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1. Introduction

Poled ferroelectrics are capable of storing electromagnetic energy in a form of bonded
electric charge. The electric charge density of poled lead zirconate titanate (PZT) ceramic
samples can exceed 30 pC/cm? and the electromagnetic energy density stored in the
samples can reach 4 J/cm?3. Releasing the electric charge stored in ferroelectrics during a
microsecond time interval can generate pulses of high voltage, high current and high power.
The generation of pulsed voltage and pulsed currents by shock-compressed lead zirconate
titanate and barium titanate ferroelectric ceramics was reported for the first time at the end
of the 1950s (Neilson, 1957). Studies of the physical and electrical properties of shock-
compressed ferroelectric and piezoelectric materials with light gas guns and explosively
accelerated pellets, which initiated planar shock waves in the investigated samples have
been performed since the 1960s and continue until present time (Reynolds & Seay, 1961;
Reynolds & Seay, 1962; Halpin, 1966; Cutchen, 1966; Halpin, 1968; Lysne, 1973; Lysne &
Percival, 1975; Lysne, 1975; Lysne & Percival, 1976; Bauer & Vollrath, 1976a; Bauer &
Vollrath, 1976b; Mineev & Ivanov, 1976; Duvall & Graham, 1977; Lysne, 1977; Novitskii, et
al.,, 1978; Dick & Vorthman, 1978; Dungan & Storz, 1985; Novitskii & Sadunov, 1985;
Setchell, 2003; Setchell, 2005; Setchell et al., 2006; Setchell, 2007).

Since 1990s we have been performing design work, experimental studies (Shkuratov et al.,
2004; Shkuratov et al., 2006a; Shkuratov et al., 2006¢; Shkuratov et al., 2007a; Shkuratov et
al., 2007b; Shkuratov et al., 2007¢c; Shkuratov et al., 2007d; Shkuratov et al., 2008a; Shkuratov
et al.,, 2008b; Shkuratov et al., 2010) and theoretical investigations (Tkach et al., 2002,
Shkuratov et al., 2007d; Shkuratov et al., 2008a) of miniature pulsed power generators based
on shock depolarization of ferroelectric materials. Development of these autonomous prime
power sources is important for the success of modern research and development projects
(Altgilbers et al., 2009; Altgilbers et al., 2010).

Results of systematic studies of miniature ferroelectric generators (FEGs) are presented in
this chapter. We describe the design of a miniature FEG, consider principles of its operation,
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270 Piezoelectric Ceramics

give examples of performance of the generators in the high resistance and charging modes,
and operation of the FEG equipped with a power conditioning stage.

2. Explosively Driven Ferroelectric Generator Design

A schematic diagram of our miniature shock wave FEGs that was used in experimental
studies described in this chapter (Shkuratov et al., 2004; Shkuratov et al., 2006a; Shkuratov et
al., 2006c; Shkuratov et al., 2008a) is shown in Fig. 1. It contained a ferroelectric element, an
explosive chamber, a metallic impactor (flyer plate) and output terminals. The explosive
part of the FEG contained a plastic cylindrical detonator support that holds an RP-501
detonator (supplied by RISI (Online A)) and a high explosive charge. The air gap between
the flyer plate and the ferroelectric element front contact plate (the acceleration path) was 5
mm.

Ferroelectric Element

Detonator Aluminum Copper
Support  Impactor | Backplate

W —= PZT

= Module

Holder
—Peionator N °
0 Output

Terminals

Generator's
Body Air Gap

Fig. 1. A schematic diagram of a miniature explosively driven shock wave ferroelectric
generator (FEG).

The metallic impactor was responsible for initiation of a shock wave in the ferroelectric
element. A flyer plate accelerated to high velocity by the detonation of a high explosive
charge impacted the face plate of the ferroelectric element and initiated a shock wave in the
body of the ferroelectrics. The direction of propagation of shock wave in the ferroelectric
element was parallel to the polarization vector Py (Fig. 1). This type of generator is referred
to as a longitudinal FEG. The overall dimensions of the FEGs did not exceed 50 mm.
Desensitized RDX (essentially the same as Composition 4, or C-4) high explosives were used
in all FEGs described in this chapter. The detonation velocity of desensitized RDX is 8.04
km/s and the dynamic pressure at the shock front reaches 36.7 GPa. The mass of the C-4
charge was varied from 12 to 17 g, depending on the charge holder configurations.

To provide a planar impact in the ferroelectric element, we designed the impactor (Fig. 1) as
a curved plate that deformed into a quasi-flat structure under blast loads. To derive the
correct curvature and thickness of the flyer plate material, the arrival times and locations of
the explosive shock was calculated based on the principles of geometric optics and
impedance mismatch as applied to detonation waves. Then, the shock transit time through
the flyer plate material was calculated in order to calculate shock time of arrival along
concentric circular loci on the target side of the flyer plate. The combination of shock arrival
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times and locations on the plate surface allowed for calculation of the plate curvature
needed to produce an essentially flat flyer plate upon impact with the PZT target.

The cylindrical body of the FEG was made of material with good electrical insulating
characteristics to avoid electric breakdown during the operation of the generator. We
performed a series of experimental studies to determine the effects of generator body
material on the explosive and electrical operation of the FEG (Shkuratov et al., 2004;
Shkuratov et al.,, 2006c). Three types of plastics were used for the generator bodies:
polyethylene, polyvinylchloride (PVC) and polycarbonate. The experimental results showed
that each of these materials worked well.

