = S, — S; is the entropy change during melting.
It follows from (13) that, when melting is taken into ac-
count, the liquid-phase temperature (point 4) is lower
than when melting is neglected (point 5); the tempera-
ture difference is approximately equal to the heat of
melting divided by the specific heat of the material. In
most simple substances and inorganic compounds the
sharp rise of entropy on melting at atmospheric pres-
sure is fairly constant and amounts to 1/3—1/2 of the
specific heat of the material. We shall make use of this
fact and assume ' that, when a substance is com-
pressed, its entropy jump will remain constant, inde-
pendently of the applied pressure. Taking then, for ex-
ample, AS/3Rn = 0.5 and T; = 4500°K for NaCl, we find
that Ts — T3 = 2200°K. This figure is very close to the
measured value (cf. Fig. 24). It follows from the above
discussion that neglect of melting in a shock-com-
pressed body leads to errors in the calculation of its
thermodynamic parameters. On the other hand, direct
measurement in a shock-compressed body is a very
sensitive method for finding the melting curves, since
the energy required for melting gives rise to sharp
bends in the shock adiabat in the T-P plane. Urlin'**®
reached the same conclusion after an analysis of the
melting process_in shock-compressed metals; in an
earlier work"*? the same writer proved analytically
that melting has little effect on the kinetic parameters

K

5

FIG. 27. Phase diagram of 4
CsBr [*°]. Notation as in Figs.
24 and 25.

FIG. 28. Shock adiabat in
the field of the phase diagram:
I — solid phase, Il — liquid
phase: —— shock adiabat in
the solid (0-2) and liquid (4-6)
phases, and in the two-phase
region (2-3, 4); — — shock
adiabat in the superheated
solid phase (2-5); melting
curve 1-2-3, 4,

14 200 L4 500 809
£ kbar
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Table I
LiF NacCl KCI | KBr CsBr LiF | NaCl KCl KBr CsBr
Vo. em>/g |0.3774/0.4619]0.501510.363610.2247) L, kjg | 6.07 | 1.39 | 1.20 | 0.81 | 0.74
Eo. kg |0.25410.47410.147 0,007 | 0.058 A 5/g deg 104 | 0.38 | 0.32 | 0.20 | 0,16
Pa,kbar 7, 2800 | 700 | 480 | 400 | 540
To 10| 6.0 | 8.7 | 44 | 40 | 4.65] @0 0:920/0.452(0.335 0.210 |0.122
J/g-deg
Va, cm®fg|0.191 | 0.255 | 0.272 | 0.199 [0.128|/AV/Vs. %| 3.2 1 1.6 1 4.5 1 2.8 | 4.5
V3., cm3/g] 0.185(0.251]0.268 | 0.194 | 0.123 (AV;W)O* 26 | 25 | 19 | 47 | 24
Ea,klfg | 21.9 | 6.32 | 4.43 | 2.80 | 2.22 |
at/ge, | 0.6 | 1.1 | 1.3 | 28 | 3.4
\deg/kbar

of the shock wave and on the shape of the dynamic adia-
bat in P-V coordinates. This may explain why melting
was always neglected until recently in dynamic inves-
tigations of the equations of state of condensed substan-
ces. Nevertheless, for a number of materials the
presence of melting is actually revealed"*® by a kink
on the plot of the shock-wave velocity D against the mass
velocity u of the matter behind the wave front. Among
these substances are®”*? e.g. KCI and KBr. However,
it is practically impossible to determine the solid-phase
boundary from the D(u) plot for NaC1"®?, Van Thiel and
Alder ™) determined the transition point of liquid argon
into the two-phase region from the kink on the D(u) plot.

Transition to the liquid state may be detected by a
change in viscosity, and some results have been already
obtained by this method"®*"* ! 1t is important to note
that metals on which optical temperature measurements
cannot be performed can also be investigated by this
method. However, like the inspection of changes in D(u)
curves, this method can reveal only the pressure at
which melting takes place. In order to find the tempera-
ture, i.e., the state in the field of the phase diagram, it
is necessary to resort to some equation of state of the
investigated substance.

Let us now consider what physical conclusions can be
reached through temperature measurements, and first
of all the experimental data that characterize the be-
havior of the solid phase in investigated ionic crystals.
It has been shown earlier*®? that in the case of NaCl
and KC1 the Mie-Griineisen equation of state, which is a
quasiharmonic approximation, describes in a satisfac-
tory manner not only the relationship between pressure
and density along a dynamic adiabat but also the tem-
perature of a shock-compressed solid body up to the
melting curve, with the specific heat as given by Petit
and Dulong. The same applies to KBr and CsBr (see
Figs. 26 and 27).

This indicates that the influence of the anharmonic
nature of thermal ion oscillation on the specific heat of
solid ionic crystals is fairly small. At the same time
the experimental data show that the specific capacity of
the NaCl lattice is ~ 10% higher than as given by Petit
and Dulong, and that of CsBr is ~5% lower*.

Table II shows the parameters of the states attained
behind the front of the shock wave; it can be seen that

*See [132] for theoretical estimates.

although the investigated ionic crystals go over into the
liquid state at essentially different pressures, but at
degrees of compression (0 = Vo/V4= 1.8) and at tem-
peratures (about 4 or 5 times higher than the melting
points at atmospheric pressure) that are quite close.
When ionic crystals are compressed by a factor of about
1.7, they remain solid up to a temperature of about
4000°K, which is much higher than the melting point of
the best refractory metals.

