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The phenomena accompanying shock polarization of linear dielectrics and depolarization of nonlinear
dielectrics are considered. It is established that the appearance of an emf on the front of a shock wave is a
characteristic of a large class of substances, such as linear and nonlinear dielectrics, semiconductors, and
metals. It is shown that the emf produced by shock compression of ionic crystals, polar dielectrics,
semiconductors, and a number of metals is due to shock polarization. Diffusion of carriers from the front
of a shock wave is observed in shock-compressed bismuth, europium, and aluminum. Shock compression of
polarization nonlinear dielectrics leads to a stronger effect, namely to the onset of a depolarization emf.
The presented phenomenological description of shock polarization is in good agreement with experiment.
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1. INTRODUCTION

A. V. Stepanov seems to be the first to call attention
to the fact that deformation of ionic crystals gives rise
to a potential difference between the surfaces of the de-
formed samples (the Stepanov effect).C1] Caffin and
Goodfellow,C2] Fischbach and Nowick,t3:l and Kiss and
Urusovskaya, [ 4 l 5 ] who investigated this effect in ionic
crystals, showed that the potential appears both at
stresses below the yield point and during the course of
plastic deformation of the crystals, and is caused by the
motion of charged dislocations. The sign and the ampli-
tude of the potential depend, in particular, on the con-
centration and type of impurities, on the rate of defor-
mation, and on the sample temperature. Gul' et al.C6:

and Novikov et al.:7] have observed electric charges
produced when polymethylmethacrylate is compressed.
They have shown that appearance of the charges is con-
nected with orientation of the polar molecules during the
course of the deformation, and that the time variation of
the polarization is determined by the disorientation of
the molecules and by the conductivity of the deformed
samples. In the studies cited above, the charges were
registered with an electrometer. A charge of 10"10-10"8

C/cm2 flowed in the measuring circuit during character-
istic time intervals on the order of several seconds.

A similar effect, namely the appearance of a potential
difference in deformed samples of non-piezoelectric ma-
terials, takes place when these materials are dynamical-
ly loaded. It appears that this phenomenon was first re-
vealed in electric induced noise, such as in the so-called
"cable effect"[25]—the emf that appears in electric cir-
cuits subjected to shock loading. Eichelberger and
Hauverte3 have observed that the motion of a shock wave
(SW) between the electrodes of a capacitor filled with a

polar dielectric is accompanied by the appearance of an
emf in the external circuit containing such a capacitor
(see Fig. 5). Since there are no external emf sources
in the circuit, and the resultant emf does not depend on
the material of the capacitor electrodes, the effect can
be attributed to volume polarization of the dielectric be-
hind the SW front.

The described phenomenon, which is called "shock
polarization" in the literature, was registered by us to-
gether with Novitskii, Lisitsyn, Yanov, and BezrukovC9]

and independently by Linde, Murri, and DoranC101 in an-
other class of dielectrics—ionic crystals. This effect
was later observed by us and our co-workers c l l ] and by
Jones et al.llZi in shock compression of doped semicon-
ductors (silicon and germanium). Simultaneously, prin-
cipally in the USA, investigations were made of the be-
havior of polarized polycrystalline ferroelectricsC133 and
piezoelectricsc l 4 : in SW. It was established that the
main cause of the emf in ferroelectrics is partial or total
loss of the ferroelectric properties, i. e., their depolar-
ization in the SW. On the other hand, the shock-polar-
ization effect in these materials is small, albeit compa-
rable with the polarization of linear dielectrics. Accord-
ing toC 8 ], the mechanism that causes polarization of po-
lar dielectrics is the orientation of the polar molecules
along the direction of motion of the SW front. The mol-
ecules are rotated by the pressure gradient on the SW
front if one end of the molecular dipole has a larger
mass than the other. This oriented state of the mole-
cules is in thermodynamic disequilibrium. In the course
of time, the thermal motion of the molecules behind the
SW front upsets the oriented state, and as a consequence
decreases (relaxes) the polarization. The distinguishing
feature of shock polarization is that in the case when the
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dielectric behind the SW front turns into a conductor the
decrease of the polarization behind the SW front can be
due not only to the disorientation of the polar molecules,
but also to the screening of the polarization field by the
carrier field.

Let us estimate the magnitude of the polarization be-
hind the SW front in polymethylmethacrylate, in which
shock polarization was first observed. We assume that
the SW orients all the polar monomer links of the mole-
cule of this substance along the direction of the SW front
motion.C83 For polymethylmethacrylate, with molecular
weight 105 g, the number of monomer links per cm3 is
7V=6xlO21 cm"3. In this case the polarization is Ρ=Νμ
= 3x 10"6 C/cm2, where μ = 1. 7 Debye units is the effec-
tive dipole moment of the monomer link of the poly-
methylmethacrylate molecule. Experiment has shown
that at a pressure of 200 kbar on the SW front the polar-
ization of polymethylmethacrylate amounts to P= 2x 10"7

C/cm2.

Electric signals of non-thermoelectric nature were
observed following shock compression of metals and
semimetals.c l 5·1 6 3 in a number of cases these signals
were due to the screening, by the free carriers, of the
perturbations produced by the SW in the metal lattice.

Shock polarization has by now served as the basis for
the development of dynamic-pressure transducers, c l 7 ~ l 9 ]

transducers for the registration of the instants of the
passage of an SW front through specified planes (time
markers)1', : 2 0 ~ 2 3 ] and explosive sources of electric en-
ergy. : 2 4 ] The results of the investigation of shock po-
larization of materials explain in a number of cases the
sources of the electric static in weak-current measure-
ments (e.g., the "cable effect") and make it possible to
develop measuring systems that operate reliably under
explosive conditions. The results of the investigations
of shock polarization permit a better understanding of
the non-equilibrium processes that distinguish dynamic
loading from static loading. Polarization experiments
have yielded information on certain physical properties
of shock-compressed substances. Investigations of the
emf produced by shock compression permit a new inter-
pretation of such effects as the appearance of charges
and of luminescence in the case of fracture of materials,
and electrification by friction.

In this paper we analyze the phenomenological theories
of the onset of emf following shock compression of linear
and nonlinear dielectrics, and review the experimental
work done up to 1975. We discuss the difficulties aris-
ing in the phenomenological description and in the physi-
cal interpretation of the observed phenomena.

2. PHENOMENOLOGY OF SHOCK POLARIZATION OF
LINEAR DIELECTRICS AND DEPOLARIZATION OF
NONLINEAR DIELECTRICS

A. Linear dielectrics

The passage of a substance through a shock wave front
is accompanied by a jumplike change in its thermody-

namic parameters with a simultaneous jump in the en-
tropy. In such a transition the compression of sub-
stances having strength and viscosity is not hydrostatic,
so that the state of the substance behind the shock wave
front is described by a stress tensor with principal
stresses that differ by an amount equal to the Hugoniot
yield point (~0.1-100 kbar).

It is logical to assume that the anisotropy of the
stresses produced in a shock wave can lead to anisotropy
of the physical characteristics of the substance, for ex-
ample to a disturbance in the spatial distribution of the
charges—shock polarization. Since the polarization
state is not in thermodynamic equilibrium, it is obvious
that the polarization decays completely with time (after
the equilibrium is established in the shock-compressed
substance).

The first attempts to describe phenomenologically the
effect of shock polarization were made by Ivanov and
Novitskiici20] and by Allison.[26] In c l 2 0 ] they postulated
the existence of a double layer on the SW front, and
solved the problem of the current flowing in the circuit
(see Fig. 5) when this layer moves with the shock wave.
Cases were considered when the medium behind the
shock wave front remained a dielectric or was converted
into a good conductor. Allison1·26-1 proposed that the re-
laxation of the shock polarization p(t) is described by an
exponential law with a characteristic time τ:

Ρ(/) = / ν χ ρ ( - ± ) , (2.1)

where P o is the jump of the polarization on the shock
wave front. It is easily seen that formula (2.1) can be
obtained by assuming that each volume element relaxes
independently and that dP(t) ~ - P(t)dt at each instant of
time. In (2.1), τ is the time of the thermal or of the
mechanical relaxation. The presence of free carriers
behind the shock wave front leads to neutralization of
the polarized volumes of the substance (dipoles). This
last process is customarily called conductivity relaxa-
tion. This type of relaxation was considered in detail
by Zel'dovich.C27] The characteristic time of the pro-
cess, in cgs esu, is Θ2 = ρ2ε2/47Γ where p2 and ε2 are the
bulk resistivity and dielectric constants of the substance
behind the shock-wave front.2)

The phenomenology of shock polarization, developed
in the papers of Allison. :26], Zel'dovich,ί2ΊΊ Ivanov,
Lisitsyn, and NovitskiiC281 and Zaidel'C29] postulates po-
larization of an isotropic dielectric on the front of a
plane shock wave.

Allison considered a non-conducting dielectric placed
between the electrodes of a short-circuited capacitor.
It was assumed that the dielectric constant and the po-
larization of the dielectric change jumpwise on the
shock-wave front. Thus, in this theory the polarization
current density is j =f(P0,vt> τ, t), where n=ae 2 /e l and
σ is the compression of the substance on the shock-wave
front.

"Transducers for the registration of the instants of the passage
of a shock wave front through specified planes.

2)The subscripts 1 and 2 will henceforth label the parameters of
the substance ahead and behind the shock-wave front, respec-
tively .
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FIG. 1. Calculated plots of the polarization currents j / ; 0

=/(i/T). E 8 ] The values of the parameters κ, τ/Γ, and θ2/τ
are respectively: 1—1.5;»;«; 2—1.0;°°;°°; 3—2.0; 1.0; 1.0;
4-2.0;5.0;0.2; 5-0.9;2.0;2.0; 6—1.0; 1.0; 1.0; 7-2.0;5.0;
0.05; 8-1.0;5.0;0.05; 9-2.0; 0. 05;0.5.

Zel'dovich assumed τ = °°, p1 = °°, e1 = e 2 a n d a = l ,

while p2 could take on any constant value.

In the solution of Ivanov et al. it was assumed that the
decay of the polarization of the shock-compressed di-
electric is due to both mechanical and conductivity re-
laxation. It was assumed for simplicity that p t = °°. No
limitations were imposed on σ and ε2, while p2 could as-
sume any constant value. The dependence of the density
of the polarization current j in the short-circuited cir-
cuit on Po, κ, θ2, τ, and t was determined.

The initial current-density jump at t= to = 0 is inde-
pendent of the relaxation processes and is connected
with Po by the expression

Jo xT · (2.2)

where T=l/D is the time of motion of the shock wave
front through a sample of thickness Z, and D is the ve-
locity of the shock wave front.

Typical plots of j(i) for certain combinations of pa-
rameters are shown in Fig. 1, from which it follows
that if τ and (?2 are noticeably shorter than T, then a dip
is produced on the j(i) curve, and a current peak is ob-
served at the beginning of the plot. The width of this
peak is close to the shortest relaxation time (τ or θ2).

Zaidel' considered the case of an arbitrary load and
imposed no restrictions whatever on the variation of
Pit); a jumplike change of ε and ρ was assumed, as be-
fore, and their values ahead and behind the shock wave
front were assumed to be constant. The obtained differ-
ential equation contains, as particular cases, the equa-

tions that lead to the solutions of128"283 and make it pos-

sible in principle, by using a computer, to obtain Pit),

θζ, and κ from the experimental plots of j(t).

Thus, the sequence of studies" 2 0 · 2 8- 2 9 3 deals with more
and more general phenomenological models of shock
polarization. This is illustrated by Table I.

