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SHOCK-INDUCED CONDUCTION WAVES IN ELECTROPHYSICAL EXPERIMENTS

E. I. Bichenkov, S. D. Gilev, and A. M. Trubachev UDC 621.3:539.89:537.311.3

1. SHOCK WAVES AND ELECTROPHYSICAL EXPERIMENTS.
INTRODUCTORY REMARKS

Research and practical developments in controlled thermonuclear fusion and the prepara-
tion of new materials with unique properties require high energy densities, necessary for
overcoming activation barriers of the corresponding chemical or nuclear reactions, in the
material. The solution of these problems led to the creation and rapid development, during
the last 10 years, of a new field of scientific research — the physics of high-energy densi-
ties, associated with the creation and control of extremely high energy fluxes in powerful,
predominantly pulsed, energy systems [1]. Because of the extensive possibilities for con-
version of energy into other forms and for transformation, storage, and transfer of energy,
sources of electromagnetic energy operating with currents of 10°-10% A, magnetic fields of
102-103 T, voltages of 10%-10° V, energies of 10%-10" J over times from several nancseconds
to tens of microseconds, and powers of up to 10'® W and higher {2-6] have been predominantly
developed.

The energy flux in powerful electric circuits is controlled with the help of elements
with variable electrotechnical parameters (most often the inductance and resistance). The
inductance is determined by the geometric characteristics of the conductors, and the possi-
bilities for changing it rapidly are limited. The resistance expresses both the geometric
ratios of a section of the circuit and the physical properties of the state of the matter
and can be changed substantially by strong, external actions. This is of great significance
for practical applications in pulsed systems (switches operating based on the most diverse
physical principles). The main problems in the operation of switching elements are associ-
ated with the operation of switching the current off. Thus, the parameters of a switch for
interrupting the current in an inductive storage circuit determine the applications of this
promising source of energy [7].

The physical properties of matter can be altered by different external actions, such
as heating, radiation, electrical breakdown, etc. Among such actions high pressure and the
concomitant strong compression of matter stand out especially, since under these conditions
the electrical properties change radically. The study of the electric conductivity of ma-
terials at high pressure was initiated by Bridgman [8]. Significant progress has now been
achieved in this field [9-17]. Progress in research on the electric properties of materials
at high pressure is linked with improvement of the measuring technology and the good status
of the physical theory, which is sufficient for giving a satisfactory description of the
phenomena occurring in some “pure" cases.

Sharp changes in the electric conductivity of condensed materials, induced by powerful
shock waves (SWs) and accompanied by the appearance or vanishing of metallic conductivity,
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present a number of interesting possibilities for practical applicatioens in systems for trans-
mitting and converting electromagnetic energy. This paper is devoted to the study of such
transitions as well as their application for switching currents and obtaining superstrong
magnetic fields.

Physical Processes in SWs. There are several physical processes that are accompanied
by a sharp change in the electric conductivity.

1. Polymorphic transition. This transition is of a threshold character and occurs
when conditions such that the starting crystalline structure becomes unstable and the material
transforms into a new structural state are reached. The transition time is determined by
the displacement of an atom in a crystalline cell. When the pressure is removed, the material
returns into the starting crystalline state or a state close to it. The macroscopic state
of the sample exposed to SWs differs from the starting state by the sizes of the microcrys-
tals and the high degree of defectiveness.

2., Metallization of the material. A decrease in the interatomic spacing due to com-
pression is accompanied by broadening of the energy bands and decrease of the energy gap
between the valence and conduction bands. For some level of compression the gap vanishes —
a transition of the material into a metallic phase occurs. The transition time is determined
by the time required for the atoms to move over a distance of the order of the interatomic
spacing. The transition is not always reversible: when the pressure is removed, the metal-
lic phase can remain in the metastable state, if an appreciable activation barrier separates
it from the starting state and the residual temperature of the sample is low.

3. Electronic transition. The compression of some materials characterized by anoma-
lies in the sequence of occupation of the electronic energy levels changes the order of oc-
cupation of the energy bands, as a result of which electrons are redistributed between the
bands and the conduction band is depopulated, i.e., the conduction of such materials at a
certain degree of compression drops and these materials can transform into a semiconductor
with the characteristic temperature dependence of the electric conductivity and the exis-
tence of impurities and structural defects. TFurther compression ultimately leads to metal-
lization and an increase in the electric conductivity. The transition time is of the same
order of magnitude as in preceding cases. Satisfactory reversibility of the transition with
an accuracy up to possible heating and accumulation of structural defects should be expected.