In addition, we performed a series of experimental investigations to determine the effect of
generator body wall thickness on the electrical operation of the FEG (Shkuratov et al., 2004;
Shkuratov et al., 2006¢c). As a result of these studies it was found, that there is no significant
difference in the generation of high-voltage pulses by FEGs having body wall thicknesses in
the range from 1 mm to 30 mm. Based on this result, we reduced the total volume of the
FEGs for four times. Physics behind this result is related to the fact that the generator’s body
does not effect on the explosive and electrical operation of the FEG, it only holds the
ferroelectric element and explosive part together until detonation of the high explosives. The
generator’s body can be a lightweight and thin plastic shell (less than a millimeter larger
than the diameter of the ferroelectric element).

Fig. 2. Shock wave ferroelectric generator before (A) and after (B) explosive and electrical
operation.

The ferroelectric element (Fig. 1) was bonded to a copper back-plate that was 1 mm larger in
diameter than the ferroelectric element. The back-plate thickness was 5 mm. A silver-loaded
epoxy was used to bond the ferroelectric disk to the back-plate. The copper back-plate
provided mechanical impedance matching for minimizing reflection of the stress wave
when it reached the back face of the ferroelectric energy-carrying element. The silver-loaded
epoxy provided an electrical contact and reduced the capacitive reactance of the bond to a
negligible value. The ferroelectric element, along with the copper back-plate, was centered
in a cylindrical plastic holder (Fig. 1).

Two output electric terminals of the FEG were connected to two contact leads that were
connected to the metallic contact plates deposited on the surface of the ferroelectric disk.
One contact lead was bonded to the front plate of the ferroelectric disk (which was subjected
to flyer plate impact) with silver-loaded epoxy. Another lead was bonded in the same
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272 Piezoelectric Ceramics

manner to the copper back-plate. Figure 2 shows an FEG before and after explosive
detonation and electrical operation.

3. Generation of Pulsed High Voltage by Longitudinally-Shock-Compressed
PZT 52/48 Ferroelectrics

There are well known difficulties in the generation of pulsed power in a high resistance load
with explosively driven electrical generators (including all types of magnetic flux compression
generators, magneto-hydrodynamic generators, etc.) (Altgilbers et al., 2010). We demonstrated
in a series of systematic experimental studies that explosively driven longitudinal FEGs are an
exception to this list (Shkuratov et al.,, 2004; Shkuratov et al., 2006a; Shkuratov et al., 2006c;
Shkuratov et al., 2008a; Shkuratov et al., 2008b). FEGs are explosively driven pulsed power
sources that effectively generate high voltage across high-resistance loads.

In these studies we used lead zirconate titanate Pb(ZrosTio4s)Os (PZT 52/48) poled
piezoelectric ceramics (trade mark EC-64, supplied by ITT Corp. (Online B)). PZT 52/48 is a
ferroelectric material widely used in modern mechanical and electrical systems due to its
excellent piezoelectric properties. This material is in mass production and commercially
available in a variety of shapes, sizes and trademarks. It is used in form of ceramics since
1960s (Jaffe et al., 1971) and recently in form of thin films (Shur et al., 1997, Kuznetsov et al.,
2006).

The parameters of PZT 52/48 are as follows: the density is 7.510° kg/m3, the dielectric
constant is € = 1300, the Curie temperature is 593 K, the Young’s modulus is 7.8 1010 N/m?2, the
piezoelectric constant is ds3 = 2951012 C/N, and the piezoelectric constant is gs3 = 2510
m2/C (Online B).

FEG ferroelectric elements investigated in (Shkuratov et al., 2004; Shkuratov et al., 2006a;
Shkuratov et al., 2006c; Shkuratov et al., 2007a; Shkuratov et al., 2007b; Shkuratov et al.,
2007c; Shkuratov et al., 2008a; Shkuratov et al., 2008b) were PZT 52/48 disks polarized along
the cylindrical axis. Silver contact plates (electrodes) were deposited on both ends of the
PZT disks by electron beam deposition, and each disk was poled by the manufacturer to its
remnant polarization value. The diameters of the ferroelectric disks were 25.0, 25.4, 26.1, and
27.0 mm, and their thicknesses varied from 0.65 mm to 6.5 mm (Table 1).

Diameter, D (mm) Thickness, i (mm)
26.1 0.65
27.0 2.10
25.0 2.50
254 5.10
25.0 6.50

Table 1. Sizes of investigated PZT 52/48 ferroelectric elements of the FEGs.

To investigate FEG pulsed power generation in the high-resistance mode, we used a
Tektronix P6015A high-voltage probe as a load. The impedance of the probe was 108 Q and
its capacitance was 3 pF, so the current in the electrical circuit of the FEG was negligible (less
than 5104 A at 50 kV output voltage).

The experimental setup and circuit diagram of the system for investigation of the operation
of the FEG in the high resistance mode are shown in Fig. 3. The high-voltage output
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terminal of the FEG (positive plate of the ferroelectric element) was connected directly to the
high-voltage probe, and the negative (front) plate of the PZT disk was grounded. Note that
high-voltage diodes or high-voltage rectifiers were not used in these experiments.
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Fig. 3. Schematic diagrams of the measuring system for investigating the operation of FEG
in the high-resistance mode.

Detonation Tank

The operation of the FEG was as following. After detonation of high explosives, an
accelerated flyer plate impacted the ferroelectric element and initiated a shock wave. The
shock wave propagated through the ferroelectric element and depolarized it. The
depolarization process released the induced electric charge on the metallic contact plates of
the ferroelectric element and a voltage pulse (electromotive force pulse) appeared on the
output terminals of the generator.