Let us now analyze the experimental data obtained
when the dynamic adiabat passes into the two-phase
(solid and liquid) region (section 2—3 in Fig. 28). Know-
ing the equation of state for the solid phase and the
measured values of pressure, temperature, and density
for the point at which the shock adiabat goes from the
two-phase into the liquid region, we can calculate the
heat of melting at the measured pressure“g] from the
following expression

L=TiAS=Ey+ L P, (Vo -V —2V,)— B, (14)
where Eo and Vo are the internal energy and specific
volume of the material ahead of the shock front, P4, V4
and T, are the pressure, specific volume, and tempera-
ture of the liquid phase behind the front, and E; and V;
are the internal energy and specific volume of the solid
phase at a pressure P, and temperature T, (the sub-
scripts 3 and 4 are as in Fig. 23). All the initial data,
together with the obtained values of heats of melting and
entropy and volume jumps, are shown in Table II for the
investigated crystals. Estimates show that the accuracy
with which AS is determined from such measurements
is 20—30%. Errors arise mainly as a result of inaccur-
acies in determination of the specific volume along the
dynamic adiabat on the boundaries of the two-phase reg-
ion. The reliability of the found values of AS and AV is
to some extent supported by the agreement between the
experimental and calculated (by the Clausius-Clapeyron
equation) slope of the melting curves (see Tabsle II).
Table II permits us to draw several important conclu-
sions. Comparison of (AS), and AS for low (P = 0 for
LiF, NaCl and CsBr and P = 19 kbar for KC] and KBr)
and high (P ~ 400—2800 kbar) pressures indicates that
the entropy jump along the melting curves remains
nearly constant in all the investigated crystals. This
means that the heat of melting increases approximately
in proportion to the melting temperature—i.e., by a fac-
tor of about 4 or 5 under the investigated conditions.
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When the degree of compression is about 1.8, the heat
of melting is about 20 to 30% of the total increase in
internal energy under shock compression, and 50% of
the thermal energy transferred to the material. When
AS ~ const, the volume jump occurring on melting de-
creases very appreciably. Whereas at low pressures
(AV/V)o = 20%, under melting conditions in the shock
wave it is only 2—4%. It follows that under strong com-
pression (0 =~ 1.8) the liquid, at least at the melting
point, should differ less in many properties from the
solid state than at atmosvheric pressure or at pressures
of some tens of kilobars.™**! We shall not discuss here
the equations of state but only point out that the experi-
mental data made it possible to find“*®’ separate equa-
tions of state for the solid and liquid phases. The melt-
ing curve was determined in this case as the boundary
between the two phases. The results of such calcula-
tions "' illustrated in Figs. 24—27 (solid lines), des-
cribe the phase diagrams of the investigated crystals
with sufficient accuracy. The same figures show that
the melting curves calculated*® from the Lindemann-
Gilvarry formula"*%!%7 namely

T n =const. V23@21,

[where V is the solid-phase volume on melting, @ is the
Debye temperature, and M is the molecular weight],
differ appreciably from experimental data, especially in
the cases of KBr and KC1. Contrary to experiment, these
curves have a small dT/dP for P~ 0 and a large one
when P &~ 0.5—1 kbar. Extrapolation of the results of
Clark'®®? and Pistorious"®"? by means of Simon’s equa-
tion, using their "*®*37! coefficients, does not provide a
satisfactory description of melting curves at high pres-
sures. In this context let us briefly refer to the discus-
sion recently started between American writers after a
communication published by Kraut and Kennedy "*¢!
regarding a new law of melting at high pressures. Ac-
cording to Kennedy "*®? | in all substances that melt with
an increase in volume we have

Tm=T‘}n(1+c%), (15)
where T‘I’n is the melting point at atmospheric pressure,
AV/Ve = (6 — 1)5, where 6 is the degree of compression
of the body along the Bridgman isotherm at a pressure
corresponding to Tyy,, and ¢ is a constant (different for
each substance).

Libby "**®! maintains that the constant ¢ can be found
from the properties of the material at atmospheric
pressure. Gilvarry*? pointed out that Eq. (15) follows
from Lindemann’s principle, which he used"*’ to des-
cribe the melting curves at high pressures. Similar re-

4
22T /7
A FIG. 29. Comparison of meas-
/ i sured and calculated melting curves
It :/"/ for NaCl-—— measured [!3¢>137];
4 ® measured [¥°]; — — calculated [ 1*4];
,/ .. .. calculated by Simon’s equation
2L /7 with the coefficients taken from [!%6];
w ,/' —.— calculated [*°] l?y the Linde-
20 72 mann-Gilvarry equation.
]y zz} 17'4 v,
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sults were also obtained by Vaidya and Gopal %!, we
can agree with this only in part, since (15) can be ob-
tained from the Lindemann-Gilvarry equations only for
small AV/V,. Beginning from AV/V,~ 0.1, in the case
of NaCl the relation between Ty, and AV/V, deviates
noticeably from a linearity (Fig. 29). We have already
pointed out the nature of the difference between melting
curves calculated by the Lindemann-Gilvarry equation
and the measured curves'*®’. Using as an example the
melting curve of argon, calculated by the Monte-Carlo
method in a wide range of melting points and densities,
Ross and Alder "*’ have shown that Lindemann’s law
holds but that Kennedy’s equation does not. In a later,
more detailed paper "**) Kraut and Kennedy quoted as a
proof of the validity of (15) the fact that the data obtained
by us'*®! for the melting curve of NaCl at high pres-
sures agree with the straight line of (15) with parame-
ters taken from Clark"*®! and Pistorious™*"’ (see
Fig. 29). Further checks have shown that a close, but
slightly worse, agreement is also found in the case of
KCl (Fig. 30) and KBr. Similar comparison of results
could not be carried out for CsBr and LiF because of the
lack of data at low pressures. Although Kennedy’s equa-
tion describes fairly well the available measured melt-
ing curves of ionic crystals over a wide range of pres-
sures, it apparently cannot be regarded as a melting
law, mainly because the melting point and the volume
contained in (15) correspond to different states of the
substance. This is clearly seen in Fig. 31, which shows
in pressure/specific-volume coordinates the Hugoniot
adiabat (Py), the Bridgman isotherm (Pg), and the
boundaries of the region of coexistence of two phases
(L and S). Kennedy’s equation relates the melting tem-
perature at point 1 not to the volume V, characterizing
the state of the substance at this point, but to volume V,
corresponding to the body compressed by pressure P,
along Bridgman’s isentropic curve:
Te=To(1+c7012).