These transitions accompanied by a sharp change in the electric conductivity depend
primarily on the compression and are observed in a pure form when the pressure is applied
in a quasistatic fashion. In SWs they become more complicated due to the unavoidable heat-
ing, whose magnitude is all the higher the greater the compression. Aside from the transi-
tions enumerated above, transitions that are more characteristic for shock compression are
also observed.

4. Change in the aggregate state of the material. With shock compression of low-den-
sity materials heating can lead to melting and even vaporization accompanied by a transition
of the material into dense, nonconducting vapor either during the compression process or
during the subsequent expansion process [11]. The transition time is determined primarily
by the gasdynamics of the compression and rarefaction wave. The transition is irreversible.

5. Change in the chemical composition accompanied by formation of conducting products
during a definite phase of the process and subsequent change in the conductivity in accor-
dance with the thermodynamic state and composition of the products of transformation [18].

The possibilities enumerated above for a strong compression-induced change in the elec-
tric conductivity of materials are determined by the change in the internal structure of
the materials at atomic or molecular levels. A broader view of the problem permits adding
to the foregoing process the following.

6. Change in the morphological characteristics of heterogeneous materials. It is pos-
sible to make a composite material from highly conducting particles coated with a thin layer
of dielectric. In the starting state such a material will be nonconducting. Compression
destroys the insulating layer and good conductivity arises. The transition time is deter-
mined by the sum of the time for rupturing the dielectric and the time for the skin effect
to form in the conducting partiele. A morphological transition is obviously irreversible.

Examples of Transitions and Their Physical Characteristics. The most interesting
shock-induced transitions accompanied by a sharp change in the conductivity are enumerated

292



TABLE 1

- 11
Transition Material | pyy,GPa 0.:182 1. o, =" .m
1
Metal-metal Fe ~40 ~ 407 ~107
Dielectric—semiconductor CCly, NaCl ~40 ~10-10 ~102
Dielectric (semiconductor)-—

1$eta1 ( 5,8 ~10 ~40-10490? ~107

Metal-semiconductor (dielec- )
tric) Yb, Sr ~2 ~407 ~10%

in Table 1, which gives examples of materials undergoing the indicated transition, the order
of magnitude of the transition pressures py,, and the limits of variation of the electric
conductivity o. The published transition times do not exceed ~1077 sec. We call attention
to the characteristic features of the transitions given in the table.

1. The metal-metal transition is distinguished by the small change in the electric
conductivity. For all metals resistance owing primarily to shock-induced heating and in-
crease in the number of defects is observed. Owing to the absence of a temperature compo-
nent it was of significant interest to study the pressure dependence of the resistance of
manganin; this is used for measuring pulsed pressures in almost a megabar range {9]. It
is difficult to overestimate the significance of this for shock-wave experiments.

2. The dielectric (semiconductor)—-metal transition, which is understoocd best, has a
general character and is typical for dielectrics. The phase transition pressure isproportional
to the width of the energy gap. The change in the conductivity is sharpest for this transi-
tion and reaches 20 orders of magnitude. The difficulties in recording the transition are
associated with the large jump in the conductivity and the high rate of the transition. We
shall refer the transition associated with a change in the morphology of heterogeneous media
to transitions of this type.

3. The metal—semiconductor (dielectric) transition, owing to its exotic nature, is
observed for a small number of not very commor elements and compounds in a quite narrow pres-
sure range. At the present time, in connection with the discovery of high-temperature super-
conductivity in ceramic materials consisting of complex oxides, a transition in SWs whose
outward manifestations are close to that of a metal—dielectric transition should be expected.

All transitions enumerated in Table 1 can be employed to one or another degree in elec-
trophysical experiments. Since in strong-current circuits a positive effect is associated
directly with the sharpness of the change in the conductivity of the material and with the
quite high value of the conductivity in one of the states the dielectric-metal and metal-
semiconductor transitions are of greatest interest.