The waveform of a typical electromotive force (e.m.f.) pulse produced by an FEG containing
a PZT 52/48 ferroelectric element of D = 25.0 mm/h = 6.5 mm is shown in Fig. 4. The
amplitude of the em.f. pulse reached Eg(f)max = 21.4 kV and the full width at the half
maximum (FWHM) was 1.1 ps.

In Fig. 4, the increase in the e.m.f. pulse from zero to its peak value is the direct result of the
depolarization of the ferroelectric element due to explosive detonation shock wave action.
Shock wave depolarization induced an electric charge that was released at the contact plates
of the ferroelectric disk. Because of the high resistance and low capacitance of the load in
this mode of operation, the released electric charge was charging the ferroelectric element (it
is initially a capacitor) to a high voltage. The rise-time of the e.m.f. pulse is related to the
shock front propagation time through the ferroelectric disk thickness.

Since there was no electric charge transfer from the ferroelectric element to the external
circuit in this mode of operation of the FEG (Fig. 3), one might expect that the waveform of
the e.m.f. produced by the FEG would be a square pulse of E¢(f)max amplitude, with a flat
top and lasting several or more microseconds (until the mechanical destruction of the
ferroelectric element occurred). It follows from the experiments, however, that after
reaching its maximum value the em.f. pulse does not hold its maximum value, but
decreases rapidly (see Fig. 4).

To understand this phenomenon it is necessary to take into a consideration that the shock
wave propagating through the ferroelectric element had very complex characteristics
(Reynolds & Seay, 1961; Reynolds & Seay, 1962; Halpin, 1966; Setchell, 2003). The shock
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represents the superposition of a number of elastic and inelastic acoustic and shock waves
(Setchell, 2003) that depolarize the ferroelectric element and simultaneously change its
physical properties significantly. Apparently, the rapid decrease of the e.m.f. pulse after it
reached its peak value, Eg(f)max, Was the result of a significant increase in the electrical
conductivity of the shock-compressed ceramic material (behind the shock as it traveled
through the disk) and a corresponding leakage current in the element, or of internal
electrical breakdown within the ceramic disk.

24 ¢

AR T S S S ——

T S —

T —

FEG Electromotive Force (kV)

8 10 12 14 16 18 20 22

Time (us)
Fig. 4. A typical waveform of high voltage pulse produced by the FEG containing PZT 52/48
element with D =25.0 mm/h = 6.5 mm.

In spite of complex and not completely understood physical processes in shocked
ferroelectrics, we have found out that there are two linear relationships between PZT 52/48
element thickness and parameters of the high voltage pulse produced by the FEG. They are
presented in Figure 5.

The first linear relationship is between PZT element thickness, /1, and the amplitude of the
e.m.f pulse, E¢(f)max. The second linear relationship is between i and FWHM of the e.m.f.
pulse. The experiments documented in Fig. 5 show that the e.m.f. pulse amplitude and
FWHM are highly reproducible. An increase in PZT 52/48 element thickness leads to an
increase of both the e.m.f. pulse amplitude, E¢(t)max, and the pulse width.

For a PZT 52/48 ferroelectric element with & = 0.65 mm, E¢(#)max = 3.6 £ 0.23 kV with FWHM
of 0.2 + 0.04 ps. An increase in the ferroelectric element thickness to 2.5 mm almost triples
the e.m.f. pulse amplitude, to 8.9 £ 0.07 kV. The FWHM increases more than 3 times to 0.62 +
0.02 ps. For a ferroelectric element having i = 5.1 mm, Eg(f)max = 17.03 + 0.25 kV with a
FWHM of 0.9 £ 0.03 pus.

It follows from the experimental data shown in Fig. 5 that the amplitude of the e.m.f. pulse
is directly proportional to the PZT 52/48 element thickness, with a coefficient of
proportionality equal to 3.4 + 0.5 kV/mm. Apparently, this electric field strength (3.4
kV/mm) is the internal electrical breakdown field for PZT 52/48 ferroelectric material. The
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FWHM is directly proportional to the thickness of the PZT 52/48 ferroelectric element, with
a coefficient of proportionality equal to 0.21 + 0.02 ps/mm.

Therefore, we experimentally demonstrated that miniature explosively driven ferroelectric
generators are capable of producing high-voltage pulses of several tens of kilovolts for a few
microseconds in a high-resistance load.
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Fig. 5. From (Shkuratov et al.,, 2004; Shkuratov et al., 2006a; Shkuratov et al., 2006c;
Shkuratov et al., 2007a; Shkuratov et al., 2008a; Shkuratov et al., 2008b): experimentally
obtained dependence of e.m.f. pulse amplitudes (diamonds) and FWHM (squares) produced
by FEGs versus thicknesses of PZT 52/48 ferroelectric elements.

4. Depolarization of PZT 52/48: Longitudinal Explosive Shock Versus Quasi-
Static Thermal Heating

The quantity of electric charge released in the electrical circuit of an FEG during its explosive
operation determines the amount of electrical energy produced by the generator in its load
circuit. Therefore, the efficiency of the device depends on the degree of the depolarization of
the ferroelectric element under the action of a shock wave. In this section, we describe the
results of comparative systematic studies of the depolarization of PZT 52/48 ceramic by
means of two techniques - thermal heating, and longitudinal compression by shock waves
from the detonation of an explosive charge.