Vo

(16)

On the other hand, if V, is substituted for V; in (16), the
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FIG. 30. The same as Fig. 29 . /
but for the case of KCI. /
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FIG. 31. P-V diagram il-
lustrating how the volume was
found by Kraut and Kennedy ['44]
Py — Hugoniot adiabat; Pg —
Bridgman isotherm. The two-
phase (solid and liquid) region
lies between the lines S and L.
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FIG. 32. Temperature of shock-
compressed lucite (Cs Hg O, )y versus
shock-wave intensity @ — measured,
— — — calculated taking ¢, = 3.74
J/g-deg; — — calculated taking ¢y =
1.22 ¥/g-deg.
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linear relationship (15) is not valid for ionic crystals
over a wide range of pressures"*’, Equation (15) is
therefore a nomogram rather than a fundamental law of
melting.

9. Measurement of Temperatures of Shock-compressed
Lucite and Carbon Tetrachloride

The pressure dependence of the temperature of
shock-compressed lucite derived by Sinitsyn, Kirillov,
Kuryapin and the present author, is shown in Fig. 32.*
If the specific heat of lucite remained the same as under
atmospheric pressure (cy = 1.22 Joule/g-deg), the
thermal energy transferred to the body by the shock
wave would give rise to substantially higher tempera-
tures (see the dot-dashed line in Fig. 32) than those
actually measured. The other limit of the specific heat
of lucite can be found by assuming that all atoms have
three vibrational degrees of freedom, each having an
energy kT (cy = 3.74 Joule/g-deg). It follows that the
specific heat of lucite depends greatly on temperature
and density. From investigations at atmospheric pres-
sure it is known (see, e.g.,™*’) that many organic com-
pounds, including polymers, exhibit a substantial rise
in specific heat with rising temperature. In this sense
the behavior of lucite is similar to that of a substance
having a high Debye temperature & ~ 1500°K.

To reach a specified temperature at still higher
pressures the required thermal energy exceeds the
energy of the atomic vibrations. The difference between
the two energies increases with rising temperature, and
apparently a considerable part of it is spent in breaking
the chemical bonds, as has been suggested by Zel’dovich.
When P is about 3 kbar, the heat transferred to the lucite
should be sufficient to transform the material into car-
bon (H; and O, molecules), and even for a partial break-
down of molecular bonds'®®’!. Some very remarkable re-
sults were obtained in studies of carbon tetrachloride.
At room temperature and atmospheric pressure this is
a liquid (Tp, = 250°K); according to Bridgman™**!, it
has a melting curve with a fairly high initial (dT/dP)
= 0.6 x 1077 deg/bar. Since at low compressions the
temperature increases relatively slowly along the
Hugoniot adiabat, even a small pressure should be suf-
ficient to cause transition to the solid state. According
to Walsh and Rice'™”?, this pressure is 2 kbar (Fig. 33).
It is obvious that with a further rise of both pressure

*Dynamic-compressibility data for lucite [14¢-147:52] were used to
compute and analyze the results.
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FIG. 33. Temperature of
shock-compressed carbon tet-
rachloride versus shock-wave
intensity. A, O — values meas-
ured under shock-compression
conditions; [J — measured
values [!#?]; — interpolation
of measured data; — — — ex-
trapolation of measured data.
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and temperature under shock compression the Hugoniot
adiabat should again reach the region of the liquid phase.
The T(P) function along the Hugoniot adiabat, obtained
by Kirillov, Grigor’ev and the present writer for carbon
tetrachloride, is shown in Figure 33. It can be seen that
at a pressure of about 200 kbar CCl, undergoes a phase
transition associated with absorption of energy. The in-
crease of pressure, and thus of the thermal energy sup-
plied to the body, is accompanied in a certain range of
pressures (200 < P < 270 kbar) by a slower temperature
rise. This phase transition can be identified with melt-
ing of the carbon tetrachloride. Within the framework
of this theory, the melting curve can be described by a
Simon-type expression:

pa[(E) 1]

where A = 4.5 kbar, n = 1.6 and T, = 250°K; the above
expression does not contradict the data of Bridgman*®’
or our own (cf. Fig. 33). The entropy jump, found from
(14) at P = 270 kbar, exceeds the value of the jump at
atmospheric pressure by a factor of about 2. However,
there is a possibility that the above change in the nature
of the T(P) dependence at pressures of 200— 300 kbar
may be caused—as in lucite—by chemical breakdown of
the carbon tetrachloride with formation of free carbon.
It is worth mentioning that the anomaly in the reflectivity
of the shock front in CCl, begins at the same pressure,
about 200 kbar (see Sec. 3).