2. INVESTIGATION OF THE CHANGE IN THE ELECTRIC CONDUCTIVITY OF METALS IN AN SW.
DIELECTRIC (SEMICONDUGCTOR)-METAL PHASE TRANSITION

1. The main problem in the experimental study of this transition in SWs is to measure
a jump in o by several orders of magnitude with the final value corresponding to that of
standard metals over a time much shorter than 1 psec. Over the quarter century since the
research was initiated, two basic schemes for measuring the electric conductivity had been
developed and are now recognized [20]: the constant voltage method, employed for measuring
relatively low conductivity, and the dc method for measuring high conductivity. To study
transitions into a highly conducting state, the dc scheme with an additional shunt, connec-
ted in parallel to the sample and serving to limit the signal, must be employed [21-25].
Adequate measurement accuracy can be achieved if the resclution time of the shunt—sample
measuring circuit, consisting of an inductance L and resistance R, 1 = L/R, is shorter than
the time for which the high pressure exists. However, because the shunt and sample are spa-
tially separated, the inductance of the measuring cell is appreciable, which for short SW
action times leads to an upper limit for the measured conductivity [13, 20, 26]. The limit-
ing values equal ~10* @ ''m™! for single shock compression and ~10° @ ''m~* for repeated
shock compression. Comparing these quantities with the parameters in Table 1, it is obvious
that to record a transition into the metallic state the resolution must be increased by two
orders of magnitude. This can be done by changing the construction of the measuring cell
and decreasing its inductance to the minimum valuve. The best procedure is to prepare a shunt
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in the form of wide and thin strips of metallic feil placed directly on the surface of the
sample under study. The shock wave enters the sample through the shunt. In the process

the current initially flowing along the shunt is redistributed between the shunt and the

part of the sample subjected to compression. This process has the character of a diffusion
current, created by the propagating SW, from the surface layer into the bulk of the conductor
and the measurement method can be further improved only by taking into account the dynamics
of the growth of the skin layer under the conditions of shock-induced transition of the ma-
terial into the conducting state. Careful referencing of the calculation of the nonstationary
diffusion current to measurements of the voltage at the shunt—sample interface, measured

with electrodes placed in the interface, is the second important feature of the measurement
method which we have developed, a particular case of which, referring to a weak skin effect,
is described in {27, 28]. Finally, in order to increase the accuracy of measurements of
small resistances, it was necessary to raise the current in the measuring cell up to 700

A, which is more than an order of magnitude higher than the currents employed by other
authors.

2. Comparison of the calculation of the nonstationary diffusion current flowing out
of the shunt into the sample and measurement of the voltage on the shunt—sample boundary
plays a very important role in the proposed method. For the flat geometry chosen the problem
can be formulated as follows. In the region occupied by the shunt (~1 < £ < 0), the magnetic
field satisfies the equation

ob | o
1 I 0
T ReL (2.1
and in the sample (0 < & < x,/%;)
(752 1 6262:0 (2 2)

Here the field is scaled to the starting value B, on the outer surface of the shunt, the
spatial dimensions are scaled to the thickness of the shunt x,, and the time is scaled to
the passage time of the SW in the material of the layer with thickness x,, i.e.,

b= BIB,, & = alt,, T = tly, t, = 2,/D. (2.3)
Two parameters are important in the problem: the magnetic Reynolds number
Rep = wooy Dy, (2.4)

determined by the thickness of the shunt x; and its conductivity o,, and the ratio of the
conductivities of the shunt and of the material

s = ¢/oy. (2.5)

The conductivity ¢ of the material behind the SW front is assumed to be constant. Constancy
of the current in the circuit leads to the boundary conditions

by(—1,7) =1 (2.6)
on the outer surface of the shunt and
by(z(l — u/D), 1) = —1, T xo/ 2, (2.7)

on the SW front (D and u are the wave and mass velocity in the material).

Continuity of the electric and magnetic fields on the shunt-material contact boundary
leads to

0b,/0E sy = 50by/0E o (2.8)
bl(O, T) = b2(01 T)- (2.9)

The initial conditions are obvious: _
by(8, 0) = —1 — 2§, Dy, 0) = —1. (2.10)

The voltage V(t) displayed on an oscillograph was identified with a quantity proportional
to 3b1/3€’£=0.
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The formulated problem (2.1), (2.2) and (2.6)-(2.10) was solved numerically. It was
established for several model cases that the magnitude and distribution of the currents in
the material depend strongly on the dimensionless parameter

r = uyoD*({ — u/D)2 (2.11)

If r <« 1, there is no skin effect in the sample and the current simply follows immediately
behind the SW in the compressed material. For r = 1 the skin effect becomes appreciable,

and for r » 10 the SW detaches from the skin layer and the current distribution in the sample
becomes strongly nonuniform.