Problems dealing with the polarization current in a
circuit (henceforth referred to as the polarization trans-
ducer, see Fig. 5), with a capacitive load were solved
for two polarization mechanisms by Lisitsyn et al.C31]

Let us stop to discuss some consequences of the con-
sidered theories:

1) Within the framework of the theory ofC263, Yaku-
shev et al.C303 have derived an expression for the relaxa-
tion current density at t> Τ under the assumption that at
t< Τ the sample moves as a unit

jp(i) = _-?»-£l_exp (_-L)1exp ( _-L) . (2. 3)

Somewhat later, Lisitsyn et al.C31] have shown that al-
lowance for the conductivity of the substance behind the
shock wave front does not change the result for a shorted
circuit. Thus, the relaxation current in the shorted cir-
cuit of a polarization transducer is determined only by
the relaxation time τ. The relaxation current flows op-
posite to the polarization current.

2) Hauver,C32] analyzing the circuit of Fig. 5 with a
constant voltage source E, and assuming that the dielec-
tric polarization (which is independent of E) is described
by Allison's solution, has demonstrated the possibility
of experimentally determining ε2. The expression ob-
tained by him for the dielectric constant behind the
shock wave front is

, , _ „ - . Γ ί % ζ 2 + ε ι-|, (2.4)

where ε ο=8.85xlO' 1 2 F/m is the dielectric constant of
vacuum, Q s = Jo* jE(i)<ii (jE is the density of the polariza-
tion current in the experiment with the Ε source turned
off), Q=Slj(t)dt, and Q and Ε are in international-sys-
tem units;

3) The fundamental differential equation1291 in the case
when

θ, ~ Θ2Ι κ~ Ι, θ, <«ι<Γ, (2.5)

takes the form1 3 3 1

KTt,i^- = P(t), (2.6)

*Ttlk® = P(t)-P(t-T), (2.7)

where^ is the time required for the electric signal to

TABLE I. Some initial premises of the phenomenological

Theory of

Allison"63

Zel'dovich12"
Ivanov et al.Lwl

Zaidel' t 2 9 ]

τ

Arbitrary
GO

Arbitrary
II

h
OO

Arbitrary
If

II

κ

Arbitrary
1
Arbitrary

11

theories.

«1

OO

OO

OO

Arbitrary

Load

0
0
0
Arbitrary
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t/T '

FIG. 2. Calculated plots of the polarization currents i/i0

=f(t/T).im The values of the parameters Τ/η and Τ/τ are re-
spectively: 1—1; 1; 2—1;0; 3—10;0; 4— 0.1;0; 5— °°;1; 6—°°;
10,· 7 - « ; 0 . 1 .

the shock wave front, c) tl= e2 and p1 = p 2 = o o

) d) the
piezoelectric polarization depends only on the applied
pressure P=kp. It was shown that at ta $ t ζ Τ the cur-
rent i(t) in the shorted circuit is proportional to the
pressure p(t) at the boundary between the screen and the
piezoelectric:

(2. 9)

where k is the piezomodulus.

Graham'39·1 considered the phenomenology of the po-
larization of the piezoelectric under conditions of a
short shock.

become established in the measuring circuit.

We shall show later on that the conditions (2. 5) are
realized, in particular, in shock compression of semi-
conductors.

Thus, for substances having good conductivity on both
sides of the shock-wave front, in contrast to dielectrics,
p(t) can be obtained from j(<). Even though Eq. (2. 6) is
valid only at t^» Bu it makes it possible nevertheless to
estimate the value of Pit) close to i= t0, since Θ1« Τ. If
it is assumed that a jump of polarization takes place on
the shock-wave front, then, in contrast to dielectrics,
for which j o = Po/-*.T, for substances with good conduc-
tivity, other conditions being equal, the jump of j 0 turns
out to be smaller by a factor t1/6l. In terms of the equiv-
alent electric circuit, the appearance of the factor tj6x

= R/pJ can be attributed to the shunting influence of the
sample resistance. It is shown in t 3 3 ] that in this case
the polarization current i(t) does not depend on the area
of the investigated sample. In the more general case"·333

the form assumed for P(t) is

? ( ( ! = ? txpl -) Γ 1 ΐ'χρ ( — VI (2 8)

The factor exp(- t/τ) is a consequence of the physical-
ly plausible assumption that the process of the mechani-
cal depolarization per unit volume of substance is de-
termined by the time that this volume spends behind the
shock-wave front. [ 2 β 1 The second factor 1 - exp(- t/η)
reflects the process of establishment of the polarization
(an exponential increase of P(t) is assumed). The plots
of the polarization (0 ^ t $ T) and relaxation (T $ t ζ 2Τ)
currents calculated from (2. 6) and (2. 7), with (2. 8) tak-
en into account for different values of τ and η, are shown
in Fig. 2. We note that if the polarization on the SW
front reaches its maximum value within a time t<tu

then a jump of the current i will be observed at the in-
stant t= T, and the sign of the relaxation current will
then be the opposite of the polarization current. If η~ Τ,
then the polarization current and the relaxation current
have the same sign.

The phenomenology of the polarization of piezoelec-
trics (particularly of quartz) in elastic waves was con-
sidered by Anderson, : l 7 ] Jones et al.,C3e] and Graham
et al.ί3Ί1 The following was assumed: a) the deforma-
tion of the piezoelectric is homogeneous, b) the electric
fields produced as a result of the piezoelectric effect
have only one component—in the direction of motion of

B. Nonlinear dielectrics

As noted in the Introduction, the appearance of an emf
following application of a shock to a nonlinear dielectric
is due mainly to domain-disorientation processes (de-
polarization) in the shock-wave front. Although the con-
tribution of the polarization remains the same as for
linear dielectrics, it turns out to be small in compari-
son with the depolarization processes.

Let us examine qualitatively the processes accompany-
ing the propagation of a shock wave along a polarized
ferroelectric sample. Figure 3 shows schematically
the distribution of the charges in a short-circuited fer-
roelectric sample prior to (a) and during the course (b)
of its shock compression. Prior to the compression, the
polarization charge on the surface of the sample was
neutralized by the free carriers in the electrodes. Nei-
ther current nor field is present in the sample. Let the
shock wave enter the sample as shown in Fig. 3b, and
let it convert the material behind the shock wave front
into the linear dielectric. In this case, an electric-po-
larization field E2 is produced behind the shock wave
front, and an opposite field El is produced ahead of the
shock wave front. This process causes part of the free
charge to flow over. The change of the fields and the
flow of the charges will continue until the shock wave
front leaves the sample. The decrease of the polariza-
tion behind the shock wave front can be the result, for
example, of a phase transition, of domain reorientation,
and/or of a decrease in the dipole moment upon com-
pression of the sample.

Thus, the pictures of the redistribution of the free
charges in nonlinear and linear dielectrics at τ»I are
quantitatively similar. The only difference is that the
material of a linear dielectric is not initially polarized,

-
-1-

SW front

FIG. 3. Distribution of the charges in a short-circuited ferro-
electric sample prior (a) and during the course (b) of its shock
compression.C343
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values of the parameters τ ' , 6'u and κ* are respectively: 1—
l;°°;0.5; 2-0 .1 ; °°;0.5; 3-0; l ;0 .5 ; 4-0;°°;2; 5 - 0 ; l ; 2 ; 6 -
0.1;=°;2; 7—0;0. l ;0 .5 ; 8—1;=°;0.5; 9—0;°°;8; 10—0;l;8; 11-
0;0.1;2; 12—1;°°;2,· 13—0;0.1;8. Top—normalized hystere-
sis loop in coordinates E{ = - (Ei/Ec) and f = -F/Ps, where
Ec is the coercive field, F' is the surface density of the bound
charges, and Ps is the spontaneous polarization.

of i{i) was taken into account inC35] for several particular
cases.

Figure 4 shows the calculated plots of i{t) in accor-
dancewith135·1 in the dimensionless coordinates / ' and
(t/τ) for a number of combinations of the parameters
τ' = τ/Τ, θ'ζ = Θζ/Τ, and κ * for the hysteresis loop
shown on the top of Fig. 4. The calculation was per-
formed for the case tx = 0, θ? = 0, P(t) = Poexp(- t/τ),
l' = i(t)T/P0S.

Stuetzert97] considered secondary dynamic pressures
that are produced ahead of a shock wave front in a piezo-
electric under the influence of fields caused by the pres-
ence of the closed circuit. It was assumed int".34-se]
that during the time that the shock wave front moves
through the piezoelectric the latter is not compressed
ahead of the shock wave front. This is valid for an open
circuit. In the case of a shorted circuit, the field in-
duced by the shock wave produces a counterfield in the
region ahead of the shock wave front. If the electro-
mechanical coupling coefficient of the material is large,
then the counterfield can cause noticeable secondary dy-
namic pressures that vary with time and influence the
shape and magnitude of the polarization current. The
solution of this problem at constant pit) leads to the fol-
lowing form of the polarization current density:

whereas the material of nonlinear dielectric is polarized
but the polarization prior to the experiment is compen-
sated by the free charges.

The phenomenology of the impact depolarization of the
nonlinear dielectrics was first considered by Halpin. i u z

The main premises of this theory are the following:

1) The shock wave converts jumpwise a nonlinear
isotropic dielectric into linear one; in this case a charge
equal to the residual polarization Po is released on the
shock wave front. 2) The plane shock wave compresses
the dielectric once. 3) The static dielectric-hysteresis
loop does not change under the conditions of the rapid
variation of Ε ahead of the shock wave front. 4) The di-
electric constant and the bulk resistivity (pt = °°) on the
shock wave front change jumpwise. 5) The vectors Po

and D are parallel. 6) The load circuit is shorted.

A more general problem was solved by Novitskii et
al.c35] They assumed, in particular, that the load cir-
cuit contains an active resistance, and that the polariza-
tion of each volume element behind the shock wave front
depends only on the time that the volume remains in the
compressed state. The solution of"53 yields, as par-
ticular cases, all the shock-polarization theories con-
sidered above for linear dielectrics in Halpin's phenom-
enology. For nonlinear dielectrics at t=to=O (shorted
circuit)1351 we have

i-Zu. (2.10)

where K* = CTF2(8.D1/8E1)21=,)> while Dt and Ex are the in-
duction and the electric field intensity. If it is assumed,
as was done by Halpin, that (aiV 8 £iWo = o > then j o = O.
The influence of the inductance of the circuit on the form

where r is the electromechanical coupling coefficient.
Thus, the depolarization current is not constant in the
shorted circuit through which a shock wave with constant
p{t) passes. For quartz we have r 2 = 0.01 (exp[r*t/T]
«1 at t= T), and for lead-zirconate-titanate systems
r2 = 0.25 and exp[r2</T]* 1. 3.C 9 7 ]

The effect exerted on i(t) by the fact that not all parts
of the SW front enter the sample simultaneously will be
considered below.

3. EXPERIMENTAL STUDIES

Experimental investigations of the emf produced upon
shock compression of substances followed three direc-
tions. In the first direction, the emf is connected with
the type of the substance (dielectric, semiconductor,
metal) and with the shock-wave parameters. The sec-
ond direction is an investigation of the dependence of the
emf on the physical characteristics of the substances
and the shock-parameters, such as the crystallographic
direction of the loading, the volume state of the impuri-
ties, etc. In the studies of the third direction, measure-
ments are made of the conductivity, dielectric constant,
and the polarization parameters of the shock-compressed
bodies.

A. Experiments

In all the investigations, electric signals produced
by shock compression of the substances were investi-
gated by using the setup illustrated in Fig. 5. The
electrode and the guard ring were made of metals whose
acoustic rigidity was close to that of the sample ma-
terial. The quantities registered in the experiment
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FIG. 5. Diagram of experimen-
tal setup. 1) Electrode, 2) guard
ring, 3) metallic screen, 4) sam-
ple; Λ =92 Ω—input resistance of
the oscilloscope, Rj—resistance
of guard ring. The arrows show
the direction of the shock wave
front motion.

were the voltage drop U(t) = i(t)R, where i(t) is the po-
larization current and R is the input resistance of the
recording unit. As a rule, u(t) is produced jumpwise at
the instant when the shock wave reaches the boundary
between the screen and the sample (t0). The instant
t = Τ at which the shock wave leaves the boundary be-
tween the sample and the electrode corresponds to a
break on the U(t) curve. It is shown in 1 8 · 4 4 · 6 8 1 that the
polarization current in dielectrics is directly propor-
tional to the electrode area. Therefore, using the guard
ring, at R = S1Rl/S, where S and St are respectively the
areas of the electrode and of the guard ring, it is pos-
sible to avoid the influence of the edge effects on
the measurement results. Usually Sl = S=l to 3
cm2, I = 0.1 to 1 cm, and Λ, = R = 92 Ω. In the case of
dielectrics and semiconductors with p2 = 103 Ω-cm, these
parameters ensure that the conditions for the circuit
to be shorted are satisfied (i t~ 10"9 sec « T). In the case
of nonlinear dielectrics, the depolarization effect in the
shock wave was investigated in a circuit with R= 1 Ω with
an adjustable value of the inductance L ~ 5-100 nH.