III. ABSORPTION OF LIGHT BY SHOCK- COMPRESSED
IONIC CRYSTALS. ABSORPTION AND CONDUCTION
MECHANISM.

10. Experimental Determination of the Absorption
Coefficient

Under normal conditions, i.e. at room temperature
and atmospheric pressure, single crystals of alkali
halides are dielectrics and transmit light in quite a wide
range of wavelengths, from 0.2—0.3 to 60—130 y. Unless
special impurities are introduced, the visible light-ab-
sorption coefficient o is then about 5 x 107 cm™.

Investigations of the radiation of shock-compressed
ionic crystals have shown®%? their transparency to be
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FIG. 34. Time dependence of the radiation brightness. a) Oscil-
logram; b) idealized oscillogram; I — period of increasing brightness;
IT — period of constant brightness; 11l — period of decreasing brightness
due to decreasing shock-wave intensity: IV — light of shock wave in air.

substantially reduced. This has already been noticed ®?’

in the case of lucite. A characteristic feature of all
these results is that the radiation brightness increases
as the shock wave propagates through the investigated
body until—at a certain thickness— it becomes constant
(see the oscillogram in Figure 34,a). The authors

of “®%) a5 in™°1 ascribe the increase in brightness to
an increase in the thickness of the layer compressed by
the shock wave and to its transparency. Knowing the
time dependence of the radiation brightness, the velocity
of the shock wave, and the density behind the shock front,
we can find the absorption coefficient of the compressed
substance 1119:307.

ST e

a7

(22

where I;, I, and I5 are the front brightness at the instants
t;, t and t3; At =t;—t; =t3—tz; D and u are the wave
and mass velocities of the shock wave.

The results illustrated in Fig. 35°! were obtained in
this way. The temperature of the shock-compressed
matter (see Sec. 8) and the velocity D of the shock wave
were measured*®’, and the mass velocities u were found
from "7 and™®’. The absorption coefficients meas-
ured at 6250 and 4780 A were found to be nearly equal;
they exceed the room-temperature values by a factor of
30—100. It is obvious that the absorption coefficient is
a function of temperature.

11, Mechanisms of Light Absorption and Conduction in
Shock-compressed Ionic Crystals

Light absorption in a solid body is caused by excita-
tion of optical oscillations in the crystal lattice (infrared
absorption in ionic crystals), and also by excitation of
the electrons. Under normal conditions (atmospheric
pressure, T = 300°K) the infrared-absorption band is in
the wavelength region of the order of several tens of
microns (for NaCl the dispersion frequency is v, = 4.9
x 10'% sec™, and for CsBr v, = 2.3 x 10'* sec™!). Even
when we allow for the shift of the infrared-absorption
band under compression toward shorter wave-
lengths “*»3°7 and for thermal broadening of the absorp-
tion band "% %21 we do not arrive ®°’ at any results
comparable to the measured absorption coefficients.
Nor can photoexcitation of valence-band electrons ex-
plain the measured values of o. If the energy gap were
reduced from about 7 or 8 eV to about 2 eV because of
the compression and the radiation heating in the shock
wave (and such a reduction is required in order for the
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electrons to pass directly into the conduction band in
the visible part of spectrum), the values of o would be
about 10°—10° cm™, i.e. 10°—10° times greater than
those found by measurement. The obtained results can-
not be attributed to indirect optical transitions either,
since this would result in a strong wavelength depen-
dence of the absorption coefficient, contrary to the actual
observations. One more mechanism of light absorption
in ionic crystals can be absorption by color centers. It
can be comparable to the measured values, provided the
color-center concentration, initially not greater than
10** cm™, increases sharply under compression to

N~ 10'—10'® cm™. However, in this case the absorp-
tion would be selective, contrary to the experimental
observations, since the absorption band of the F centers
is bell-shaped, with a half-width of about 0.4 eV.

Bearing in mind that the absorption coefficient is
little dependent on the wavelength, and is clearly depen-
dent on the temperature, and considering also the above
discussion, we must assume 303 that the absorption of
light in shock-compressed ionic crystals is caused by
intraband transitions of the free electrons. We shall re-
turn shortly to the problem of the sources of the free
electrons, but at the moment we only note that, within
the framework of these ideas, it seems natural to re-
gard also the conduction measured in shock-compressed
dielectrics ®7%%:15:2°1 55 of electronic nature, caused by
the same free carriers'3°’,

APtshuler et al.™™®! reached another conclusion.
They measured the temperature dependence of the con-
duction in shock-compressed NaCl and, using the ex-
pression = ~ exp (— Wj/kT), calculated the activation
energy W; = 1.2 eV; from its magnitude, they concluded
that the conduction is of ionic character. We recall that
under normal conditions W, = 1.87 eV for NaCl, i.e., is
1.5 times as large as the value measured by Al’tshuler
et al.'® When the substance is compressed, the activa-
tion energy characterizing the ionic conduction must
increase because the ions come closer together, hence
the repulsion forces are increased. Let us check this
effect numerically. The activation energy for self-diffu-
sion in metals and for ionic conduction in ionic crystals
is greater in those crystals that melt at higher tem-
peratures (Figure 36).

The relationship between the activation energy and
the melting point can be approximated as follows:

Wiz=1.6-10"Tp, (18)
where Wj is in eV and Ty, in °K.