A schematic diagram of the experimental setup we developed for thermal depolarization of
ferroelectric samples is shown in Fig. 6 (Shkuratov et al., 2010). In this setup, we used an
automatically controlled Thermolyne 47900 furnace, and during each experiment placed a
ferroelectric sample in a thermal bath (a beaker filled with ultra-fine sand) close to a K-type
thermocouple. We connected the thermocouple to a SPER Scientific thermometer (Model
800005), and the signal cables from the ferroelectric sample to a Keithly 2400 pico-ampere
meter.
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The heating rate did not did not exceed 1 K/min for all studied samples. Detailed
description of technique of thermal depolarization experiments is given in (Shkuratov et al.,

2010).

[ ]

Keithly 2400

g In<p)ut

Thermocouple

Ferroelectric
Element

UGPIB-USB

PC

Scientific

800005

Fig. 6. A schematic diagram of the experimental setup used for measurement of thermal

depolarization of ferroelectric samples.

A diagram of the measuring circuit we developed for explosive shock depolarization
experiments is shown in Fig. 7 (Shkuratov et al., 2006c; Shkuratov et al., 2007b; Shkuratov et
al., 2010). A schematic of shock wave FEG used in these experiments is shown in Fig. 1. The
load loop (Fig. 7) was made of a copper strip 12.0 mm wide and 1.0 mm thick. The load loop
(Fig. 7) resistance and inductance were R; (100 kHz) = 0.57 Q and L;(100 kHz) = 0.98 pH,

respectively.
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Fig. 7. A schematic diagram of the experimental setup for investigation of longitudinal

shock depolarization of the PZT 52/48 ceramic samples.
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Typical plots of the thermally induced current, I(T), for PZT 52/48 ceramic disk of 26.1 mm
diameter are shown in Fig. 8. The Iy(T) is not a monotonic function of temperature, and it
has a few well-resolved peaks. The relative amplitudes of the peaks and their positions
varied with disk thickness (Shkuratov et al., 2010). Each sample we investigated, no matter
the size (see Table 1), had the most pronounced peak of I(T) at T = 405+3 K. This
temperature is in good agreement with the temperature at which the samples were poled by
the manufacturer. Commercial PZT 52/48 samples are poled by ITT Corp at temperatures
ranging from 400 K to 410 K (Online B). Heating the ferroelectric samples higher than 420 K
can lead to an increase in leakage currents to a level that could result in thermal runaway
and electrical breakdown during the poling procedure (Moulson & Herbert, 2003).
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Fig. 8. Typical depolarization curve for PZT 52/48 disks of diameter D = 26.1 mm/ thickness
h = 0.65 mm. Initial depolarization current (first heating cycle) is black curve. The electric
charge released in the circuit is light gray curve. Second heating cycle depolarization current
is dark gray curve.

It follows from our experimental results that a second heating cycle of the PZT 52/48
samples caused no current flow in the circuit (Fig. 8). In this case, the current recorded from
each investigated sample was practically zero.

This is direct experimental evidence that during the first heating cycle (Fig. 8), PZT 52/48
undergoes a structural phase transition into the cubic phase on the PZT composition-
temperature phase diagram (Jaffe et al., 1971). The samples are completely depolarized
during the first heating cycle, and all compensating electric charge density stored in the
samples’ electrodes is released to the external circuit.

The depolarization charge density, o, is the integral of the experimentally measured
depolarization current divided by the electrode area, A
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oT(@) =L [ 1,(r(0))-a 0

where tr is the time of the depolarization process. The experimental data for all sample sizes
we studied are summarized in Table II. The thermally-induced depolarization charge
density was consistent for all sample sizes, ® = 27.7 pC/cm?2.

The flyer plate of the FEG longitudinally impacted the ferroelectric body so that the shock
wave traveled in a direction parallel to the ferroelectric polarization vector Py (Fig. 7). Prior
to the flyer plate impact, the electric field in the ferroelectric sample was equal to zero
because the surface charge density (the bonded charge) compensated the polarization of the
sample, Py, that was obtained during the poling procedure. When a shock wave depolarized
a ferroelectric disk, a pulsed e.m.f. appeared on the metallic electrodes of the ferroelectric
element. When the electrical circuit of the generator was closed (a load is connected to the
output terminals of the FEG) the e.m.f. caused a pulsed electric current, I(t), in the circuit.
Integration of the I(t) waveform from 0 to t gives the momentary value of the electric charge,
AQ(t), released to the electrical circuit due to depolarization of the PZT

AQ(t)= [ 1(¢)- )

It should be noted that fr in the shock experiments ranges from 10-¢ to 105 s. It is about 9-10
orders of magnitude lower than tr in the thermal depolarization experiments (the time for
the thermally induced charge to be released).

Typical waveforms of the shock induced depolarization current produced by a PZT 52/48
disk of D = 26.1 mm / h = 0.65 mm, and the electric charge released from the sample are
presented in Fig. 9.

400 : 40

i /\ Y0
300 I(t) £ 30

. m
)

00+
0 1 2 3 4

FEG Depolarization Current, I(t) (A)
Depolarization Charge Density (HC/cm?)

Time (us)
Fig. 9. Waveform of the pulsed depolarization current, I(f), and the depolarization charge
density, o(f), released due to longitudinal shock compression of PZT 52/48 disk with D =
26.1 mm / h=0.65 mm.
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The peak depolarization current generated by longitudinally-shock-compressed PZT
element was I(t)ua = 360 A, with FWHM of 0.5 ps. The electric charge density released from
the sample due to the shock compression was ® = 30.6 uC/cm?2. The depolarization charge
density for all PZT 52/48 samples we investigated are presented in Table 2.