The geometry of the explosive devices : 4 0·4 1 ] and the
dimensions of the samples were such that the attenuation
of the plane shock wave and the influence of the lateral
relaxation during the course of the experiment could be
neglected. The time spread of the entry of the shock
wave into the sample was ^ = 0.02-0.1 Msec on an area
S= 12 cm2. The influence of the curvature of the shock
wave front on i{t) in a linear dielectric and of the tilting
of the shock wave front on i(t) in a nonlinear dielectric
is discussed in the papers of Yakushev et al. liz<i32 and
Halpin. t 3 4 3 It is shown in these papers that tf plays an
essential role in the interpretation of i(t) in the regions
τ « tf and θ2«tf. In most cases, however, r>tf.

The idea of measuring the time of mechanical relaxa-
tion of the polarization was proposed by us and our co-
workers"" and was first realized by Yakushev et al.1*"
The method was based on registering the current in the
circuit of Fig. 5 after the shock wave front leaves the
sample. The value of τ is calculated from formula
(2. 3). The method ofC44l4s: does not make it possible to
measure τ ^ tf and τ < tx. We note that if the investigated
substance becomes conducting behind the shock wave
front then the relaxation signal can become distorted as
a result of electrochemical processes on the shock-
compressed boundaries between the screen and the sam-
ple and between the sample and the electrode, : 4 3 ] as well
as because of violation of the conditions for the short-

circuiting of the circuit.

If a voltage source with calibrated amplitude and with
small internal resistance (e. g., a charged capacitor) is
connected in series with the circuit of the electrode and
the guard ring of Fig. 5, then by registering the voltage
drop u(t) across R we can obtain information on the con-
ductivity ~L\(t) of shock-compressed substances in a di-
rection normal to the shock-wave front. Such a scheme
was first described by Al'tshuler et al.C46: and discussed
in detail by Mitchell and Keeler. t 4 7 3 This scheme, with
suitable choice of the circuit parameters, was used by
us and by others' 2 3 ' 4 8 3 to register, in a single experi-
ment, the polarization and the conduction signals. The
latter is necessary to eliminate the influence of shock
polarization on results of the measurements of Zj, inas-
much as the polarization current becomes comparable
with the conduction current in a number of cases, and
may even exceed it.C 4 9 3 Electric-contact1-463 or polariza-
tion1-483 pickups were used to determine the spread in the
time of passage of the shock wave front to a given area
in the sample and in the instant of the increase of the
Zj behind the shock wave front to the level resolved by
the measuring circuit.

A system for measuring the conductivity Σ2' in the di-
rection parallel to the shock wave front was proposed by
David and Hamannt503 and by Juigneau and Thovenin.C513

The complicated geometry of the electric field in the
samples called for an exact calculation of the value of
Σ,\ by electrolytic simulation. : 5 2 3 A mathematical rela-
tion between U(t) and Σ'2' was obtained in [ 5 3 r 5 4 : for the case
of a parallel-plate capacitor in which the shock wave
propagated parallel to its electrodes.

Hauver :323 proposed two experimental methods for the
determination of ε2. The first is based on the use of
formula (2.4), and the second consists of exciting, by
means of the polarization current, an LR network con-
nected in the circuit in the circuit of Fig. 5. Yakushev
et al.C553 developed high-frequency methods of measur-
ing ε z, namely an amplitude-frequency method and a
tank-circuit method. In most cases, use was made of
the equations of state of the investigated substances as
obtained by Al'tshuler, [ 4 0 3 Van Thiel,C 5 e l and McQueen
and March.C 5 7 3

B. Experimental results

1) Linear dielectrics. Ionic crystals. Shock polar-
ization of ionic single crystals and polycrystals was in-
vestigated systematically as a function of the shock
wave amplitude (p= 5-1000 kbar), of the crystallograph-
ic loading direction ([100],[110],[lll]), of the micro-
physical characteristics of the initial samples, of the
type of lattice (LiFC 6 1·6 3 3, NaCl"· 1 0 · 4 4 · 5 8 1, NaF, KCl : l 0 l 6 0 ] ,
KBr"1 3, RbCl,KIC10·603, RbIC60:, MgOC593, Li7H, Li 6 D C 6 0 ] -
lattice of NaCl type, NaCl,CsI c l O l 6 2 3,CsBr-lattice of
CsCl type), of the degree of the ionic bond (NaCl-LiH),
of the concentration, sort, and valence of the doping im-
purities (Ca2*, Sr2*, Mn2%Mg2+, I", F") and of their vol-
ume distribution (Table II), and of the dislocation den-
sity (103-107 cm"2).

Typical oscillograms of polarization currents are
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TABLE II. Concentration of doping impurities in NaCl and LiF
samples.

Doping
impurity

Concentration
of doping
impurity,

Index of
sample

NaCl

Ca2*

5-10-3

II

5-10-2

III

5-10-'

IV

8-10-»

V

The nominally pure samples (NaCl I
mol.% of polyvalent impurities.

1-10-2

VI

i-

2-10-'

VII

F"

2-10-2

VIII

md LiF I) contain 5

Li*

3-10-2

IX

LiF

5-10-2

II

X 10" 4

shown in Fig. 6. It was established in the experiments
that the polarization current begins to flow at the instant
when the shock wave enters the sample and decreases
abruptly at the instant when the shock wave leaves the
sample. The rise time of the leading front Uti) is
TJ=* 0.02-0.10 μβεο and is governed mainly by the tilt
of the shock-wave front. It can therefore be assumed
that, accurate to 10'8 sec, the current in the circuit to
Fig. 5 is produced instantaneously, and the true value
of the current at the instant that the shock wave enters

FIG. 6. Typical oscillograms of the voltages Uti). 1-3) Ionic
crystals (l_-NaCl I, £ = 100 kbar, S = l cm2; 2-KBr, £ = 78
kbar, S = l cm2; 3-NaCl I, £ = 116 kbar, S = l cm2). 4-6) Polar
organic dielectrics 4)— polyamide resin, £=45 kbar, S = 12.5
cm2; 5) dibutylphthalate, £=100 kbar, S = 12.5 cm2; 6) TNT,
£=36 kbar, S = 12.5 cm2). 7-9) Ferroelectrics; (7—lead zir-
conate titanate TsTS-19, £=5.5 kbar, Γ/ί = 2; 8-TsTS-19,£
= 5.5 kbar, S = 1.3 cm2, T/i4 = 10; 9—LiNbO3—the arrows cor-
respond to the successive instants of entrance of the shock
wave into the sample from an iron screen with pressures 20,
110, and 190 kbar). 10-12) Semiconductors (10—KDB, pj = 0.02
Ω-cm, £=20 kbar; 11—KDB, ρ4=35Χΐ03 Ω-cm, £=40 kbar;
12—KDB, pj=7.5 Ω-cm, £=46 kbar. 13-15) Metals (13-euro-
pium, £ = 170 kbar; 14-ytterbium, £=120 kbar; 15—ytterbium,
£ = 200 kbar). Time markers 1 to 10 and 12 to 15—0.1 Msec,
11—1 Msec; sweep from left to right. Arrows—instants of en-
trance and exit of shock wave from the sample. £/-amplitude
calibration: 1-3.2V, 2, 10, 11, 12-0.15 V; 3-7.9 V, 4 , 5 -
1.5 V; 6—1.1 V; 7—9—70 V, 13-15-0.11 V.

FIG. 7. Dependence of Qo on the compression σ for NaCl II
loaded along the crystallographic directions [100] (a), [110] (b),
and [111] (c).C 6 6 ] Each point on the plot of the result of a sepa-
rate explosion experiment.

the sample can be obtained by extrapolating the plot of
i{t) to the instant t0. The results of experiments with
NaCl and KBr have shown that io = i(to)~S/T. This has
made it possible, by using expression (2.2) <?0=.;0T
= P0/M. = const at σ = const, to compare the values of Qo

in experiments with different I or S. Plots of Q0(o) for
the three principal crystallographic directions of NaCl
are shown in Fig. 7. The main results of the experi-
mental investigation of nominally pure crystals with
NaCl lattices are the following:

a) For a given crystal, Q0(a) increases monotonically
to a certain value QOmax (at σ » 1. 3), and changes ab-
ruptly in sign and magnitude at σ ~ 1.3 (the so called
Q 0(σ) anomaly9). Exceptions are LiF and MgO, where
the sign of Qo does not change when the maximum is
reached (at σ « 1. 3). We note that Θ 2 « Τ for the inves-
tigated crystals at σ > 1. 5. According to the phenomeno-
logical theories, at 0 2 « Τ the polarization signal de-
generates into two sharp peaks that occur at the instants
when the shock wave enters and leaves the sample. Ow-
ing to the limited bandwidth of the measuring circuit and
to the fact that the shock wave does not enter into the
sample instantaneously, these peaks cannot be resolved
by the apparatus. Therefore the dependence of Q0(a) in
the region of σ where Θ2« Γ is not known sufficiently
reliably.

b) In the interval σ~ 1.03-1. 3, all the investigated
crystals have a positive Qo.

c) In KC1 and KBr, reversal of the sign of i{t) was ob-
served in the course of the motion of the shock wave
front through the sample. This phenomenon takes place
only at I £ 0. 3 cm (KBr). In terms of σ, the reversal of
the polarity of i(t) in KBr precedes the Q0(a) anomaly.

d) QOmax depends on the type of crystal—the difference
can reach two orders of magnitude (MgO and Rbl). In
the case of one and the same crystal, Qama.x depends on
the loading direction. In NaCl at σ ^ 1. 3 the value of
Qo correlates with the degree of ease of the plastic defor-
mation at different loading directions, namely, the "soft"
direction [100] corresponds to Q,,[100]> Q 0 [ l l l ] . To the
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TABLE ΙΠ. Values of Qo for shock loading of
Li7H and Li6D single crystals along [100].

Crystal

<?0-108,

σ

Coul/cm1 31

Li

1.

.0

"H

31

23 8 18 .0

LiGD

1.31

24.8 21 .7

contrary, past the Q0(CT) anomaly, the maximum value
of Qo corresponds to the "hardest" direction [ i l l ] .

In contrast to NaCl, the anisotropy of the polarization
of LiF up to σ $ 1. 3 is not constant. In particular, in
the region of small σ (σ $ 1.16) we have Q 0 [ m ]
» Q0[100], i. e., under these compressions the anisot-
ropy of the polarization does not correspond to the an-
isotropy of the plasticity.

e) If NaCl is loaded along [111], the sign of Qo re-
verses once more at σ = 1.47.