According to"**? and"%¢? the activation energy of
self-diffusion in all investigated metals increases in
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proportion to the melting temperature in the measured
range of pressures up to 8 kbar. According to the
Nernst-Einstein equation, the same dependence should
be exhibited by the activation energy of ionic conduction.
Analysis of the data reported by Pearce !, who inves-
tigated the dependence of the ionic conduction of NaCl on
the applied static pressure (up to 10 kbar), confirms

the above conclusion. Hence, as in a variety of substan-
ces at atmospheric pressure (Fig. 36), in this material
the activation energy increases in proportion to the
melting temperature with increasing pressure. This
was also the case for the heat of fusion during compres-
sion (Sec. 8). Expression (18) can be rewritten as:

i, (19)

Wi =W o (TLO)

where Wj , is the activation energy for P~ 0 and

T = 300°K, T, being the melting point under atmospheric
pressure (P = 0). In the compression range of interest
to us we have (T/T,), = 3.5—4 (cf. Sec. 8). The activa-
tion energy for the ionic conduction in NaCl thus be-
comes Wi = 1.87 (T/To)m = 6—7 eV, which is about

6 times %reater than was found by Al’tshuler et al.
Alder'?®®’ also doubted the ionic mechanism of conduc-
tion in shock-compressed alkali halides, but thought that
the question of the conduction mechanism (ionic or elec-
tronic) in alkali halides under shock-compression should
be decided by measurements of the Hall coefficient. Our
measurements of the absorption coefficient helped us to
choose between the two models, and led to the conclu-
sion'3®! that both the conduction and light absorption
are due to free electrons thermally ‘“ejected’’ into the
conduction band.

Having two independently measured quantities (ab-
sorption coefficient ¢ and conductivity Z), and assum-
ing them to be due to the free carriers, we can find the
mobility i and free-electron concentration No. Meas-
urement of one of these quantities, e.g., the conductivity,
enables us to find only the product of the carrier con-
centration and their mobility, since

2 == Nyue (20)

(e is the electron charge). To find the individual quanti-
ties, one usually measures also the Hall coefficient R.
The product RZ = p gives the mobility. For our pur-
poses, measurement of ¢ is equivalent to measurement
of R.

The classical theory relates the absorption coeffi-
cient to the free-carrier concentration, the frequency v
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FIG. 37. Conductivity £ (chm™ ¢m™ ) and the absorption coeffi-
cient o (cm™ ) of NaCl as a function of temperature. O — measured:
¥ from [!5], & from °]; —— calculated [3°].

of the incident light, and the attenuation factor q (fre-
quency of collisions between electrons and lattice ions)
by means of the Drude-Zener equation:

o 2Nee2 g
T Them vi4q2

(21)

In the above, n is the refractive index, c is the velocity
of light, m is the effective electron mass (which in our
analysis will be taken as the mass of a free elec-
tron'**'), and

0~ (22)
The mobilities of the free electrons in shock-com-
pressed NaCl, calculated from the experimentally de-
termined conductivity*®? (Fig. 37) and absorption coeffi-
cient '’ (Fig. 35), are plotted in Fig. 38 against the
measured temperature ' (see Sec. 8). When the tem-
perature dependence of u is taken into account, the
above values agree well with the data obtained by other
authors (159,160] .

The dominant factor in ionic crystals is electron
scattering by optical lattice vibrations. According to
Ziman"®"' we then have

3 n? 1
n3/229/2 en13/260 (KT)“Z ?

[T (23)
where ¢ = 1/€0 — 1/€0, and €x and € are the high-fre-
quency and static dielectric constants. The function

© (T) given by (23), plotted for co = 0.259 (which corre-
sponds to €x and € at T = 300°K and P = 0), agrees
fairly well with the measured values. The agreement is
even better when ¢, = 0.2 (dot-dash line in Fig. 38).1%’
This satisfactory agreement of the calculated electron
mobilities with other authors’ findings and values calcu-
lated with (23) is evidence in favor of the mechanism **°’
whereby the light absorption in shock-compressed ionic
crystals and their conduction are caused by free elec-
trons. Their concentration (when T = 3400°K and

o = 1.7) is Ne = 10'® cm™; the attenuation parameter is
then q~ 10'* sec™.

Let us now consider the mechanism of the appear-
ance of free carriers in the conduction band. The
hypothesis'?°? that a thermal transition of the electrons
from the valence into the conduction band is made pos-
sible because the bands come closer together under
compression (narrower energy gap) does not make it
possible”‘” to describe the measured values of o and
% in shock-compressed NaCl and their temperature de-



248
pendences. According to Hamann"®?, Drickamer’s
measurements and the analytical results obtained by
Flouer and March!"®? speak against the mechanism of
narrowing of the energy ga,p[2°J . Because of this, a
model was suggested and discussed'®®? in which the
donor levels, separated by about 2.4 eV from the bottom
of the conduction band in NaCl, serve as a source of the
free electrons. The above value of 2.4 eV can be found
from the Z (1/T) dependence (see Fig. 37) if the latter
is presented as T ~ exp (- W/2kT). The required donor
density can be found from

No=Nil* (7 ) v, (24)
and if T = 3400°K and 0 = 1.7 (Ng =~ 1.3 x 10'® cm™®,
W = 2.4 eV) we get Ng ~ 1.6 x 10*® em™. This is about
10° times greater than the defect (e.g., color-center)
concentration characteristic for ionic crystals under
normal conditions. It can therefore be concluded that
the shock wave is a powerful generator of defects on
which electrons are localized. The appearance of such
a high defect concentration is quite realistic. Thus,
Van Bueren and Kanzaki calculate "%’ on the basis of
experimental data, that the density of Schottky defects
arising in ionic crystals after a 10—35% plastic deform-
ation is 10'*—10'° cm™. A number of authors (see,
e.g.!"%?) have shown that plastic deformation results in
the appearance of F-centers. The occurrence of
F-centers in shock-compressed MgO was detected by
Yager et al."™’