The problem of determining the unknown ¢ is the inverse of the problem of diffusion
of the magnetic field formulated above. It was solved by comparing the diffusion abl/aglgso
calculated in the problem with the experimental dependence V(t) and by adjusting o until
the best agreement between these values taking into account the required normalizations is
achieved. The accuracy with which ¢ is determined was evaluated by the standard method of
varying it by +10-157 and by comparing the deviation of the corresponding computed voltage
curves from the experimental values.

The case when the skin effect is unimportant is the simplest one to analyze. In this
case it may be assumed that the current distribution both in the shunt and in the material
behind the SW is uniform and simple calculations give the dependence V(t) in the form

'I/'
0 6 (D—u)
= 14*7i- 7 t, (2.12)

which opens up the convenient possibility of rescaling the experimental curve V{t) to the
coordinates (V,/V — 1, t) and determining ¢ based on the slope of the straight line obtained.

In finishing the description of our method for measuring the conductivity we emphasize
its basic advantages: 1) the simple geometry of the measurement cell permits analyzing ac-
curately the transient processes occurring in it, reducing them to the classical problem
of the skin effect in a conductor, and thereby determining reliably the electric conduc-
tivity under the conditions of propagation of an SW along the sample from the material stu-
died, increasing both the accuracy in determining o and the time resolution: 2) in the pro-
cess the agreement of the oscillogram V(t) with the computed curve is analyzed on the maxi-
mum time interval, unlike the results of [21, 23-25] which were obtained based on one point
of the oscillogram corresponding to the minimum signal; and, 3) by determining the appropri-
ate resistance of the shunt and current in the measurement cell it was possible to obtain
reliable measurements of the electric conductivity of the order of the conductivity of good
metals. The possibilities of the measurement method were evaluated in control experiments,
when constantan and copper were employed as the materials studied.

The measurement method developed has certain restrictions assocciated with the place-
ment of the shunt between the source of the SW and the sample and the microscopic character-
istics of the shunt—sample contact. Because of reverberation of the SW arising at the shunt—
sample boundary the pressure in the sample grew over a period of time determined by the ratio
of the wave impedances of the materials and the thickness of the shunt. For shunt thick-
nesses of ~100 um usually employed in our experiments, the shock-wave establishment time
was about 100 nsec. This led to two restrictions: 1) the structure of the conducting zone
on the wavefront could not be resclved and 2) the conductivities measured with good accu-
racy had an upper limit of o, = 1.2-107 @ ''m™*. These restrictions can be completely re-
moved by matching the shock impedances of the shunt and the sample. The unavoidable rough-
ness of the contact leads, however, to local heating and nonuniformity of the electric con-
tact of the two conductors, which in its turn will be reflected in the flow of current into
the material studied and will be superposed on the transition of the zample into the conduct-
ing state.

The pressure in the measuring cell was calculated based on measurement of the wave ve-
locity and the known shock adiabats of materials [16] and was monitored independently with
a manganin sensor. Getinaks was employed as the insulation material, since unlike other
commonly used plastics it does not give polarization signals induced by strong SWs.

3. An oscillogram of the experiment on measuring the conductivity of porous silicon
and the results of its rescaling to the variables (V,/V — 1, t) are presented in Fig. la.
It is obvious that the experiment agrees well with the assumption that the conductivity after
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shock compression is constant and that there is virtually no skin effect. The experiment
corresponds to a conductivity of 6:10% Q"''m”! and a pressure of 4.6 GPa. Numerical esti-
mates for the conductivity, when the skin effect is insignificant, give o < 10°® Q~l.m™%,
which corresponds to the experimental results obtained.