Plots of Q0(a) for Csl loaded along [100], [110], and
[111] are shown in Fig. 8. Let us note the most im-
portant features of shock polarization of Csl and CsBr:
a) Qo is a complicated function of σ and of the direction
of loading. Q0rn3LT is comparable in magnitude with that
for NaCl. b) The anisotropy of the polarization changes
with increasing compression: at σ= 1. 05-1. 25 the val-
ue of Qo is larger for loading along the "hard" [100] di-
rection than for loading along the "soft" [111] direction;
at σ= 1. 25-1.4, the <?0(σ) curves are arranged in the or-
der of the hardness of the directions: Q0[100] < Q0[110]

[]

The values of Qo in Li7H and Li6D at σ= 1. 31 are listed
in Table III. If it is assumed that HL 17H=xL i 6 D, which is
quite likely in view of the similarity of the physical prop-
erties of these compounds, then it follows from Table III
that the values of Po for Li7H and Li6D are equal, apart
from the experimental scatter. Hence, taking into ac-
count the insignificant change in the cation mass and the
appreciable change in the anion mass on going from

0

SO

20 -

O\ Coul/cm1

1,2
I I

1 1

y

1 1

\

\

V I ·

\
\

-

ioCU l·"7 ' ' '> C-^ ' ' '
CsBrJ: A » v "taF;i / Μ Χ Ν
Csl' fz( d 'N-^

Rb!' -ffi , ,

8

'Λ -
ι

9

0J5 0.20

1,0
e

0.25

15

0.50 035 γ, (eV • A)"

FIG. 8. Plots of Qo against the compression σ for NaCl I loadec
along the crystallographic directions [100] (a), [HO] (b), and
[111] (c).L™

FIG. 9. Curves illustrating the connection between Qom a l and
the characteristics of the host lattice of the investigated crys-
tals: r* (curve 1), f̂  (curve 2), γ (curve 3). § Ο η ι ω is given in
coulombs/cm2.

Li7H and LieD, we can conclude that the effect does not de-
pend on the anion mass. This conclusion confirms the
constancy of Qo in the sequence KCl-KBr-KI at constant
σ, where the mass of the anion increases 3. 5 times
while the mass of the cation remains constant.

An analysis of the data on impact polarization of nomi-
nally pure ionic crystals shows that at constant σ and
constant orientation of the samples relative to the shock
wave propagation the value of <?Omai is connected with
the characteristics of the lattice under normal condi-
tions (Fig. 9): a) For compounds with NaCl-type lattice
at a given cation, <?Omax remains unchanged when the
anion is replaced, b) In the same compounds, QOm« de-
creases with increasing cation radius, c) Regardless
of the type of lattice, QO m a i decreases with decreasing
parameter y= Δε/Δ£· a, where Δε is the difference be-
tween the low-frequency and high-frequency dielectric
constants, AE is the width of the forbidden band in the
electron spectrum of the crystal, and a is the lattice
parameter.

The role of the impurities in the effect was investi-
gated by Tyunyaev et al. : e 2~6 5 ] and Wong et al.C8] It
was established that Qa of NaCl and LiF doped with di-
valent metallic impurities depends on the concentration
(c) and on the volume state. In NaCl: Ca2*, the Q0(o)
curves for different values of c are approximately equi-
distant up to σ» 1. 3 (Fig. 10). From the course of these
curves it follows that the impurity component of the po-
larization Qo

mp is due to Ca2+. The quantity Q'o
mp can be

defined as Qo

mp(c) = Q0{c) - Q?., where Q0(c) = Qo in doped

<i,-«7fCoul/cm!

0

-2.5

-5.0

-7.5 -

1.0 1.2 1Λ s

FIG. 10. Dependence of Qo on the compression σ for NaCl: Ca"
loaded along [100].c e e l 1—NaCl I, 2—NaCl II, 3—NaCl ΙΠ,
+—NaClIV.

, - — — \

Δ

+
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TABLE IV. Dielectric parameters of shock-compressed NaCl
I and NaCl III.

NaCl I

NaCl II

p, kbar:

τ, Msec

θ2, sec
τ, Msec

20

0.27
(maximum estimate)

10±3
10-8

0.18±0.09

53

0.09±0.02

0.19±0.12

100

0.08±0.03

152

0.08±0.02

NaCl, and Qo = Qo in ideally pure NaCl. Recognizing that
even in nominally pure NaCl we have c~ 5 χ 10'4 mol. %,
and on the other hand that Qo in this substance does not
depend on the volume state of the divalent metallic im-
purities, we can set Qj equal to the value of Qo of nomi-
nally pure NaCl. According toC 5 4 ], in NaCl :Ca2* the val-
ue of QJ"1" depends on the Ca2* concentration and on its
volume state in the lattice (isolated Ca2* ions, isolated
dipoles: Ca2*—cation vacancy, aggregates of dipoles).
At constant σ, an anisotropy of the impurity polarization
is observed: |Q»0|[100]>> IQ*0l[110], and |Q* | [ l l l ] = 0
accurate to within the limits of experimental error.

Experiments with NaCl crystals doped with monovalent
impurities (NaCl VII, VIII and IX), or bombarded with
γ rays (NaCl I, irradiation dose 108 rad, F-center con-
centrations not less than 1018 cm"3), and with NaCl II
crystals, in which the density of the aged dislocations
ranged from 103 cm'2 to 107 cm'2, has shown that, other
conditions being equal, these factors do not change the
form of iU) or the value of Qo. It is shown inC663 that in
NaCl I at p = 20 kbar the value of ε changes jumpwise be-
hind the shock wave front and amounts to ε2 = 10± 3. The
values of t determined for NaCl I and NaCl III are shown
in Table IV.

A review of the experimental data on the conductivity
of shock-compressed substances, including ionic crys-
tals, was written by Doran and Linde.C67] However,
most papers cited inC67) on ionic crystals, just as in [ 5 3 :,
do not contain data of importance from the point of view
of the conductivity of the ionic crystals, such as the
chemical compositions of the samples. For this reason
we shall dwell only on the results of Tyunyaev et al.C54]

Tyunyaev et al.:54] investigated the crystals NaCl II,
III, andy-irradiatedNaCUat£ = 20, 4.5, 53, 100, 116,
and 276 kbar. The results of the experiments are shown
in Fig. 11: a) A p|(i) distribution exists at p = 20-276
kbar; b) the p2(i) curves for NaCl I and NaCl II coincide
at p= 20 and 116 kbar within the limits of experimental
error; c) at p = 20-116 kbar, a 100-fold increase of the
Ca2* concentration leads (at constant p) to a decrease in
the minimum value of p2(f) by a factor of approximately
6; d) at p= 53 kbar, the conductivity is anisotropic: at
conductivity of NaCl I in the direction parallel to the
0. 5< t< 1. 5 sec, the shock wave front is higher than in
the direction normal to the front and the maximum dif-
ference reaches two orders of magnitude; e) the rate of
decrease of p2(i) is much less for NaCl I than for NaCl
II.

1.1) Polar dielectrics. Investigations were made of

polymethylmethacrylate (organic glass),C8·43·45·68-701

polystyrene, [ β 8 · 7 1 ' 7 2 ] polyethylene and o-nitroanisole,C32]

epoxy resins (their components),[71] vinyl plastic, teflon,
polyvinyl chloride plastic, lavsan polyester, capro-
lone, : 2 1 · 7 2 3 explosives ( T N T t 2 3 · 7 3 - 7 5 · 4 8 1 and hexolite"61),
and water" 1 4 3 l 7 7~ 8 0 l 8 5 ]. Some oscillograms of the sig-
nals are shown in Fig. 6. Investigations of these com-
pounds in the interval p = 20- 500 kbar have shown the
following:

a) The registered values of Qo lie in the interval from
~ 10"7 coulomb/cm2 (organic glass) to 10"u coulomb/cm2

(polypropylene); b) in a number of cases (for example
epoxy resins, polyethylene, and TNT), the Q0(a)anomaly
and the reversal of the sign of i(t) are observed; c) in
polystyrene (p = 20-170 kbar), Q0(a) is independent of the
molecular weight as the latter is increased from 70
thousand to 2 million; the maximum value Qo in toluene,
which is the initial product used to manufacture TNT,
is smaller by at least two orders of magnitude than in
TNT; d) when polystyrene is used as a filler in certain
epoxy resins (p = 20-50 kbar), oscillograms with j = 0
and with subsequent monotonic increase of j(<) are ob-
served; e) in organic glass (p= 150 kbar), the shock
wave reflected from the electrode produces at t= Τ po-
larization of the same sign as the incident shock wave;
f) in the case of shock compression of water, the magni-
tude of the signal (~ 1 V), depends on the metallic screen
material and the electrode material, and differs, for
example, by 0. 5 V for the systems Cu-H2O-Cu and
A1-H2O-A1 at p= 100 kbar. When the surface-active
sodium stearate is added to the water, the polarity of
the signal is reversed. The conductivity of the water at
p= 100 kbar is the same as the conductivity of 5JV solution
of HC1 in water at room temperature (Σ~ 1 Ω"1 cm"1).1 1 0 3 1

Yakushev et al.l3m have shown that τ=ί μεβο in or-
ganic glass (p= 100-170 kbar), and T = 0. 15 μββο in vinyl
plastic (p=l50 kbar). τ = 0.25 sec in epoxy resin (p
= 30 kbar). : 4 3 : Measurements of ε2 in nitrobenzene1·553

at pressures up to 120 kbar have shown that tz/e,1~a.

The electric conductivity of the TNT explosion prod-
ucts was measured by Brish et al.C523 When p changed
from 100 to 500 kbar, the value of Σ " of TNT increased

Ivanov et al.[23>48] ob-

p~-
υ'1

Ω-cm

\ H.

Pr

10s

Si-cm

6

_

0.5 1.0 2.0

FIG. 11. Plot of p 2 vs the time ( . [ M 1 2 ,3,5,6— NaClI; 4—
NaCl Π; 1,7—NaCl I (γ-irradiation); 1-S) $; 6,7) pj; />(kbar):
1,2,4) 20; 6,7) 4.5; 5) 276.
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TABLE V. Distance 6 (or time interval
At) over which the resistivity p\ of TNT
is ί 10 Ω-cm.

ρ, tear

17
36

190

Δί, μ sec

0.63
0.46
0.07

δ, cm

0.23
0.17
0.05

TABLE VII. Dependence of the piezomodulus
of quartz Gc-cut) on the initial temperature.

T, °K

573
373
298

79
4.2—1.5

A, Coul/cra1 kbar

1.895-10-«+1.47·10-10ρ
(2.05-t-0.1)-10"8

2.01·10-8±1.110-"ρ
2.H-10-8+5.5-10- l tp

2.32-10-8

Ref.

87
88

87, 89
87, 89

88

served experimentally a transition conduction band in
TNT in p = 17. 36 and 190 kbar (detonation pressure).
In the latter studies it was found that the final value of
P2 is < 10 Ω-cm, regardless of the shock wave pressure.
However, the distance δ (or the time interval At) from
the shock wave front at which this value of p\ is reached
increases with decreasing pressure (Table V). A dis-
tribution of p2 was observed by Zubkov et al.:81] in
PETN and in hexogene, by Dremin et al.lBZ1 in nitro-
methane by Yakushev1·433 in nitrobenzene, and by Kule-
shovaC53] in teflon. Keeler and MitchellC83] and Cham-
pion : l 0 2 : l have shown that the electric conductivity of
polyethylene and teflon behind a shock wave front (p
=* 300-500 kbar) increases by 12-14 order of magnitude.
The measured dielectric parameters of polyethylene and
o-nitroanisole are listed in Table VI.

The electric signals in nonpolar organic dielectrics
(carbon tetrachloride,C 8 4·6 9 3 benzene"2 '4 3 ]) are observed
only in the shock wave reflected from the electrode.
The amplitudes and signs of these signals depend on the
properties of the electrode metal.

KochnevC85] observed emf in shock compression of
metal—electrolyte (solutions of H2SO4 or HBr)—metal
systems. It was established that the emf depends on the
type of electrode material, on the electrolyte, on the
shock wave parameters, and varies in the interval from
1 V to - 2 V (p < 50 kbar).

Thus, the results of the investigations have shown that
the polarization of ionic crystals and of polar dielectrics
in a shock wave is approximately of the same magnitude
and is characterized by the Q0(a) anomaly and by the re-
versal of the polarity of i(t). It has been shown that po-
larization of ionic crystals in shock waves is connected
with the lattice of these compounds. However, attempts
to trace the connection between the polarization and the
macroscopic characteristics of the investigated polar
dielectrics have not succeeded.