The above considerations lead to the following mech-
anism of the effect'®®), When a shock wave propagates
through an ionic crystal, the plastic deformation at its
front generates defects with electrons localized in them.
These defects (most likely, color centers) play the part
of donors that dissociate thermally in the shock-heated
substance, and this brings free electrons into the con-
duction band. An initially dielectric ionic crystal is thus
transformed by the shock-wave front into a semiconduc-
tor with donor levels whose density reaches 10'? cm™
~ in NaCl. The measured conductivities and absorption
coefficients in NaCl are quite well described (see Fig.
37) if Ng = 1.6 X 10" cm™ and W = 2.4 eV. In this model
of the considered phenomena, absorption by photoexcita-
tion of electrons localized in the defects should super-
impose itself on the absorption due to free carriers.
The defect density is quite high, and the contribution of
absorption by optical excitation may be appreciable.

The maximum of the photoexcitation band should be at
energies > 2.4 eV, because the optical gap is wider than
the thermal one (see, e.g.,"*®). Measurements in NaCl
(at P = 547 kbar) have shown that, when A = 4000 and
4250 A the absorption coefficients remain close to their
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values for A = 4780 and 6250 A. This means that the ab-
sorption band lies at even higher energies (hv > 3.1 eV).
If we assume that we are dealing here with F-centers,
the above is only to be expected, since under normal
conditions the maximum of the band in NaCl is at 2.7 eV.
Compression by a factor of 1.7 must, according to'¢®!
and"®’ bring about a displacement of the maximum of
the absorption band into the range of even higher ener-
gies, ~4.3 eV.

We note that the plastic deformation of a body occur-
ring at the shock front causes not only the emergence of
defects with localized electrons but also an enormous
acceleration of the phase transitions. Thus, for exam-
ple, whereas in Drickamer’s experiments"®’ the poly-
morphic transition in KCI takes several tens of seconds
under static pressure, under dynamic pressure the same
transition—as shown by the experiments of Al’tshuler
et al. 1'% _requires only 1077 sec, and even 1072 sec
when the pressure is higher. ™! A similar difference
in the transition times under dynamic™™’ and static "™’
compression has been found in the case of iron. Such
enormous differences in the times (up to 14 orders of
magnitude) are evidently due to the production of a great
number of defects which accelerate the phase transition
process[”]. This is in agreement with the ideas of
Alder!®®! who associated the reduction in the times of
polymorphic transformations under dynamic compres-
sion with shear deformations at the shock front.

IV. NONEQUILIBRIUM RADIATION OF SHOCK-COM-
PRESSED IONIC CRYSTALS

12. Nonequilibrium Radiation at Low Temperatures.
Electroluminescence of Shock-compressed Substances

While investigating experimentally the relationship
between the temperature of shock-compressed ionic
crystals and the pressure, Kirillov, Sinitsyn and this
writer found that, in a certain pressure range, the
measured light fluxes greatly exceed the values expec-
ted at such pressures when the temperatures are calcu-
lated with the Mie-Grineisen equation of state (see
Sec. 8). This effect was clearly found for LiF, NaCl,

Table III

T, °K | T, °K (experimentat)
P, kbar| (calcu
lated)

Crystal
A=0.478 p|A=0.625

Crystal

T,%|T °K (experimental)
P, kbar; (calcu-
lated) A=0.478 p|A=0.625p

NaCl 270 1 1250 2440 2270
400 | 2120 2700 2450
CsBr 205 | 1750 2850 2650

255 | 2300 3170 3000

LiF 340 | 550 2080 2020
640 { 1100 2750 2600

775 | 1420 3430 3370

1040 | 2150 3980 3920
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FIG. 39. Comparison of the experimental brightness temperature
T(a) and the spectral density of the radiation AE (b) of a shock wave
in LiF with calculations. A — experimental data for A = 0.478 u;

@ — experimental data for A = 0.625 u.

and CsBr in the pressure range in which the crystals
behind the shock front are still solid. Calculated and
measured temperatures are compared in Table II.

By experimental temperature is meant here one
found from the increased light flux, assuming that the
radiation is of the equilibrium type and follows the
Planck and Kirchhoff laws (Sec. 7). The listed
mental temperatures have, therefore, an arbitrary
character, being a measure of the recorded light fluxes.
The greatest difference was found in LiF and, more-
over, in the widest range of pressures and tempera-
tures). Figure 39 shows the T-P diagram and the den-
sity of the light flux AE in the spectral range Ax = 100 A
(Fig. 39,b). It can be seen that when the pressure is
340 kbar the measured value of AE = 7.65 x 107
Watt-cm?® exceeds the expected value by a factor of
more than 10'7, which is of course far outside any pos-
sible experimental error. The observed radiation is
certainly not thermal. In fact, the total increase of the
internal energy of LiF under shock compression at
340 kbar is 1.5 x 10" erg/g, and nearly half of it (about
0.65 x 10" erg/g) is spent in overcoming elastic repul-
sion forces. If it is assumed that the temperature
T = 2080°K corresponds to thermal radiation, then the
energy required to heat LiF to this value would be
ET® 4 x 10" erg/g, which is five times as much as the
energy supplied in shock compression. It follows from
Fig. 39,b that in the entire investigated range of pres-
sures, between 0.34 and 1.04 Mbar in the case of LiF,
and at the pressures indicated in Table III for NaCl and
CsBr, the luminescence of shock-compressed ionic
crystals is of nonequilibrium character. A similar
effect was apparently discovered by other workers
who studied crystalline quartz shock-compressed along
one of its axes, x, normal to the optical axis z. In the
shock-compression of fused quartz with pressures of
65, 120 and 265 kbar, and of crystalline quartz along the
z and y axes, Brooks"™? observed luminescence spread-
ing from the specimen’s periphery toward its center
(Fig. 40), which he associated with triboluminescence.