Diameter of the PZT 52/48 disks (mm) 26.1 27.0 254
Thickness of the PZT 52/48 disks (mm) 0.65 21 51
Thermal depolarization charge density (uC/cm?2) | 27.9£1.8 27.8+1.5 | 27.9£1.6
Adiabatic (shock induced) high-pressure 29.7+2.4 27522 | 267422
depolarization charge density (LC/cm?)

Table 2. Sizes of PZT 52/48 disks and electric charge released by disks due to thermal
depolarization and adiabatic (longitudinal-shock-wave) high-pressure depolarization.

It follows from our experimental results (Shkuratov et al., 2010) that increasing the thickness
of the PZT disk led to decreased shock depolarization current amplitude, and increased
current pulse FWHM. The latter is apparently the result of the longer shock wave front
propagation time in the thicker samples. Figure 10 presents the amplitude of the
depolarization current generated by longitudinally-shock-compressed PZT 52/48 disks,
versus the thickness of the disks. It follows from our experimental results that the current
amplitude is inversely proportional to the disk thickness.
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Fig. 10. Amplitude of shock induced depolarization current versus thickness of PZT 52/48 disks.

Experimental data for both the thermal and adiabatic (shock-induced) depolarization of all

PZT 52/48 samples we studied are shown in Fig. 11. The shock pressure in the bulk PZT
52/48 ceramic elements was determined in (Shkuratov et al., 2010), Psww= 1.5 £ 0.2 GPa.
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It is clear from results presented in Fig. 11 that the depolarization charge released due to
longitudinal shock wave compression of PZT 52/48 disks is almost equal than that released
due to thermal heating. This is direct evidence of almost complete depolarization of the PZT
52/48 elements due to their compression by longitudinal shock waves within the FEGs.
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Fig. 11. Experimental data for the thermal and longitudinal explosive shock wave
depolarization of PZT 52/48 samples.

It follows from the results we obtained (Fig. 11) that despite the small size of ferroelectric
generators and their correspondingly imperfectly-shaped shock wave fronts, these devices
provide almost complete shock-wave depolarization of the PZT 52/48 ferroceramic
elements.

One of the effects we observed was a monotonic decrease of the electric charge released
from shock-compressed PZT 52/48 samples with increasing sample thickness (Fig. 11). A
possible explanation of this effect can be based on the shock wave splitting phenomena
observed earlier by Reynolds and Seay (Reynolds & Seay, 1961; Reynolds & Seay, 1962).
They showed that a longitudinal shock wave in PZT 52/48 splits into two shock waves; the
split shocks result in decreased depolarization charge. It is possible that such shock splitting
has only a minor effect in thin samples. An increase of the thickness of the samples leads to
an increase in shock wave travel distance, and to a more significant separation of the shock
waves. Other possibilities may include the dispersion of the shock as it crushes the sample
while transiting the its length, or shock attenuation as the rarefaction(s) behind the shock
catch(es) the shock, or some combination of these processes.

In Section 3 of this Chapter we have demonstrated that the output voltage produced by the
FEG is directly proportional to the thickness of PZT 52/48 element up to h = 6.5 mm. The
effect of reduction of the electric charge transfer from longitudinally-shock-compressed PZT
52/48 elements with increasing the element’s thickness we detected may pose a problem in
the development of FEGs utilizing ferroelectric elements thicker than 10 mm for producing
ultrahigh output voltage.
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5. Pulse Charging of Capacitor Bank by Explosively Driven FEG

Various types of pulsed power systems built around capacitive energy storage devices are
widely used in modern technology for production of charged-particle beams, generation of
pulsed high power microwaves and others pulsed power technologies (Mesyats, 2005). In
these generators, electric energy is provided to the capacitive energy storage from high-
voltage power sources powered from a conventional 110/220 V - 50/60 Hz supply line. The
operation theory of these generators is well-developed (Mesyats, 2005).

However, certain special applications require that the pulsed power system be autonomous.
Another necessary condition is compactness of the device as a whole. We proposed and
experimentally studied an autonomous two-stage pulsed power system based on a shock-
wave ferroelectric generator as a charging source for a capacitive energy storage (Shkuratov
et al., 2007c; Shkuratov et al., 2007d; Shkuratov et al., 2008a; Shkuratov et al., 2008b). We
have experimentally demonstrated that a miniature explosively driven FEG can successfully
charge capacitor banks of different capacitances. We have developed a model and made a
successful digital simulation of the operation of the FEG-Capacitor bank system. We present
some results of these studies in this section.

5.1. FEG-Capacitor Bank System
A diagram of the experimental setup we developed for investigations of the FEG-Capacitor
bank system is shown in Fig. 12 (Shkuratov et al., 2008a; Shkuratov et al., 2008b).

____________________________
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fan) .
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Current Monitor

Shock Wave FEG

Fig. 12. Schematic diagrams of the measuring system for investigating the operation of the
FEG-Capacitor bank system.

The high voltage output of the FEG was connected to the high-voltage terminal of the
capacitor bank and to the Tektronix P6015A high-voltage probe (Fig. 12). The negative plate
of PZT disk was connected to the ground terminal of the capacitor bank through a
commercial current monitor. We did not use high-voltage diodes or rectifiers in these
experiments.