The data from one experiment with large compression of porous silicon and high expected
electric conductivities. are shown in Fig. 1b. The oscillogram of the experiment was also
rescaled to the variables (V,/V ~ 1, t) (dots). Curve 1 was computed with ¢ = 9-10% Q" ':m™1,
The corresponding computed dependence V(t) is shown by the broken line and agrees well with
the oscillogram, except for the starting section corresponding to the establishment of the
pressure in the shunt by the shock wave. The accuracy with which o is reconstructed can
be judged from curves 2 and 3, which were computed for values of the conductivity differing
from the values found by *157%.

4. Quite detailed measurements of the electric conductivity of a number of materials
which undergo an SW-induced transition into the conducting state were performed by the meth-
od described above. The experimental results obtained with silicon are presented in Fig.

2, where curve 1 shows the data from about 20 explosive experiments with porous silicon

(py = 10® kg/m®). The obtained pressure dependence of the conductivity is characterized

by saturation at high pressures. Careful analysis of the oscillograms showed that to within
5 nsec the conductivity appears at the moment the SW emerges into the sample and remains
constant behind the shockwave throughout the entire observation time. For comparison, Fig.
2 shows the measurements of the electric conductivity of silicon whose density is close to
the starting value; the measurements were performed by Japanese investigators (curve 2) [25].
In this work we employed a measurement cell in which the shunt and sample were spatially
separated. For low pressures ~3 GPa our measurements are virtually identical to those of
[25]. At high pressures (~10 GPa), however, the values of the conductivity measured by our
method are an order of magnitude higher and constitute ~10° @ '-m”!, We believe that this
discrepancy is attributable to the poor time resolution of the cell with the removal shunt,
which turned out to be longer than the time over which the high pressure is maintained in
the sample studied. A series of experiments performed with single-crystalline silicon (dots
on curve 3) turned out to be a unique test for the proposed measurement method. The results
show that the electric conductivity grows steeply and reached a plateau at pressures above
12 GPa. This behavior is characteristic for a semiconductor—metal phase transition under
compression [29]. For comparison, Fig. 2 shows the computed dependence o(p) (curve 4) and
the experimental points obtained in dynamic experiments in the region of elastic deforma-
tions [30], as well as the results of static measurements (curve 5) [31]. Our results show
that 1) under dynamic conditions the transition into the conducting state occurs earlier

(at lower pressures), 2) in the case of equal pressures the conductivity of the shock-com-
pressed material is higher than under quasistatic compression, but 3) the maximum electric
conductivity is two to three times lower than in the static case. This behavior of the de-
pendence o(p) in the region of the transition can be attributed to shock-induced heating,
while in the region of saturation it can be explained by the high degree of defectiveness
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of the crystalline structure and again by heating of shock-compressed samples. On the whole,
however, our results with crystalline silicon agree reasonably well both with existing dy-
namic experiments at low pressures and static investigations.

5. Our experiments with silicon show that the semiconductor-metal transition with un-
loading of the sample is reversible. Comparing the oscillograms of the voltage on the mea-
suring cell and the signal from the manganin sensor shows that in the rarefaction wave the
sample returns to the low-conductivity state. The time of this transition was determined
by the sizes of the shunt and sample, and did not exceed 250 nsec. It turned out that the
reverse transition is characterized by significant hysteresis of the conductivity o(p).
Starting at the point of the break (p = 12 GPa) the reverse curve for the single crystal
diverges from the loading curve, and the difference in the value of ¢ exceeds an order of
magnitude.

6. The proposed method was employed to measure the electric conductivity of powders
of a number of metals: aluminum (fine powder and powder), lead, tin, and others. In the
starting state all of them are nonconducting. The conductivity under sheck compression de-
pends on the startinrg porosity and the pressure in the wave and is characterized by values
of ~5:10° @ ''m™* for the fine powder and ~3:10° Q' m™! for the metal powders.

Metal—Semiconductor Phase Transition. In accordance with what was said above, this
transition is atypical for high-pressure physics and is observed quite rarely — predominant-
ly in rare-earth elements and their compounds [32-34].