It is apparently caused by discharges in cracks that re-
sult from lateral unstressing ®3 of the shock-compressed
quartz. In our case we have a different type of lumines-
cence, for the experiments were carried out in such a
way that, as the shock wave traveled through the crystal
up to its free surface, the observations were made be-
hind the region not affected by the lateral unstressing.
Our data are similar, at least qualitatively, to the re-
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FIG. 40. Picture of tri-
boluminescence in shock-
compressed quartz at four
consecutive instants, accord-
ing to Brooks ['72]. The in-
terval between the photo-
graphs is [.2 psec.

sults Brooks obtained in crystalline quartz shock-com-
pressed along the x axis, when luminescence starts at
once in the entire cross-section of the specimen. This
luminescence Brooks’*! regarded as electrolumines-
cence, due either to breakdown of the dielectric or to
ionization of NaCl impurities by the electric field gener-
ated by the shock wave. The generation of a high-inten-
sity field under shock-compression in quartz h72,32- 3“,
ionic crystals ®*%! and other dielectrics'*®*! is sup-
ported by studies in which the appearance of electric
current in an external circuit containing no sources of
emf was observed. At the same time, according to'?®’
(see Sec. 11), donor levels with localized electrons ap-
pear at the shock front in dielectrics because of plastic
deformation. It is therefore })ossible to disregard the
impurities, which Brooks "™’ regarded as potential
sources of electrons. The combination of a sufficiently
strong field (~10° V/cm) with donor levels acting as
electron sources is quite sufficient for carriers to be
injected into the conduction band, and to be accelerated
there up to optical energies. In this process the elec-
trons have a higher temperature than the lattice. The
luminescence is of Planck character, as attested by the
weak wavelength dependence of the brightness tempera-
ture between 4000 and 6250 A (Table III). It would be
premature to attempt at present a quantitative evalua-
tion of this phenomenon, if only because the mechanism
of field generation in shock-compressed dielectrics is
still far from clear, and the characteristics of this field
are not known either. The theory of this problem is only
now being developed "'7*>'"*7,

The observed luminescence can, under certain condi-
tions, be used to produce coherent radiation. According
to “75], states with negative temperature may arise when
an electric field is switched off very rapidly. With in-
creasing lattice temperature the effects of polarization
disappear '*®’ which indicates a lowering of the field
strength, and perhaps its disappearance. On the other
hand, the brightness temperature of the luminescence
becomes lower than the brightness of thermal radiation.
As a result, its effect on the temperatures measured

n"®! (see Sec. 8) rapidly disappears with increasing
brlghtness

13. Nonequilibrium Radiation at High Temperatures.
Electronic Screening of the Radiation.

A logical continuation of the studies begun in'*®’

(cf. Sec. 8) was a move into the pressure range of up to
several Mbar, at which the temperatures of shock-
compressed alkali halides should reach 1—-5 eV. At such
temperatures the effect of electrons thrown over from
the valence into the conduction band should become
noticeable, especially in a crystal like CsBr, which has
the smallest energy gap (~6 eV). An experimental in-
vestigation carried out by Sinitsyn, Kuryapin, and this
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writer yielded a result that was paradoxical at first
sight (for details see™’®). The brightness temperature
measured in CsBr at P = 5 Mbar was found to be about
0.5 eV, as against around 6 eV expected from the calcu-
lations (Fig. 41). Saturation of the brightness tempera-
ture, beginning at a certain pressure, was observed in
NaCl (Fig. 42), and also in KC1 and KBr. A characteris-
tic feature of all these crystals is that the measured
temperature is the same as the calculated value up to
T~ (6—7) x 10° °K, after which the brightness tempera-
ture deviates from the calculated value, saturates, and
even becomes lower (in the case of CsBr) as the pres-
sure increases further. In the case of LiF the bright-
ness temperatures are close to the calculated values in
the entire range of pressures up to 5 Mbar and tempera-
tures up to about 20 x 10° °K. Summing up the results
obtained for five ionic crystals, we can say that the dif-
ference between the brightness temperatures and the
calculated values increases as the energy gap becomes
narrower. Calculations have shown that allowance for
the contribution of thermally excited electrons to the
specific heat 17) 4oes not produce any great shift of the
adiabat in the T-P plane, so that this cannot even begin
to account for the measured results. Direct measure-
ment of the reflectivity of the shock front, carried out
by the method described in Sec. 1, has shown that the
above difference between the measured and calculated
temperatures is not caused by a high reflectivity and
correspondingly small emissivity of shock-compressed
matter. Thus, the measured reflection coefficient in
CsBr at P = 1.12 Mbar was R = 4—5%, while to account
for the discussed difference in temperatures it would
have to be about 60%. With P = 5 Mbar, the necessary
value is R~ 99%, whereas its measured value was <7%.
A similar contradiction was also found in other crystals.