1.2) Piezoelectrics. The most completely studied
were the properties of shock-compressed tourmaline

TABLE VI. Dielectric parameters of shock-compressed sub-
stances.

Polyethylene

o-nitroanisole 67
)

10»—102
0.01
0.01

Qo, Coul/cm:

1 0 " "
ΙΟ-8 ΙΟ-β—10-5

*The values of τ and Qo were calculated from the polarization signals
given inl 3 2 l .
"Estimated by using the data o f l 1 0 2 1 .

and quartz. It was shown that in the case of z-cut tour-
maline the electric charge Q (Coul/cm2) realized in the
external circuit is Q = 2. 85x 10'8 ρ at p< 7 kbar and Q
= 10.1 10-8+1.36· 10-Vat 7kbar</><21 kbar.C 8 6 ]

The results of investigations of the piezoelectric prop-
erties of x-cut synthetic a quartz in plane shock waves
were reported by Anderson/1 7 3 We denote, as in : l 7 J , the
quartz orientation by "+ x" in the case when the shock
wave propagates along the quartz in a direction from
the plane in which the negative charge is released to the
plane where the charge is positive. In the opposite case
the quartz orientation is designated "- χ." Experiment
has shown that for the "+x" orientation the value of Q
depends linearly on ρ in the range p= 8-25 kbar. For
the "-x" orientation, the Q(p) dependence is linear only
at 8 kbar</>< 10 kbar (the polarity effect). The piezo-
electric modulus of the "+x"-c\xt quartz is k =2.4xlO"8

Coul/cm3kbar at p< 6 kbar and k = 2.15 x 10"8 Coul/
cm2kbar at 9 kbar<£< 18 kbar.C373 The dependence of
the piezoelectric modulus of "+#"-cut quartz on the ini-
tial temperature is given in Table VII.

Anderson1·17·1 has shown that the piezoelectric modulus
of "+A:"-cut a quartz under conditions of shock loading
corresponds to the theoretical value of the piezomodulus
calculated using elasticity theory.

2) Nonlinear dielectrics. In 1957, Neilson reported
depolarization of barium titanate in shock waves. l131

Reynolds et al.C903 and Doran [ 9 1 ] found that the Hugoniot
yield point pHYP of barium titanate is equal to 25-30
kbar, and the two-wave configuration (elastic and plastic
waves) is preserved up to p~ 500 kbar. At ρ =ρΗΎΡ,
complete depolarization of the barium titanate takes
place, in which case E2~ 2e t and p^- 104 Ω-cm. t 9 2 3

Linde advanced some experimental evidence that the de-
polarization of barium titanate in shock waves is ir-
reversible. C93:l The piezomodulus of barium titanate is
larger by approximately two orders of magnitude that
the piezomodulus of quartz and amounts to k= (0. 8-1. 2)
χ 10"6 Coul/cm2kbar.C94]

Neilsoncl33 has observed that samples of the polarized
lead-zirconate-titanate (LZT) system become depolar-
ized in shock waves. The investigations of Reynolds
et al.C90] and of Novitskii et al.C95] have shown that the
Hugoniot yield point of LZT 52/48 (LZT-19)3' is pHYP

= 19-20 kbar. An increase of the lead zirconate con-
tent in the investigated system to 95 mol. % (LZT 95/5)
increases the Hugonoit yield point to pHYP=40 kbar. t 9 1 ]

3)LZT 52/48 is a solid solution consisting of 52 mol.% lead
zirconate and 48 mol.% lead titanate.
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FIG. 12. Dependence of the realized charge Q and of the in-
ternal resistance of LZT-19 on the pressure in the shock-wave
front.C95] L (nH): 1-50-100, 2 - i 3 , 1=1.5 mm; R=l Ω (for
curves 1 and 2).

The two-wave configuration (elastic and plastic waves)
exists for LZT 52/48 up to p » 200-220 kbar and for
LZT 95/5 up to p ~ 140 kbar. Complete depolarization
of LTZ takes place at p=pHYP.

 [ 9 0 · 9 1 · 9 5 : The dependence
of the realized charge in the circuit on the pressure in
the shock wave front Q(p) for LZT-19 is shown in Fig.
12. At P>PHYP the value of Q decreases; the smallest
value of Q is observed at a pressure sufficient to com-
press the ceramic to crystal density. The value of Q
then increases, and reaches a maximum at /> = 150 kbar.
This is followed by a decrease of Q. These data were
obtained with LZT samples with orientation "+" (analogy
with quartz). The charge realized on samples with
orientation "+" (prepared by the hot-pressing technolo-
gy), other conditions being equal, is less than for sam-
ples with orientation " - . " The internal resistance of a
shock-compressed LZT-19 sample of 15 mm diameter
and 1. 5 mm thickness lies in the interval from 75 to
150 Ω at p= 50-150 kbar (Fig. 12). [ 9 5 ] The function
Q(p) for LZT 52/48 is linear in the interval/>=* 1-10
kbar. The piezomodulus in this case is k= 3xl0"6 Coul/
cnAbar.C 9 0 3 Investigations"0·963 have shown that the
piezomodulus of LZT 52/48 depends on the pressure
rise time. Thus, for example, Q= 8xlO"6 Coul/cm2,
is produced at a pressure 3 kbar in the shock wave, but
when the same pressure is applied with a rise time 3
μ sec the result is Q=25xl0' 6 Coul/cm2. Under static
conditions, Q ̂  28 χ 10'6 Coul/cm2. These data indicate
that at a pressure ~ 3 kbar the relaxation time of the de-
polarization (of the domain processes) of the American
piezoceramic LZT 52/48 is of the order of millisec-
onds. [ 9 0 3 The results of similar investigations by
Khokhlov, Luchinin, and ourselves have shown that in
the pressure range 0.003-0. 48 kbar and at a pressure
rise time 0 . 1 - 25 000 μββο, the most pronounced relaxa-
tion time of the Soviet piezoceramic LZT-19 amounts to
~ 40

For a correct determination of the time dependence of
the depolarization current i(t), the parameters of the
measurement circuit must satisfy the condition Τ/tx» 1,
where t^ = 2L/R is the time needed to reach the steady
state and L is the inductance of the measurement circuit.
As shown by Novitskii et al. , c 9 5 3 this condition was not
satisfied in" 4 5 in the investigation of the depolarization

of the piezoceramic LZT 52/48 in a shock wave. It is
shown in t 9 5 ] that at T/tx =* 10-100 a current jump i0 is
registered on the iti) oscillograms at f = i0. At T/tt» 1,
a condition that prevailed in1341, the iit) curves were
bell-shaped. We note that at p<pHTP, regardless of the
value of tu the maximum values of iit) lie at to< t< T,
whereas in linear dielectrics the maximum of iit) occurs
either at t= t0 or at <= Τ.

The residual polarization of the ferroelectric samples
preserved after the experiments, according to Linde, t933

is 30%, 70%, and 0% of Po, respectively, for LZT
52/48 (/> = 9. 5 kbar), LZT 95/5 (p = 11. 5 kbar), and
BaTiO3 (18 kbar). Assuming that the rarefaction wave
does not influence the depolarization process, Linde has
concluded that the depolarization of the investigated sys-
tems is due to reorientation of the domains.

The electric signals from unpolarized LZT-19 sam-
ples have a form characteristic of linear dielectrics. In
this case Q* 10"8 Coul/cm2.

Novitskii et al.C98] investigated the depolarization of
the single-crystal ferroelectrics BaTiO3, PbTiO3, and
LiNbO3 after double compression in a shock wave (elas-
tic waves from steel with p= 12-20 kbar). It was es-
tablished that: a) with increasing ferroelectric rigidity
of the crystals, their depolarization decreases: Q
~0.1PO (2.6 μ€ο\Λ/θΆΖ) for BaTiO3, Q< 10" 3P 0 (0.07
Coul/cm2) for PbTiO3 and LiNbO3; b) when PbTiO3 and
LiNbO3 are compressed by a second shock wave from
steel with p= 110 kbar, a charge Q~ Po is delivered to
the external circuit.

Thus, experiments with nonlinear dielectrics have
shown that under certain conditions an electric charge
equal to the initial polarization of these substances is
delivered to the external circuit. In particular, for
LZT systems, complete depolarization takes place
irreversibly at ρ = ρΗΥΡ.

3) Semiconductors. Electric signals produced by
shock loading of single-crystals of p-Si (with boron con-
tent AT=6xl0 1 8-5xl0u cm" 3 )" 3 · 1 0 0 · 1 0 1 3 and of «-Si (with
phosphorus content N=2xlO 1 4 cm' 3 )" 3 3 were investigated.
The shock waves (p= 5, 10, 40, and 200 kbar) were ap-
plied to the samples along [111].C333 The Hugoniot yield
point of p-Si with N= 5x 1011 cm"3 along [111], is pHYP

= 50 kbar at I = 10 mm and />HYP= 76 kbar at 1 = 1 mm. Os-
cillograms of the voltage drop Uit) across the input re-
sistance of the oscilloscope are shown in Fig. 6. Cer-
tain parameters of the initial samples and the values of
P0=P(t0), calculated from formula (2.6) under the as-
sumption that Ej^E,, are given in Table VIII. The de-
pendence of the voltage Uo at t= t0 for certain p-Si sam-
ples on the compression on the shock-wave front is
shown in Fig. 13. Since4' R»pJ/S, it follows that uit)
is equal to the emf produced in the shock-compressed
samples.

An analysis of the experimental data on p-Si has shown
the following: a) In contrast to the polarization signals

4 )It is shown in t l 0 4 ] that pj« p2 in the case of semiconductors
that are compressed by weak shock waves.
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TABLE VIII. Bulk resistivity (pj) and number of impurity
atoms in the initial samples (Jv), experimental (Po) and calcu-
lated tP) values of the polarization, the field strength (E), and
the thickness of the double layer (Δ) in shock-compressed sam-
ples at ρ = 40 kbar.

Si

/"-type

n-type

pi, Ω-cm

2-10"2

4.5
7.5

2-103

3.5-104

4.5
7.5

45

N, cm-3

6-10"
1·10'«
7-10'5

1 -10·3
5-10"

2-1015

9-10"
1-10'4

*The first and second values
out allowance for
tion signal.

Pn, C-cm1

2-10-
4-10-8

—3-10-8

3-10-'2
-2-10-'2
—2-10-'° ·)
—5-10 8

-5-10-8
—1-10-9

correspond

P. C-cma

5-llr '
7-10-9
IMO-9
810-»

1-10-"

2-10-9
3-Ifr»
4-lu-'°

in, V-cnT1

2-10'
4-104

3-10»
3

2

5-101

5-101

3-103

Δ, cm

2-10-8

4-10-6

6-10-6

2-10-3

3-10-=

4-10-6

6-10-6

4-10-5

to calculations with and with-
the influence of the conductivity on the polariza-

from dielectrics, the character of the plots of U(t) and
the magnitude of Uo do not depend on I (0. 2-1 cm), S (1
7 cm2), or R (93-1053 Ω); b) U(t)*0 at t>T (starting
with t=T and for approximately one microsecond the
samples were compressed as units).

c) All the u(t) plots can be approximated by a single
relation

at the following values of the constants:

ί)η«Τ, i .e . , 1 - exp(- t/r)-l and τ =0.2-0.4
p =20 and 40 kbar, P! = 4. 5-45 Ω-cm for the w-type and
ρ =20-200 kbar, p t = 4. 5 and 2xlO'2 Ω-cm for the p-
type.

2) τ » T, i. e., exp(- ί/τ)- 1 and 77 = 0.1 Msec, ρ = 200
kbar, p1 = 3. 5xl0 4 Ω-cm, p-type.