Ytterbium, one of the most interesting members of the lanthanide group, was selected
for the experiments. The advantages of ytterbium are that it is comparatively easily avail-
able, it can be worked by rolling, and the conductivity changes appreciably under certain
compressions [35, 36]. Foil 50-um thick, which was placed between the CGetinaks plates, was
employed in the experiment on measuring the electric conductivity. The voltage was measured
in the dc regime using a four-point scheme. Two series of experiments with different start-
ing temperatures — 290 and 77 K — were performed. The results obtained are presented in
Fig. 3, where the points 1 and the left-hand ordinate scale refer to the starting tempera-
ture of 290 K, while the points 2 and the right-hand scale refer to 77 K. The obtained de-
pendence R(p)/R, agrees qualitatively with the results of [36]. The pressure dependence
of the resistance has three characteristic regions: 1) a maximum in the region 1 GPa < p <
3 GPA, 2) a drop in the region 3 GPa < p < 8 GPa; and, 3) growth in the region p > 8 GPa.
The maximum of the resistance corresponds to transition of ytterbium into the semiconducting
state. Evidence for this is obtained by comparing the results obtained with different start-
ing temperatures. The second section of the dependence R(p) corresponds to the inverse semi-
conductor-metal transition. Analysis of the phase diagram of ytterbium [37] and evaluation
of the resistance for p > 8 GPa is associated with melting of shock-compressed ytterbium.
The maximum recorded increase in the resistance ¢/ the sample equalled a factor of 25 and is
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most likely limited by appreciable shock-induced heating of ytterbium under large compres-
sion. Using a complicated system of appropriately selected materials it is possible to trans
fer from shock compression to practically isoentropic compression, thereby lowering the tem-
perature of the compressed sample and the level of the thermally excited electric conductiv-
ity. Two circumstances limit progress along this path. Our measurements of the conductivity
of samples compressed with different starting temperatures permitted obtaining for the gap
width at a pressure of 2 GPA AE = 0.05 eV. The comparatively low pressures corresponding

to the transition of ytterbium intc a semiconductor indicates that the difference of the
temperatures of shock-induced and shock-free compression will not be very large, which with

a low activation energy will not strongly affect the final conductivity. Since the final
temperature of isoentropic compression is proportional to the starting temperature, it is
best to perform deep cooling of the sample together with transfer to multistep compression.
The second restrietion with a transfer to shock-free compression is associated with the in-
crease in the growth time of the pressure and the growth time of the resistance. In our
experiments the growth time of the resistance equaled 50 nsec, which corresponded to the

time interval over which the pressure is established by the shock wave in the sample, i.e.,
no delay was observed in the phase transition.

Metal—Vapor Phase Transition in Compression and Unloading Waves. The possibility of
the occurrence of a metal—vapor phase transition in the unloading wave was first pointed
out in [11]. Analysis of the mutual position of the shock adiabat of the material, the
family of unloading isoentropes, and the phase diagram showed that for a normal shock adia-
bat the loading of the material with a quite strong SW and subsequent unloading led to com-
plete vaporization of the material. It was first noted in [38] that the shock adiabats of
highly porous materials lie in the region of specific volumes that are significantly larger
than the normal volume of the continuous material, i.e., in the gas-phase region. This means
that such materials are vaporized by shock compression. Thus the material can be vaporized
in both compression and unloading waves. Whether this happens in the SW or in the rarefac-
tion wave depends on the position of the shock adiabat, i.e., it is determined by the poros-
ity of the material.

We evaluated the conditions of the metal—vapor transition in an SW for a number of ma-
terials. TFor this we employed the entropy criterion formulated in [11] and data on the shock
compressibility of materials [16, 39], and in those cases when this information was inade-
quate we represented the shock adiabat analytically [40]. The temperature was determined
based on the growth in the internal energy of the material in the SW and the constant heat
capacity. The numerical values of the entropy at the critical point S, were taken from [41]
and the necessary thermodynamic constants and coefficients were taken from [42-45].

An example of the evaluation of the parameters of the metal-vapor transition is given
in Fig. 4 for lead. TFigure 4a shows the dependence of the entropy of lead on the pressure
in the SW S(p), obtained for different values of the porosity m. As m is increased, the
pressure in the SW giving rise to vaporization decreases systematically; this is associated
with the large thermal heating of the porous material. This dependence is shown by curve
1 in Fig. 4b. The pressure in the SW generated in the material by an explosive (curve 2,
the explosive consists of TG 50-50) also drops at the same time. Since curves 1 and 2 drop
off at different rates, as one can see from Fig. 4b vaporization is possible for sufficient-
ly porous samples. The values of m, and p,, corresponding to complete vaporization of a num-
ber of metals, are given in Table 2.