The above effect was explained both qualitatively and
quantitatively by Zel’dovich, who called attention to the
need for taking into account the kinetics of the process
in which thermodynamic equilibrium is established be-
tween electrons and the lattice.

When a shock wave propagates in a material, the en-
ergy supplied to the latter is used up in overcoming
elastic interaction forces and in heating the lattice.
Since the relaxation times of phonon-phonon interactions
are 1072—10"" sec, the phonon equilibrium temperature
® is established in this period of time, i.e., in a thick-
ness on the order of 10° cm. The increase in the elec-
tron energy due to electron-phonon interactions causes
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FIG. 42. Brightness temperature of the shock front in NaCl as a
function of pressure. [All designations as in Figure 41].

some electrons to acquire an energy more than double
the width of the energy gap. These electrons, having
surrendered their energy and passed to the bottom of
the conduction band, are capable of ionizing the valence-
band electrons and pushing them into the conduction
band. This process—shock ionization—increases the
concentration of the free electrons. As the electrons
absorb energy from the lattice and heat up, the number
of hot electrons increases (Fig. 43,b). At this stage
(region II in Figs. 43, a and b), the electron tempera-
ture does not rise, since all the energy drawn by elec-
trons from the lattice is spent in increasing the number
of free electrons by ionization. When the electron con-
centrations have reached the level at which recombina-
tion of the conduction electrons with the holes (2¢” + €’
= ¢") plays a part comparable to that of ionization, the
third stage (region III) begins, in which the rate of the
increase in the electron concentration is reduced and
the energy taken up by electrons from the lattice is
spent in raising their temperature. As a result, the
electrons reach a state of thermodynamic equilibrium
with the lattice (region IV). We are mainly interested
in region III, in which the electron temperature has not
yet reached the level of the lattice temperature but the
electron concentration is already so great that light ab-
sorption takes place in a layer thinner than the layer in
which equilibrium between electrons and the lattice is
reached. In this case we observe a light flux emitted by
a certain layer A (cf. Fig. 43,a) in which the tempera-
ture is still below the equilibrium level, causing the
measured temperature to deviate from its true value.
That is the qualitative picture of the phenomenon.
Calculations (for details see™®’ for CsBr com-
pressed by a shock wave with an amplitude of 5 Mbar
have shown that by the time t & 4 x 107° sec the free

Z, sec

FIG. 43. Qualitative picture of the temperature distribution of the
free electrons (a) and their concentration (b) behind the shock front
(ordinate). The regions I-IV are defined in the text.
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FIG. 44. The rise in the radiation brightness of the shock front in
NaCl at P = 465 kbar and © = 0.224 ¢V. —— measured (see oscillogram
at the top); — — calculated.

electron concentration reaches N = 10°° cm™. Further
fast rise of N makes the absorption coefficient o higher,
and the source of the radiation is then a thin layer
lagging behind the shock front by about 4 x 107° sec.

The luminescence of the deeper-lying layers, where the
electron temperature reaches its equilibrium value
fairly rapidly (in At =~ 107° sec), is screened by the
forelying layers with T < ®. The effective temperature
is about one-fifth the lattice temperature. The effective
temperatures are somewhat higher in NaCl than in CsBr
owing to the wider energy gap. Both the measured and
the calculated effective temperatures deviate least from
the equilibrium value in the case of LiF, even at

P = 5 Mbar, the reason being that the energy gap is
relatively wide and @ is relatively low. These two fac-
tors cause a lower density of the free electrons, and
consequently a lower degree of screening.

The described mechanism of the phenomenon also
explains the low reflectivity at the shock front, in spite
of the high electron concentration, 10** cm™, which is
comparable to the free-electron concentration in metals.
Even in CsBr, where N is highest, the increase of the
free-electron concentration from N = 10*® cm™, where
it does not affect the reflectivity, to N = 10%** cm™ takes
only 1.4 x 107° sec, i.e., it occurs within a layer approxi-
mately 1.4 x 10™ cm thick, while reflection of the inci-
dent light requires a small thickness A < 107° ¢m. In
other cases the electron-density gradient is even
smaller, so that even the light reflection method, with
its high sensitivity to the density gradients, does not
make it possible to detect an increase in the free-elec-
tron concentration at the shock front.

In conclusion, let us now return to the ‘‘low’’-tem-
perature region and check the effect of taking into ac-
count the kinetics of free-electron generation on the
conclusions arrived at in Sec. 11 regarding the absorp-
tion and conduction in shock-compressed dielectrics.
An analysis carried out for this case, allowing for the
fact that the number of electron sources is limited by
the donor concentration, has shown that, e.g., in the
case of CsBr with & = 0.4 eV, the concentration of free
electrons in the conduction band and their temperature
reach the equilibrium values in a time t = 107 sec.
Since Ng ~ 4 x 10" em™ and @ =~ 15 cm™, the com-
pressed substance remains sufficiently transparent and
there is no screening by the electrons. In this case the
light flux increases as the shock wave travels through
the body, beginning at the instant when thermodynamic
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equilibrium is established, according to the relation,

! (25)

fmax

=1—exp(—al),

[f is the light flux radiated by the front (I = (D — u)t],
which is identical with that considered in Sec. 10.

The only necessary refinement of the picture given
in Sec. 10 pertains to the time periods before the elec-
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remains transparent, and no radiation can be observed.
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its rate of increase coincides with (25) for « = const.
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