The first series of FEG-Capacitor bank experiments was performed with PZT 52/48 elements
having diameter D = 26.1 mm and thickness & = 0.65 mm. The capacitance of the capacitor
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bank was Cp = 18 nF. It is more than two times higher than initial capacitance of the FEG, Cg
=71+0.1nF.

Figure 13(A) shows a typical waveform of the high voltage produced by an FEG across an 18
nF capacitor bank. It is not a single pulse, but a series of oscillations. The frequency of
oscillations is about 1.0 MHz. The peak voltage amplitude of the first pulse was U(f)max =
2.16 kV, the FWHM of the first pulse was 0.54 ps, and t = 0.34 ps.
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Fig. 13. A - waveform of the output voltage; B - waveform of current (gray) and circulation
of electric charge (black); C - waveforms of voltage (dark gray), current (light gray) and
power (black) produced by the FEG. PZT 52/48 disk with D = 26.1 mm / h = 0.65 mm. 18 nF
capacitor bank.

The peak energy delivered to the capacitor bank in this experiment [the first pulse in Fig.

13(A)] reached W(t)max = Co U(f)max?/2 = 42 m]. The average amplitude of the first high
voltage pulse produced by the FEG across the capacitor bank in this series of experiments
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was U(f)max ave = 2.07 £ 0.22 kV. The average peak energy delivered to an 18 nF capacitor
bank reached W(t)max ave =39 £ 0.4 mJ.

Figure 13(B) shows the waveform of the charging current, I(¢), produced by the FEG in the
circuit and circulation of electric charge. The peak amplitude of the first current pulse was
Li(H)max = 140 A, the FWHM was 0.3 ps and the rise-time t© = 0.52 ps. The peak amplitude of
the second current pulse was higher than the first one and reached I(f)max = 180 A, with
FWHM = 0.45 ps and t = 0.31 ps. Integration of the charging current, I(), waveform from 0
to t gives the momentary value of the electric charge, AQ(t), transferred to the external
electrical circuit during explosive operation of the FEG (Eqn. 2).

As it follows from the experiment [Fig. 13(B)], the electric charge transferred from a PZT
module during explosive operation of the FEG to the capacitor bank, AQmax =50 pnC, is 33.3%
of the initial charge stored in the ferroelectric element due to its remnant polarization, Qo =
150 pC (see Table 2 in Section 4 of this Chapter).

Waveforms of the output high voltage U(t), current I(t), and power P(f) pulses produced by
an FEG across 18 nF capacitor bank are shown in Fig. 13(C). The power dissipated in the
load, P(t) was determined as the product of the instantaneous value of the output voltage
U(t) by the instantaneous current in the circuit, I(¢): P(t) = I(t) ‘U(t). The peak output power
reached P(f)max = 0.24 MW.

It should be noted that peak power produced by the FEG is 5 to 7 times higher than that
produced by recently developed miniature prime power sources based on shock wave
demagnetization of Nd.Fe4B ferromagnets, shock wave ferromagnetic generators (FMGs)
(Shkuratov et al., 2002a; Shkuratov et al., 2002b; Shkuratov et al., 2002c; Shkuratov et al.,
2003a; Shkuratov et al., 2003b; Shkuratov et al., 2006b). At the same time the FMG produces
much longer power pulse than the FEG (FWHM = 0.3 ps for FEG and FWHM = 8.0 ps for
FMGQG).

The next series of experiments was performed with double less capacitance of the bank C; =
9 nF. The output voltage oscillated as it did in the experiments with an 18 nF capacitor bank
(Fig. 13). The frequency of oscillations was slightly higher, ~ 1.1-1.2 MHz in compare with Cr
=18 nF. The average amplitude of the first high voltage pulse produced by the FEG across a
9 nF capacitor bank was U(f)max ave = 2.41 £ 0.33 kV. The average peak energy delivered to a 9
nF capacitor bank reached W(f)max ave = 26 £ 0.5 m].

It follows from experiments with 9 nF and 18 nF capacitor banks that increasing the
capacitor bank capacitance leads to increasing the energy transferred from the PZT module
to the capacitor bank. This result was confirmed in the third series of FEG-Capacitor bank
experiments.

The third series of experiments was performed with capacitance of the bank C; = 36 nF.
Figure 14(A) shows a typical waveform of the high voltage produced by an FEG across a 36
nF capacitor bank. Results of these experiments were different from the results obtained
with the 18 nF and 9 nF capacitor banks. The FEG produced a series of oscillations, but the
amplitude of the first half-wave is significantly higher than the next one. Oscillations were
damping quickly. Amplitude of the first half-wave of output voltage was U(t)max = 1.82 kV
with FWHM = 0.85 us, and © = 0.93 ps.

The energy delivered to a 36 nF capacitor bank was W(#)max = 60 mJ and the specific energy
density of the PZT element was 171 m]J/cm3. The average amplitude of the first half-wave of
high voltage across a 36 nF capacitor bank was U(f)maxave = 1.75 £ 0.14 kV.
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Fig. 14. A - waveform of the output voltage; B - waveform of current (gray) and circulation
of electric charge (black); C - waveforms of voltage (dark gray), current (light gray) and
power (black) produced by the FEG. PZT 52/48 disk with D = 26.2 mm/h = 0.65 mm. 36 nF
capacitor bank.

The average peak energy delivered to a 36 nF capacitor bank reached W(#)max ave = 55 + 0.3
m]. Fig. 14(B) shows the waveform of the output current, I(f), produced by the FEG in the
circuit and circulation of electric charge. The total charge delivered from the PZT energy-
carrying element to the 36 nF capacitor bank in this experiment was AQmax = 73 nC, which is
49% of the initial charge.