The results obtained show that in some highly porous materials a metal—vapor transition
should be expected with the use of generally available explosives. Since such a transition
leads to the formation of a dense poorly conducting vapor, it is of great interest for use
in electrophysical experiments. A promising material in this regard is nickel, since its
commercially produced powders are distinguished by a high spectrum of porosities.

3. APPLICATION OF INSULATOR-METAL PHASE TRANSITIONS TO THE PROBLEMS
OF SWITCHING HIGH CURRENTS

In the last ten years the problem of creating a fast switch has become the central prob-
lem in high-current pulsed technology [2-6}.

There now exist switches operating on different physical principles: mechanical rupture
of a current conductor, electric explosion of a conductor, compression of a plasma channel
by an SW, magnetic switch, plasma focus phenomenon, and stimulation of different types of
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TABLE 2

Metal me px, GPa

Pb 1,7 31
Sn 3,6 17
Ni 3.7 19
7n 4.4 17
Al >8 —

plasma instabilities. High technical parameters have been achieved: switching time of about
1 psec and currents ranging from several to tens of megaamperes. The switch itself is a
unique piece of equipment, almost the most complicated element in the entire electric circuit.
The problems, confronting experimental technology, of developing fast switches can be solved
to a certain extent by improving existing designs. Another important direction in the improve-
ment of switches is the search for promising switching principles.

Investigations of the conductivity of materials in compression and rarefaction waves
have shown that the electric properties of materials change radically over short times (t <«
1 psec). This fact can be taken as a basis for the development of a fast switch based on
a new physical principle — switching by means of insulator-metal phase transitions in an SW.

The advantages of this method of switching over traditional methods are obvious: 1)
the current is broken without physical rupture of the circuit, so that conditions for arcing
do not arise; 2) the elimination of air gaps next to the current conductors ensures high
electric strength on switching; 3) the switching time is determined by the passage time of
the wave along the sample and can be quite short (tens of nanoseconds for thin samples);
and, 4) the switch based on a phase transition enables two operators: switching the current
on and off.

All transitions studied above can be employed for purposes of switching. Thus, when
silicon in an SW is employed as the working material it is transformed into a metallic state
with high electric conductivity and when the sample is unloaded it undergoes the reverse
transition into a poorly conducting state. In the case of ytterbium the sequence of transi-
tions is reversed.

To study the possibility of making a switch based on a phase transition we performed
model experiments with a switch based on powdered silicon. The device included buses con-
nected by a rupturable copper bridge, a long explosive charge, and a 5-mm thick layer of
silicon powder. The current in the circuit was generated by discharging a capacitor. At
the moment the current reached its maximum value the bridge ruptured and the current was
switched into the silicon. After the detonation wave passed through the entire length of
the charge the working material was unloaded and the current was switched off. The current
equaled 30 kA and was halved within 3 psec. The resistance of the switch equals 5-107° @
in the closed state and exceeds 4 Q in the open state. The experiments performed showed
that it is in principle possible to make a switch based on phase transitions in an SW.
Higher parameters of the switch can be achieved by reducing the thickness of the working
material and by replacing the powder with a monolithic material.

The ideal working body for a switch is a superconductor. Under the action of an SW
the temperature of such a sample can exceed the critical temperature, and it will transform
into a poorly conducting state. This transition is the limiting case of phase transitions
of the metal—semiconductor type, studied in Sec. 2. A switch based on a superconductor has
all the features of the above-studied switches based on phase transitions and, in addition,
it does not have any Joule losses in the closed state. The high-temperature, ceramic-based
superconductors which have appeared in the last few years will probably soon make these tempt-
ing propositions a reality.

4, SHOCK-WAVE COMPRESSION OF MAGNETIC FLUX

A method for compressing magnetic flux with SWs, giving rise to a transition of the
material from a nonconducting into a conducting state, was proposed in [46-49] and indepen-
dently in [50, 51]. The method is based on the creation of a closed configuration consist-
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ing of several SWs, which cenverges to some point and creates in it a strong magnetic field.
The conductivity in the material can arise by any of the mechanisms listed in Sec. 1. Shock-
wave magnetic cumulation was first realized with a transition of silicon powder into the
conducting state [47, 50, 51]. Later it was suggested that powders of metals be employed
{48, 49]. The highest compression and magnetic fields were obtained in experiments with
fine aluminum powder [52-55].