3 ) τ ? « Γ « τ , i .e . , U=U0, p = 40 or 200 kbar, Pj = 4. 5
Ω-cm, £-type.

d) For plots in the form U~ exp(- t/r) the current in
the circuit at t> T, is directed opposite to the current at
t< T. In the remaining cases, the directions of the cur-
rents in the measuring circuit are the same at t> Τ and
t<T.

e) Reversal of the sign of U(t) in Si with pj = 3. 5x 104

Ω-cm at £ = 40 kbar during the course of motion of the
shock wave through the sample.

f) U0(a) have anomalies for Si with p t = 7. 5 and 3. 5
4 ( t = 4.5, 7. 5, and 45 Ω -cm

0

χ ΙΟ4 Ω -cm (p-type) and
(w-type).

Coleburn et al.llm in analogous experiments on p-
type Si (boron concentration N^ 1014 cm"3) at p = 8-55
kbar obtained values Uo= 2. 6-3.2 V, which were larger
by one order of magnitude than the values of Uo regis-
tered by us at N» 1014 cm"3 and N« 1014 cm'3. So large
a discrepancy can be explained by assuming that the
compared Si samples differed in type and (or) concen-
tration of the minority carriers, the presence of which
can greatly change the magnitude and even the sign of

a

Experiments with Ge of p- and w-typeC11'1053 have
shown that the polarization current in these crystals is
of the same order as in p-Si.

Tyunyaev and the present authors investigated the in-
fluence of the crystallographic loading direction in the
elastic region on the bulk electric polarization of doped
Ge in shock waves. The w-Ge samples doped with an-
timony (initial resistivity 3 Ω-cm) were loaded with
plane Shockwaves along the [100], [110], and [111] di-
rections at shock-wave pressures = 6 and » 12 kbar.
The Hugoniot yield points of Ge shock-loaded along [100],
[110], and [111] are 58, 48, and 47 kbar, respective-
ly. : 9 9 ] It was observed that the magnitude, sign, and
temporal characteristics of the polarization produced
by the shock wave depend on the direction of the shock
compression. In particular, U(t)^5 mV = const in the
case of loading along [100] at a pressure 6 kbar, and
U(t) reverses sign during the motion of the shock wave
through the sample in the case of loading along [110].

Jacquesson et al.C1051 registered, in shock compres-
sion of M-PbTe, a value Uo^~ 0.04 V in the interval p
= 75-170 kbar. Reversal of the polarity of i(t) was ob-
served in w-PbTe at p= 170 kbar.

The results of the investigations have shown that the
emf of shock-compressed doped silicon and germanium
single crystals depend on the impurity concentration.
It is curious that at certain pressures, e.g., at £ = 200
kbar, the U(t) signals have the same polarity regardless
of the type of initial conductivity of the silicon. Just
as in the case of shock polarization of ionic crystals and
polar dielectrics, the reversal of the sign of ilt) and the
U0(a) anomaly are observed in semiconductors.

4) Metals. The emf produced by shock compression
of metals was investigated by Jacquesson, : l 0 5 - l l l ) Hyuk-
hin and Kologrivov,cl123 Buzhinskii and Samylov,CU3]

Palmer and Turner, c l l 4 ] Deribas et al. , C 1 1 5 ] Nesterenko
et al.,[11βι U 7 ] Kanel' and Dremin, [ 1 3 3 : Bordzilovskii and
Karakhanov, : l 4 3 ] and by ourselves and others . : l 5 · 1 6 · 1 1 8 3

The experimental values of the emf are given in Table
IX. Some oscillograms of U(t) are shown in Fig. 6.
Experiments with time markers are shown that u(t) ap-
pears at the instant when the shock wave arrives at the
boundary between the screen and the sample. The in-

-0,1
1.02

FIG. 13. Dependence0013 of the voltage a0 at the instant of the
entrance of the elastic wave into the silicon sample on σ at
boron-atom concentrations in the samples lxlO 1 6 (1), lxlO 1 3

(2), and 5 x 1011 cm"3 cm (3).
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TABLE
Investi-
gated
material

Al

№

Bi

Bl

Sb

Cd

Cd

Be

PI.

Z i

Constan-
tan

Gonstan-
tan

Chromel

Yli

Cu

Ci'

S i »

IX.

Screen
mate-
rial

Cu

Cu

Cu

Al

Al

Al

Cu

Al

Cu

Cn

Cu

Fc

Pc

Al

Al

Al

Al

Emf (in mV)

50

< 10

- 1 5

60

- 9

- 2 0

7(1

- 2 5

1110

< 1 0

- 3 0

- 3 5

in shock compression of metals.

120

- 1 9

-100

15

130

—26

—50

+ 21.

140

10

20

< ΐϋ

140

- 1 0

170

< 10

till

180

- 1 4

11

—43

190

20

Ρ

200 [210

— 10

- 3 0 0

15

, kb

240

—26

- 5 0

ir

260

—30

20

300

- 3 9

- 6 0

320

170

3 4 0 | 3 6 0

- 3 2

- 6 5

- 5 0 0

< 10

380

-150

390

-15

400

- 3 5

- 1 0 0

— 73

670

150

780

130

Θ70

- 6 0

1160

- 9 0

- 1 7 0

_ 9 0

- 1 8 0

2000

80

Refer-
ence

109

10B>110!
lit

ΙΟβι 11β

118» 116

1181 US

113

118

118

l ie

100

10·) H I

tO9t 111

109

117

117

111

117

stant of emergence of the shock wave to the boundary be-
tween the screen and the electrode corresponds to a
break of u(t). In the case of cadmium, beryllium, and
lead, the plots of U(t) are similar and are characterized
by a decrease of U{t) at t > i0. In bismuth at ρ = 140,
260, and 970 kbar, we have U(t)> U(t0); at/> = 490 kbar
u(t) reverses sign at to< t< T. In europium (p= 170
kbar) and in bismuth (p = 260 and 340 kbar), U{t) in-
creases noticeably at 0.1-0.15 Msec (europium) and
0. 3-0. 5 μββο (bismuth) prior to the emergence of the
shock wave front from the samples, regardless of their
thickness. U(t) is constant in experiments with antimo-
ny, europium (/> = 620 and 670 kbar) and cerium (/>= 120
and 210 kbar).

The growth of U(t) in the case of bismuth and europi-
um when the shock wave front approaches the electrode
can be attributed to the penetration of the precursor
charge into the unperturbed substance ahead of the
shock-wave front. Experiments using a capacitive
transducer have shown that in bismuth and antimony
there is indeed a diffusion of the carriers through the
shock-wave front. [ 1 5 · 1 1 5 ] The increase in the amplitude
of the precursor signal in bismuth with decreasing tem-
perature of the sample from 300 to 77°Κ also indicates,
within the framework of the theory,C l l e l diffusion of the
carriers through the shock wave front. Coleburn et
al.tl44] have observed diffusion of the carriers from the
shock-wave front into aluminum (p = 270 kbar).

The signal-growth times (τ) following the entry of the
shock wave into the sample and the decay time (rj) of
U(t) at t > Τ are indicated in Table X. Attention is called
to the large values of τ and η in the case of shock com-
pression of ytterbium. In the case of shock compres-
sion of constantan and nickel (copper screen), the emf
is approximately proportional to the pressure in these
materials.

Kanel' and Dremin"1 3 3 modified the scheme of Fig. 5,
placing the electrode between two samples of the inves-
tigated metal. Insulating liners were placed between the
electrodes and the samples. The shock waves propa-
gated perpendicular to the surfaces of the sample and
the electrode. This scheme (p =* 300 kbar, tt =* T) was
used to register signals of amplitude =« 1 V produced by
shock compression of aluminium, iron, nickel, and
copper. Replacement of the copper electrode with
an aluminium one in experiments with copper samples
and aluminum samples did not change appreciably the
amplitude or the character of the signal. No noticeable
changes were observed also when the materials of the
insulating liners (mica, teflon) were replaced.

Thus, metals, which are good conductors, also re-
spond to compression by shock waves by production of
an emf that depends not only on the shock wave parame-
ters but also on the type of metal.

The influence of the parameters of the measuring cir-
cuit, of the tilt of the shock wave front, and of the skin
effect on the emf of a compressed copper-nickel pair
was investigated in t l 4 3 ] .

TABLE X. Rise times (τ) and fall-off times (τ;) of signals in
certain metals.

Metal

Ytterbium

Europium
Beryllium
Cadmium
Lead

Pressure/), kbar

120-780
170

320-670
190

50-260
190

τ, μ sec

~* 1

«0.05

«0.05

0.2-0.3

0.2-0.3

0.2-0.3

7), fisec

~ l

0.03

0.15
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4. INTERPRETATION OF THE EXPERIMENTAL DATA

A. Static and dynamic emf sources

It is clear from general considerations that the sources
of the electric signals in shock compression of linear
dielectrics, semiconductors, and metals are connected
either with the thermoelectric power (1), or else with
electric phenomena due to dynamic compression of the
substance: deformation of the surface double electric
layers in the shock wave (2), hopping of the carriers by
inertia on the shock wave front (3), dragging of the car-
riers by the deformed lattice (an effect of the acousto-
electric type) (4), shock polarization (separation of the
positive and negative charges in the volume of the sub-
stance behind the shock wave front) (5), or diffusion of
the carriers from the shock wave front (6).

We shall show that in the case of linear dielectrics the
observed effect is due to shock polarization. Let us es-
timate the effective resistance tR e f {) of the capacitor
made up of the electrode and the shock-wave front.

According to C 1 1 9 · l 2 0 ] we have

_ ι dC\~i ... ^l*
"<« — \ at /i_o~ ε,5Ο '

A t S = l c m 2 , I = 0.2 cm, ε ^ β , and D= 5xl0 5 cm/sec
we obtain Rett = L 5x ΙΟ5 Ω-cm2. This means that an
emf source of 1O3-1O5 V acts in the circuit at the exper-
imentally registered values j = ΙΟ1—103 mA/cm2. It is
difficult to explain the appearance of such an emf source
by means of known effects. Thus, according to Yaku-
shev's estimates, [ 4 3 ] the contact emf in shock compres-
sion of a metal—dielectric system is i ^ ^ x l O ' 2 V.

Even as we assume that the dielectric becomes an
electrolyte behind the shock-wave front, then in this
case, too, £ t = 2 V. [8SI Another important argument
favoring shock polarization is the following. Within the
framework of shock polarization it is possible to explain
qualitatively not only the form of the j(i) curves and
their dependence on τ and p2, but also the Q0(a) anomaly
for a number of substances, as well as the reversal of
the polarity of j(i).C 3 1 ] Finally, the phenomenology of
shock polarization predicts a j o(r) dependence in the
form j o ~ Γ"1. This is precisely the jo(T) dependence ob-
tained in experiment.