The peak power produced by the FEG was P(t)max = 0.29 MW (Fig. 14). It is about 8 times
higher than that produced by miniature FMG charging the same capacitor bank (Shkuratov
et al., 2006a). Table 3 summarizes results of FEG-Capacitor bank experiments for all three
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capacitance of the bank. It follows from our experimental results that the capacitance of the
capacitor bank effects significantly on the character of processes in the FEG-Capacitor bank
circuit.

Capacitance (nF) Voltage Amplitude (kV) Transferred Energy (m])
9nF 241 +£0.33 kV 26+0.5
18 nF 2.07£0.22kV 39+04
36 nF 1.75+0.14 kV 55+0.3

Table 3. Amplitude of maximum output voltage, U(#)max, generated in FEG-Capacitor bank
system and energy transferred from the FEG module to the capacitor bank as a function of
capacitance of the bank. PZT 52/48 elements with diameter D = 26.1 mm and thickness h =
0.65 mm.

We performed systematic experimental studies of FEG-Capacitor bank systems with FEGs
containing PZT 52/48 elements of different sizes (Shkuratov et al., 2007c; Shkuratov et al.,
2008a; Shkuratov et al., 2008b). Figure 15(A) summarizes experimentally obtained high-
voltage pulse amplitudes produced by FEGs of three types versus the capacitance of the
capacitor bank.
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Fig. 15. Performance of FEG-Capacitor bank system. A - amplitude of the voltage pulse
produced by FEGs across capacitor banks of different capacitance. B - energy delivered from
FEGs to capacitor banks of different capacitance. PZT 52/48 elements of D = 26.1 mm/h =
0.65 mm (diamonds), D = 27.0 mm/h = 2.1 mm (triangles) and D = 25.4 mm/h = 5.1 mm
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It follows from the experimental results that increasing the capacitance of the bank leads to a
gradual decrease in the high-voltage produced by the FEGs containing all three types of PZT
52/48 ferroelectric elements (D = 26.1 mm/h = 0.65 mm, D = 27.0 mm/h =21 mm and D =
254 mm/h = 5.1 mm).
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The highest voltage, Ucharge max = 13.7 kV, was obtained across a 2.25 nF capacitor bank from
the FEG containing PZT element of D = 25.4 mm/h = 5.1 mm. The lowest voltage, Ucharge min
= 1.2 kV, was obtained across a 36 nF capacitor bank from the same type of FEG [Fig. 15(A)].
Figure 15(B) summarizes experimental results obtained in (Shkuratov et al, 2007c;
Shkuratov et al., 2008a; Shkuratov et al., 2008b) for the energy delivered from FEGs to
capacitor banks of different capacitances. It can be clearly seen the maximum energy transfer
from the FEG containing PZT 52/48 elements of D = 25.4 mm/h = 5.1 mm to the capacitor
bank at bank capacitance of 4.5 nF [Fig. 15(B)]. Increasing the capacitance of the bank from
4.5 to 36 nF results in significant decreases in the energy transfer from 177427 m] to 47+12
m]J. Decreasing the capacitance from 4.5 to 2.25 nF leads to a decrease in the energy
transferred to 15625 m].

A similar effect was observed with FEGs containing PZT 52/48 elements of D = 27.0 mm/h
= 2.1 mm [Fig. 15(B)]. In that case, the maximum energy transfer took place with capacitance
of the bank of 9 nF.

5.2. Theoretical Model of FEG-Capacitor Bank System

To explain oscillatory behavior of output signals produced in the FEG-Capacitor bank
system (Fig. 13) we developed a computer model of the system (Shkuratov et al., 2007d;
Shkuratov et al, 2008a). A schematic diagram illustrating the depolarization of a
ferroelectric module under longitudinal shock wave impact is shown in Fig. 16.
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Fig. 16. Schematic diagram illustrated depolarization of PZT element under longitudinal
shock wave impact.

When longitudinal shock wave passes through the polled ferroelectric element, its volume is
divided into two parts or two zones, the shock-compressed zone (through which the shock
wave has already passed), and the uncompressed zone (through which the shock wave has
not passed). The difference in these two zones is in the value of polarization (the
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compressed zone is depolarized), electrical conductivity and other physical properties
(Reynolds & Seay, 1961; Reynolds & Seay, 1962; Halpin, 1966; Setchell, 2003).

The equivalent circuit of the FEG-Capacitor bank system we employed in the simulation is
shown in Fig. 17 (Shkuratov et al., 2008a). The shock-compressed part of the ferroelectric
element is represented in the equivalent circuit as inductance, L1, and resistance, R;.
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Fig. 17. The equivalent circuit employed for digital simulation of the FEG-Capacitor bank
system (see the text).

The uncompressed part is represented as Cg. L1 and Ry are connected in series to Cc. The
inductance, resistance and capacitance of the load (capacitor bank) and connecting cables are
represented in the equivalent circuit as L;, R;, and Ci, respectively. The capacitance and
resistance of Tektronix P6015A high-voltage probe are represented in the circuit as Cp = 3 pF
and Rp = 100 MQ, respectively. The internal electrical breakdown in the PZT element is
simulated with switch U; having resistance Rs,. It closes when the voltage across the
capacitor bank reaches the maximum value.