The fundamental difference between shock-wave compression of magnetic flux from classi-
cal magnetic cumulation [56, 57] lies in the fact that when matter is compressed a significant
fraction of the flux remains frozen in the conductor formed and is then transferred together
with it. This phenomenon is simplest to understand by representing the starting nonconduct-
ing material in the form of a collection of extremely small, spatially separated, conducting
granules which are so small that the passage time of the SW front across the cross section
of the granule is longer than the relaxation time of the magnetic field in it, whence follows
a restriction on the particle size a < 1/yy0D.

In this case, compression of the material is accompanied by expulsion of only the frac-
tion of the magnetic flux confined in the space between the conducting particles into the
region in front of the SW front, and the remaining flux is irretrievably lost. It is obvi-
ous that the losses are determined by the degree of porosity of the starting material, i.e.,
by the ratio of the starting density ¢, to the density p, of the conducting phase — the
smaller the compression of the material (p,/p, ~ 1) the smaller the pores, the larger the
losses, and the smaller the degree of increase of the magnetic field with fixed geometric
compression of the region with the trapped magnetic flux are [53, 54}. Regardless of how
paradoxical it appears at first glance, however, appreciable losses of flux which are inher-
ent to the shock-wave method of magnetic-flux compression create definite positive effects.
First, systematic freezing-in of the magnetic field in the conductor created by the traveling
SW is accompanied by the appearance of a quite smooth distribution of the field in the moving
material. As a result, the current layer in the conducting material turns out to be thick,
the current density is low, and the associated overheating of the material and development
of magnetohydrodynamic instabilities are substantially weaker than in the classical magnetic-
cumulation schemes. In addition, the large thickness of the current layer leads to more
efficient extraction of energy from a large volume of the moving material. The second posi-
tive effect occurs owing to the fact that, for moderate or low compressibility (p,/p, > 0.5)
the shedding of flux into the conducting material is so large that the total energy of the
magnetic field in the material and in front of the SW turns out to be finite even with com-
plete compression of the region with the trapped magnetic flux. This opens up the possibility
of operating with large changes in the transverse dimensions of the region with the magnetic
field under conditions of limited initial energy, and the phenomenon of hydrodynamic cumula-
tion accompanying motion of the compressed material to the axis can be employed in the axi-
symmetric case and high mechanical and, as a consequence, magnetic energy densities can be
achieved [53, 54]. Restrictions of the possible amplification of the field in this case
appear owing to the finite electric conductivity of the material in the compressed state.

For limiting compression of the field in the axisymmetric case a very optimistic (in the
light of the data on the electric conductivity) estimate

1 0
B, ~exp(—.— Re -—~'—’-)
& Pl m P* ’
where Rey, = uy,0D,r, is the magnetic Reynolds number, Dy is the starting velocity of the SW,
and r, is the initial radius of the region of compression, can be obtained.

The achievement of the limiting amplification of the field B, is predicted theoretical-
ly for complete convergence of the compressing SWs to the axis. In practice, the possibili-
ties of maximum compressions are limited by the transverse dimensions of the sensors em-
ployed for the measurements. Numerical modeling of the problem showed that the maximum re-
corded magnetic flux depends strongly on the starting field, the degree of compressibility
of the material accompanying the transition into the conducting state, and the starting di-
mensions of the experimental system. The highest, experimentally recorded amplification
of the field equaled a factor of 90, while the magnitude of the field reached 350 T.

The method of compression of magnetic flux in a material that is transferred under com-
pression into a conducting state opens up a number of new possibilities for obtaining ex-
treme energy densities and physical experiments associated with them. The use of several
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discrete elements of this type in the experiments performed by A. I. Pavlovskii and his co-
workers made it possible to prevent catastrophic mixing of the field with the material of

the cumulating conducting shell, stabilize the compression of the field, and achieve an out-
standing result = 1200 T in a reproducible experiment [58, 59]. The development of special
metal—insulator composite materials with a programmed level of compression for the transi-
tion inte the conducting state is one of the promising directions for future work on increas-
ing energy cumulation.
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