Experiments on ionic crystals make it possible to es-
timate the time of establishment of the polarization on
the shock-wave front. To this end, we turn to the de-
pendence of Qomai o n ^ e cation radius (curve 1 in Fig.
9). The lower part of curve 1 corresponds to crystals
KC1, KBr, KI, Rbl) that experience polymorphic trans-
formations in the range σ< 1. 3. On the other hand, in
the Csl crystal, which has a lattice of the CsCl type even
under normal conditions (the lattices of the crystals
mentioned above are transformed into this lattice under
pressure), the value of (?O m a x is approximately 50 times
larger than that expected from curve 1 for Csl. This
circumstance indicates that the polarization of the afore-
mentioned crystals occurs apparently in the initial type-
NaCl lattice, and not in the restructured one. From
Kormer's experiments on the reflection of light from a
shock wave front in KC1 and KBr it is known that the

time of the phase transition of these crystals at £ = 100
kbar is t< 10'12 sec. C 1 2 U Thus, the time required for
polarization to set in for these two crystals t< 10"12 sec,
so that the postulate concerning the jump of the polar-
ization on the shock wave front in a linear dielectric, as-
sumed in a number of phenomenological theories, is
physically justified at />= 100 kbar. This postulate of the
theory is also justified for shock compression of NaCl
(£ = 20 kbar), as shown by experiment. t 6 e ] To be sure,
in polystyrene and in some epoxy resins at p~ 50 kbar,
Novitskii et ah C 7 U observed a stretched-out polarization
front with J?~ 1

An analysis of the contribution of sources (l)-(5) to
the emf produced by shock compression of silicon and
germanium is reported in" 3 ' 1 0 1 · 1, where it is shown that
the investigated effect is due to shock polarization. In
particular, the increase of the electric field intensity in
shock-compressed silicon with increasing impurity con-
centration (see Table VIII) indicates that the observed
emf is not the result of an acoustoelectric effect.C l o i :

An analysis of the possible sources of emf in metals is
presented i n c l l 7 l l l 8 J , where it is shown that the emf pro-
duced by the mechanisms (2) and (3) is small (< 1 mV)
and could not be registered in our experiments. The
emf produced by mechanism (1) was estimated within
the framework of the theory of free electrons. Calcula-
tions of Ey for cadmium, beryllium, lead, and for the
investigated lanthanoids yielded Ex ~ 1 mV. These val-
ues of Ex are smaller by one or two orders of magnitude
than the experimentally registered emf. Nonetheless,
it is impossible to separate the contributions of the dy-
namic ((4)-(6)) and the static ((1)) sources of the emf in
shock compression of cadmium, beryllium, lead, ytter-
bium, and cerium. Favoring the shock polarization of
these metals are the large growth and fall-off times of
the signals Uit) (see Table X) in comparison with the
time required to establish the contact electric processes
(~ 10'13 s ec) . c l l 8 ] In accordance with the universal theory
of relaxation times in conductors, the redistribution of
the charge produced in a conductor decreases exponen-
tially with a time constant Θ. Using Ohm's law for the
case of a constant charge density, we have for good con-
ductors θ = 10'19 sec. It is physically clear, however,
that θ cannot be less than the average time τβ between
the carrier collisions. t l l 8 ] For bismuth and antimony
τβ α 10"10 sec, while for cadmium, beryllium, and lead
Te =a 10"4 sec. Allowance for the frequency dependence
of the conductivity of the metal and for the collective
character of the reaction of the electrons to the nonsta-
tionary character of the charge distribution in the con-,
ductor leads to θ= 10"12 sec. c l 2 2 - 1 2 3 ] Therefore the fact
that τ« η» τβ in these metals, just as in semicon-
ductors, : 3 3 3 means that, within the framework of the
mechanism (5), the registered U(t) dependence is due to
the depolarization of the shock-compressed metals. One
cannot exclude, however, the possibility that the Fermi
energy of the shock-compressed metals can change as
their lattice goes over to the new equilibrium state.
Then the value of τ will characterize within the frame-
work of the mechanism (1) the relaxation of the last pro-

cess.
cue:
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Β.Ί 0.6 as t/τ

FIG. 14. Comparison of the experimental j(t/T) curves for
NaCl at/> =20 kbar with the curves calculated from Allison's
theory. t S 6 ] 1-4) experiment; 5, 6) calculation. The param-
eters of the calculated curves are: 5)P0=3xlO~3 Coul/cm2,
* = 2, T = lxlO"7 sec; 6)f>0 = l. 78X10"3 Coul/cm2, *=1.9, τ =
Χ1(Γ7 sec.

As noted in Chap. 2, the effect of the shock-wave
precursor in bismuth, antimony, europium, and alumi-
num is due to carrier diffusion from the shock-wave
front. »5. us-»». 144] j a c q u e s S o n et al. : l 0 9 - l u ] and Conze
et al.t1243 propose that the emf observed in shock-com-
pressed nickel (copper screen) and constantan (ion and
copper screens) is connected with mechanism (4).

Kanel' and Dreminc l 3 3 3 have shown that the signals (= 1
V) produced upon shock compression of aluminum, cop-
per, nickel, and iron are not connected with the thermal
emf and with electrochemical effects, and are due to dy-
namic redistribution of the volume charges on the shock-
wave front (mechanisms (3)-(5)).

B. Applicability of the phenomenological theories

In order for the phenomenological theories of shock
polarization to be applicable to the description of the ex-
perimental data it is necessary to satisfy two conditions:
a) agreement between the initial premises of the theory
and the physical conditions in the experiment, b) agree-
ment between the calculated and experimental j(f) de-
pendences. Allison's phenomenology was used by
Horie" 7 3 to describe the electric signals produced in
shock compression of water, and by HauverC323 to de-
scribe the polarization signals in shock compression of
polyethylene and o-nitroanisole. In : 7 7 1, however, the
condition (a) was not satisfied. It was shown above that
the aggregate of the experimental data on the electric
signals produced in shock compression of water does
not make it possible to attribute them unambiguously to
shock polarization. Even if it is assumed, as was done
by Horie,C773 that the signals observed in water are due
to shock polarization, then, by making use of Ham-
man's data on the conductivity of water at ρ = 100 kbar
(p2-l n-cm)C1033 we have 0«1O"9 sec at T=4xlO"7 sec.
The condition for the applicability of Allison's theory
(θ2» Τ) is not satisfied in this case.

A comparison of Allison's theory with experiment was
carried out by Tyunyaev et al. using as an example NaCl
at ρ = 20 kbar. c e 6 ] It was shown earlier that in the case
of shock compression of ionic crystals, a jump of the
polarization (with a transient time < 10"12 sec) and a jump

of the dielectric constant take place on the shock wave
front. It is seen from Fig. 14 that within the limits of
the experimental scatter, the calculated curves plotted
using the data of Table III agree with the experimental
]U) curves.

At ρ >20 kbar for NaCl and for a number of linear di-
electrics at ρ > 100 kbar, the shock-polarization theories
that take rigorously into account the mechanical and
conductivity relaxations cannot be used for a quantita-
tive description of the experimental data, since the con-
ductivity jump on the shock wave front, which is assumed
in the phenomenology, is not realized at these values of
p, and the subsequent value of p2 is constant. Nonethe-
less, these theories describe qualitatively the evolution
of the experimental \(t) curve with increasing conduc-
tivity. With increasing pressure, the conductivity in-
creases and the current peaks in the plots of j(i), at
t=t0 and t= T, become sharper and the j(i) dip at to< t
< Τ becomes larger. We note that the phenomenological
theory of shock polarization1·26"283 was constructed with
the assumption of only one polarization method. At the
same time, the Q0(a) anomaly, the reversal of the sign
of j(i), and the dependence of Qo on the concentration of
the calcium ions in NaCl can be attributed to the exis-
tence of at least two independent polarization mecha-
nisms with different signs and characteristic times of
the carrier mechanical relaxation.C31] Within the frame-
work of this assumption, the reversal of the sign of Qo

at values of σ corresponding to the ζ)0(σ) anomaly is the
result of a change in the leading mechanism of the po-
larization.

The applicability of the theory of shock polarization to
semiconductors and of shock depolarization to nonlinear
dielectrics has not been discussed in detail. In these
cases the temporal characteristics of the polarization
(depolarization) and the dielectric constants of the sub-
stances were determined by comparing the calculated
and experimental ](t) curves. C33~35] Thus, Novitskii et
al.t953 have shown that Halpin's phenomenology of shock
depolarization does not describe the results of the ex-
periment at T/t~ 10-100. An analysis of Halpin's pre-
mises yields «Ί = 0, whereas the dielectric constant of
the initial piezoceramic is ε ^

C. Diffusion of ions in shock compression of ionic

crystals

An analysis by Tyunyaev has shown that shock polar-
ization of ionic crystals can occur in principle at any
one of four structural levels of the medium: 1) at the
microscopic level—when the crystal cracks or is
crushed11253; 2) at the block-structural level—when
charged interblock walls move [ 1 2 e l (the possibility of
polarization at this level was discussed also inC5e3; 3)
at the atomic level—when individual ions or charged
dislocations move; 4) at the electronic level.

An estimate has shown that the times of the onset of
polarization in accordance with mechanisms (1) and (2)
are longer by at least two orders of magnitude than the
experimentally observed time of the onset of polariza-
tion (η ̂  2 χ 10'8-1 χ 10"7 sec). Comparison of the re-
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taxation times of the shock polarization (τ~ 10"7sec) with
the relaxation times of the electron polarization (~ 10~14 sec
in the case of bound electrons and ~ 10"8 in the case of
free electrons) shows that the effect is not connected
with electrons. Favoring this assumption are the re-
sults of experiments with γ-irradiated NaCl I samples.

The atomic model of the polarization of ionic crystals
in shock waves, whereby ions of opposite sign are dis-
placed relative to one another within the elastic limits,
was proposed by Harris.C 1 2 7 : l The conclusions of this
theory, however, do not agree with experiment. : e u

Linde et al.cl0] and Wong etal.C583 have proposed that
shock polarization of nominally pure ionic crystals is
due to formation of dipoles consisting of a charged dis-
location (aged) and a compensating cloud). The role of
the dislocations in shock polarization of nominally pure
ionic crystals was investigated by Tyunyaev et al. isz<ei:

The results of the investigations have shown the follow-
ing:

a) A discrepancy between the anisotropy of the polar-
ization and the anisotropy of the plasticity in Csl and
LiF crystals at low pressures in the shock wave.

b) A disparity between the directions of the change of
Qo and of the change of the plasticity of the properties
of the ionic crystals in the sequence Rbl-KI-KBr-NaCl-
LiF (the crystals are arranged in increasing order of
rigidity).

c) A disparity between the sign of the polarization in
the region of low pressures and the sign of the charge
at the dislocations, both fresh and aged. Thus, the po-
larization of nominally pure ionic crystals in shock
waves is apparently connected with diffusion of the ions.
The positive sign in the circuit of Fig. 5 corresponds to
a resultant displacement of the cations relative to the
anions (at σ< 1. 3) in the direction of motion of the shock
wave. The decisive role of the cations in the effect, up
to the Q0(a) anomaly (σ< 1. 3), confirms the QO m a i(n) de-
pendence (Fig. 9). The most probable elementary
shock-polarization mechanism is here the diffusion of
the cations over the vacancies. An estimategiven in t 6 1 ],
using the data of Prat t c l 2 8 ] and Klein [129 : on the number
of point defects in shock compression of ionic crystals,
agrees with this hypothesis. To explain the values of
Qomn ̂  must be assumed that the cations are displaced
1-10 lattice periods relative to the anions. It is possi-
ble that the relative shift of the cations and anions ex-
tends even over larger distances. Then, however,
breakdown electric fields can be produced and conse-
quently a lowering of the polarization level. Favoring
the latter assumption is the connection between QOmliz

and the parameter y, which characterizes, according to
Whitehead,cl30] the dielectric strength of ionic crystals.

Within the framework of the diffusion mechanism, the
negative sign of the polarization at σ > 1. 3 is due to the
accelerated diffusion of the anions in comparison with
the cations in the direction of motion of the shock wave.

The physical nature of the Q0(a) anomaly in NaCl was
considered by Tyunyaev et al.cl45] According t o a 4 5 ] ,
the change in the sign of the polarization of NaCl at σ

> 1. 3 is due to the formation of interstitial anions in
shock-compressed NaCl at ρ >pHYP. The mobility of the
interstitial anions in NaCl depends strongly on the crys-
tallographic direction of their motion. It is shown in" 4 5 1

that in NaCl at σ» 1. 3 we should have in accordance with
the proposed mechanism I Q 0 [ l u : l > IQ o : l o o 3 1. Experi-
ment has yielded I Qotuii' = 2 · I Qoctoo] I · Κ cannot be ex-
cluded, however, that the change of the sign of the po-
larization is due to the mobility of the cations and
anions with increasing temperature behind the shock
wave front. We note in this connection that the conduc-
tivity of NaCl at room temperature and at normal pres-
sure is due to the Na* ions, while the contribution of the
C r ions becomes noticeable at temperatures above
700 °K.C131] At σ > 1. 3, the temperature in NaCl exceeds
550°K.C46]

The possible mechanisms whereby divalent metallic
impurities participate in the shock polarization of ionic
crystals have been considered by Tyunyaev et al.[65]

It was shown that impurity polarization in shock com-
pression of doped NaCl is due to reorientation of im-
purities plus cation vacancy dipoles in the elastic fields
of the dislocations moving the shock-wave front. This
mechanism explains the anisotropy of Qjmp. The point
is that an energywise lower orientation is assumed by
the dipoles when the dislocations glide over {110} planes,
and the magnitude of the shear stress (Tshear) in these
planes, and consequently the possibility of gliding, de-
pends strongly on the direction of the shock loading. In
particular, in loading along [100] we have T s h e a r [ 1 1 0 ] ( 1 1 0 >

= 0. 369p, and in loading along [111] we have
Tshear[U0]<U0> = 0 .