Result of simulation of the operation of FEG-Capacitor bank system containing PZT 52/48
element with D = 26.1 mm/h = 0.65 mm and C; = 18 nF is shown in Fig. 18(A). The voltage
across the bank oscillates as it did in the experiment (Fig. 13). The parameters of the system
were as follows: Cc=7nF, L1 =5uH, R1=02Q,C.=18nF, Ly =2 uH, R. =2 Q, R, = 0.3 Q.
Result of simulation of the operation of FEG-Capacitor bank system containing PZT 52/48
element with D = 26.1 mm/h = 0.65 mm and C; = 36 nF is shown in Fig. 18(B). The
parameters of the system Cg, L1, Ry, Li, Rp were equal to those for the case with capacitor
bank of 18 nF [Fig. 18(A)]. The different parameters in comparison with the case of 18 nF
bank are: capacitance of the bank C; = 36 nF and resistance of the PZT element after internal
electrical breakdown Rs, = 4.3 Q. The output voltage of the FEG is 20% lower than in case of
an 18 nF bank [Fig. 18(B)] and it is practically a single pulse as it was in the experiment (Fig.
14).

Based on results of digital simulation we can make the conclusion that a key parameter
responsible for the oscillatory mode of operation of FEG-Capacitor bank system is the
resistance of PZT element after electrical breakdown. It means that the intensity of the
internal electrical breakdown in the shock-compressed PZT module has significant effect on
the processes in the FEG-Capacitor bank system.
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Fig. 18. Results of computer simulation of operation of FEG-Capacitor bank system.
A - capacitance of the capacitor bank of 18 nF; B - capacitance of the capacitor bank of 36 nF.

In the experiments described above, increasing the capacitance of the capacitor bank leads to
decreasing the voltage produced by the FEG across the bank and, correspondingly, the
voltage applied to shock-compressed ceramic disk. It effects significantly on the intensity of
electrical breakdown in the shock-compressed PZT ceramics. Decreasing the voltage across
the capacitor bank below threshold level results in lower impedance of conductive channels
formed in the ceramics due to the electrical breakdown, and correspondingly aperiodic
behavior of signals in FEG-Capacitor bank system.

6. FEG-Based Nanosecond Pulsed Power System

One of possible engineering applications of FEGs is to use it in combination with
conventional pulsed power devices. A novel type of explosively driven combined pulsed
power system was recently developed (Shkuratov et al., 2006a, Shkuratov et al., 2007a). The
system is based on the FEG as a primary power source and the spiral vector inversion
generator (VIG) as a power-conditioning stage. In this system, the amplitude of microsecond
high-voltage pulses produced by FEGs can be amplified up to 20 times and the pulse width
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can be compressed to the nanosecond time range. A schematic diagram of the completely
explosive FEG-VIG system is shown in Fig. 19.
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Fig. 19. Schematic diagram of a FEG-VIG nanosecond pulsed power system.

The FEG was placed inside the detonation tank. The output terminals of the FEG were
connected to the input of the VIG. The negative terminal of the FEG was grounded. When
fired, the FEG produced a positive high-voltage pulse that was applied to the input of the
VIG spark gap switch. Detailed description of principles of operation of the FEG-VIG
system is given in (Shkuratov et al., 2006a).

The waveform of a typical high-voltage pulse produced by an FEG-VIG system is shown in
Fig. 20. The FEG contained PZT 52/48 disk with D =254 mm/h = 5.1 mm.
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Fig. 20. Waveform of a typical high-voltage pulse produced by an explosive-driven FEG-
VIG system.
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This type of FEG is capable of producing output voltage up to 17 kV across the high-
resistance load (see Section 3 of this Chapter). The FEG-VIG system (Figs. 19 and 20)
produced high-voltage pulse with a peak voltage amplitude U(f)uax = 91.4 kV, FWHM = 6.5
ns and t =5.25 ns.

Adding a VIG stage increases the voltage output of the FEG by a multiplication factor
depending on the VIG's parameters, while simultaneously compressing the pulse width into
the range of a few nanoseconds.

7. Summary

We designed, constructed, and systematically studied miniature explosively driven
generators based on shock depolarization of polycrystalline ferroelectric elements. Results of
our studies provided strong basis for understanding the operation of shock wave
ferroelecric generators in different modes and its engineering applications. It was
experimentally demonstrated that the amplitude of the output voltage produced by
miniature FEGs across the high resistance load is directly proportional to the thickness of
the ferroelectric element. The effect of almost complete shock wave depolarization of
Pb(Zro52Tio48)O3 ferroelectric elements within miniature FEGs under longitudinal explosive
shock pressure 1.5 GPa was detected experimentally. It was experimentally demonstrated
that miniature FEGs can be used as an effective charging sources for capacitor banks. It
follows from detailed parametric studies of FEG-Capacitor bank systems that there is an
optimum capacitance of the bank for each type of ferroelectric element at which the
maximum energy transfer is providing from the FEG to the bank. The charging power in the
FEG-Capacitor bank system ranges from 0.25 to 0.30 MW. The specific energy density
transferred from the PZT 52/48 element to the bank reaches 170 mJ/cm3. It was
experimentally demonstrated that the FEG-Capacitor bank system is capable of operating as
a powerful oscillator with frequency up to few megahertz. Feasibility of construction of
miniature autonomous 100-kV nanosecond pulsed power system based on miniature FEG
and the vector inversion generator was experimentally demonstrated. Adding a VIG stage
increases the voltage output of the FEG by a multiplication factor depending on the VIG’s
parameters, while simultaneously compressing the pulse width into the range of a few
nanoseconds. This two-stage FEG-VIG pulsed power system produces an extremely high
power, single-shot pulser that is unrivaled for specific power.
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