D. Sources of emf in shock compression of polar

dielectrics and electrolytes

The ideas concerning the mechanism of shock polar-
ization of polar dielectrics are confined to the hypothesis
of Eichelberger and Hauver, wherein the polar mole-
cules are rotated by the pressure gradient in the shock
wave front.C8]

The results of experiments with TNT (molecule dipole
moment 1. 2 Debye units) and with toluene : 2 3 ] (0. 3 Debye
units) offer evidence in favor of this hypothesis. The in-
dependence of polystyrene polarization of its molecular
weight (dipole moment1132-1) can be explained from this
point of view as being due to the destruction of the poly-
styrene molecule behind the shock wave front. : i 3 9 ] It is
known that the polarization of polystyrene behind the
shock wave front takes place not jumpwise, but increases
smoothly with time (η^Ι μββο). Therefore the question
of the mechanism (mechanisms) of the polarization of
polar dielectrics calls for further research.

The leading mechanisms that produce electric signals
in shock compression of water and certain electrolytes,
as shown by Breusov et al.lem and Kochnev et al.,t85:

are electrochemical processes on the shock-compressed
screen-liquid and liquid-electrode boundaries. An in-
teresting fact is the presence of an emf in systems in
which the screen and the electrodes are of the same
metal (aluminum or copper). This shows that the pro-
duced galvanic potentials on the shock-compressed
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boundaries are not stationary even in a time interval
~ 1

E. Release of bound charges behind the shock wave front

in nonlinear dielectrics

The release of charges in shock compression of non-
linear dielectrics can be due to the decrease of the com-
bined dipole moment as a result of compression (the
piezoeffect), to domain processes, or to phase transi-
tions.

It was shown inC903 (with allowance for the dependence
of the Curie temperature on the static pressure) that to
initiate the transition of lead-zirconate-titanate from a
ferroelectric to paraelectric state it is necessary to have
on the shock wave front a pressure 200-300 kbar. It
follows from experiment, however, that even at pres-
sures smaller by one order of magnitude the charge
realized in the circuit is equal to the value of the initial
polarization.

Reynolds and Seay, :903 on the basis of the linear de-
pendence of the realized charge on the pressure on the
shock wave front in LZT 52/48, have concluded that the
time of the explosion experiment pressure action time
~ 10'e sec, pressure buildup time ~ 10"7-10'8 sec) was in-
sufficient to switch over the domains, and that the rea-
lized charge was due to the piezoeffect. Their compari-
son of the Q(p) dependences for shock experiments and the
Q{p) dependences obtained by Berlincourt and Kruegerc9e]

under static conditions has shown that the relaxation time
of the domain processes in the LZT 52/48 ceramic at
p~ 3 kbar is ~ 3. 5 msec. However, it would be incorrect
to characterize the domain processes by only a single
relaxation time, since it is known that this time depends
on the electric field intensity in the sample, which in
turn depends on the pressure at p<pHYP. Thus, for ex-
ample, the domain switching time (ts) in BaTiO3 in fields
E< 102 V/cm is described by the exponential law ς 1

~ exp(- a/E), where a~ 104 V/cm is the activation
field"341 and ts~ £ " 3 / 2 at £ « 10s V/cm. [ 1 3 e l An estimate
of the electric fields in a shock-compressed LZT cera-
mic was carried out in1·34·1353. It was shown that for the
LZT 65/35 system £ > 5 x l 0 4 V/cm at p<pHYP, i .e . , it
is of the order of the breakdown field under normal con-
ditions. Assume that such fields are realized in shock-
compressed BaTiO3, for example on account of the
piezoeffect. Then, using Stadler's relation1-136·1 to esti-
mate ts we obtain ts ~ 10"7 sec. This result indicates
that intervals T~ 10'6 sec are sufficient to complete the
domain processes in shock-compressed BaTiO3. Favor-
ing this conclusion are measurements of the residual
polarization of the BaTiO3 samples preserved after shock
loading.C93]

The presence of strong electric fields behind the shock
wave front in nonlinear dielectrics, as shown by Can-
fieldc i37 : and by Cutchen, : l 3 8 ] can lead to ionization of im-
purities and to generation of carriers behind the front,
and as a consequence to different functions <?(/>), de-
pending on the direction of shock-wave motion relative
to the polarization vectors in quartz and LZT samples.

F. Emf in shock compression of semiconductors and

metals

An analysis of the experimental data on the emf pro-
duced in shock compression of doped semiconductors
shows that the observed phenomenon does not reduce to
any of the known electric effects (acoustoelectric effect
and the Stepanov effect).C1O1]

The increase of Po with increasing Ν and the large
times τ and η in silicon compared with the electron re-
laxation time give grounds for assuming that the emf in
shock-compressed doped silicon is the result of a volume
redistribution of the impurity ions in the shock wave.
It can be further assumed that the volume polarization
mechanism consists of the following:

1) Formation, by the impurities, of bound or sepa-
rated Frenkel pairs having an electric moment,

2) Orientation of these pairs in the direction of mo-
tion of the shock wave.

We note in this connection that with increasing degree
of doping of the silicon the number of point defects pro-
duced after the shock loading increases. : l 4 0 ] Similar di-
poles can be produced in metals by ions of the host sub-
stances or of the impurity and by their vacancies. a 4 1 ]

It is known that plastic deformation results in much
more vacancies than interstitial atoms, this being caused
by the large difference between the energies required to
produce these defects (a bibliography on defect produc-
tion by shock deformation can be found in Mogilevskii's
paper1 1 4 2 1). The electric field produced upon polariza-
tion will be compensated after a time 02 by the carrier
field. The depolarization process will cause a change
in the electric field of the carriers. If τ » θζ, as is the
case of the experiment, then the law governing the time
dependence of the compensating field will coincide with
the law governing the variation of the polarization.

Let us estimate the order of magnitude of the polar-
ization of silicon within the framework of the considered
mechanism. Assume that the impurity ions are dis-
placed by one lattice period. Then the polarization is
equal to P=qNzlz, where Ν is the number of impurity
ions per cm'3 with charge q equal to the electron charge.
The results of the calculations are given in Table VIII,
which lists also the values of Po obtained by reducing
the experimental data with the aid of the phenomenologi-
cal theory. As seen from Table VIII, the compared val-
ues Ρ and P o are of the same order of magnitude. Shock
polarization in a medium with good conductivity behind
and ahead of the shock wave front means that a double
acoustic layer of thickness Δ = Θ2Ώ moves together with
the front in such a substance (at η = 0). Assuming that
the potential difference across this layer is equal to the
experimentally observed value UQ, we estimate the field
intensity Ε in this layer at £ a Uo/A. The obtained val-
ues of Δ and Ε for the investigated silicon samples are
given in Table VIII. Analogous estimates of Ρ for me-
tals1-1181 show that this hypothesis is not contradictory.

On the other hand, the diffusion of the carriers from
the shock wave front, according to Nesterenko et
al.,:ne·1171 can be attributed to the production of a ther-
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mal wave propagating through the electron gas in the
material ahead of the shock wave front, and this propa-
gation is determined by the collisions of the electrons
with one another. A similar approach is developed in
the papers of Jacquesson et al. Ε 1 0 9~ 1 1 ι ] and Conze et
al.,cl24] in which it is assumed that the entire increment
of the internal energy of the substance in the shock wave
(or only 50% of i t a 2 4 ] ) is transferred to the directional
motion of the carriers. The question of the coefficient
of energy transfer from the lattice to the carriers is de-
batable. Nonetheless, in [ 1 0 9 - 1 U t l 2 4 ] they obtained a
qualitative agreement between the calculation and the re-
sults of measurements of the emf in shock-compressed
copper-constantan (nickel, aluminum) and iron-con-
stantan pairs.

5. CONCLUSIONS

As a result of the investigation of the emf produced
in the shock compression of matter, a number of general
laws governing this phenomenon have been established.
The interpretation of these laws has made it possible to
come closer to the understanding of both the nature of
shock-induced emf and the physics of shock compres-
sion.

a) The onset of an emf in a shock wave is typical not
only of nonlinear dielectrics, but also of a large class
of substances, such as linear dielectrics, semiconduc-
tors, and metals. This indicates the absence of a rigor-
ous thermodynamic equilibrium behind the shock-wave
front in the investigated substances. This is also dem-
onstrated by the nonstationary character of the electric
conductivity of shock-compressed ionic crystals and
polar dielectrics.

b) The polarization of all the investigated ionic crys-
tals at σ < 1. 3 has a positive sign and depends on certain
parameters of the initial lattices. In most of the inves-
tigated ionic crystals, the sign of the polarization re-
verses at σ~ί. 3, regardless of whether the degree of
ionic bond or the crystallographic direction of the shock
compression changes in these crystals. These facts in-
dicate that the processes that lead to the polarization of
these compounds are of common origin.

An analysis of the aggregate of the experimental data
indicates that the shock polarization of nominally pure
ionic crystals at σ < 1. 3 is due to a displacement of the
cations relative to the anions. The formation of inter-
stitial anions in plastic deformation of ionic crystals in
the shock wave front leads to a change in the sign of the
polarization.

c) The polarization of ionic crystals that undergo a
polymorphic transformation takes place in the initial lat-
tice within a time ~ 10"12 sec. However, in the case of
such polar dielectrics as polystyrene and epoxy resins,
the time of establishment of the polarization is com-
parable with the time of motion of the shock wave
through the sample (~ 10"e sec).

d) The electric signals produced in shock compres-
sion of nonpolar organic dielectrics (carbon tetra-
chloride and benzene) are observed only in the shock ·
wave reflected from the electrode and are connected with

electrochemical processes that occur on the boundaries
between the screen and the sample and between the sam-
ple and the electrode in a time interval ~ 1

e) In the case of shock compressed doped semicon-
ductors and a number of metals, the observed emf is
not connected with thermoelectricity, but is due to the vol-
ume distribution of the changes on the Shockwave front.
Diffusion of the carriers from the shock wave front was
observed in aluminum, bismuth, antimony, and europi-
um.

f) Phenomenological theories were developed for
shock polarization of linear dielectrics and for the de-
polarization of nonlinear dielectrics; these theories are
in qualitative agreement with experiment. In some
cases the agreement is also quantitative.

g) Although no emf was observed upon compression
of certain materials, this results indicates more readily
that the shock polarization is small rather than actually
absent.

We note that such processes as rupture, crushing,
and splitting of the material, which are accompanied by
relaxation waves, should lead to shock polarization and
are apparently responsible for the electrification of the
materials. The prolonged preservation of the charges
indicates that the insulating properties of the dielectrics
are insignificantly altered, in contrast to strong shock
action. In the latter case, the strong increase of the
conductivity is apparently not of thermal origin and leads
to a rapid relaxation of the charges. The nonequilibri-
um radiation from the substances when they are rapidly
deformed plastically or are cracked can also be attrib-
uted to discharges between like-charged sur-
faces. C 1 2 1 · 1 4 β ι 1 4 7 ] We note that an analogous effect was
observed also in metals.C 1 4 8 ]

Research on the emf produced by shock compression
of substances calls for the solution of the following prob-
lems: 1) The development of a phenomenological theory
of shock polarization and depolarization with arbitrary
laws of variation of the polarization, of the dielectric
constant, and of the conductivity of the substance behind
the shock wave front. 2) An investigation of the dielec-
tric properties of shock-compressed substances. 3)
The development of physical models for the appearance
of the emf in shock compression of substances.
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