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Abstract—It is shown that, at a sufficiently high current growth rate, the initial stage of implosion of a wire
array is significantly affected by the radial electric fields. Due to the specific electrode configuration of wire
arrays, the magnitude of the oppositely directed radial electric fields in different wire segments can reach
5 MV/cm. It is found that the process of plasma formation proceeds in different ways in segments with oppo-
sitely directed initial radial electric fields. The influence of this effect (the so-called “polarity effect”) on the
implosion of cylindrical tungsten wire arrays in the Angara-5-1 facility becomes significant when the load volt-

age grows at a sufficiently high rate.
PACS numbers: 52.59.Qy
DOI: 10.1134/S1063780X07110049

1. INTRODUCTION

In recent years, the implosion of cylindrical micron-
wire arrays (liners) under the action of nanosecond
megaampere current pulses has received much atten-
tion [1-4]. An important line of research in this field is
investigation of the initial stage of breakdown—the so-
called “wire initiation” [5]. An increase in the wire tem-
perature at the front of the current pulse leads to the
evaporation of light impurities from the wire surface.
The breakdown of a thin gas layer produced near the
wire surface results in the formation of a plasma [4—
13]. After the current is switched from the wire to the
formed plasma, the power deposited in the wire
decreases significantly. The further expansion of the
wire material after breakdown is determined by the
energy deposited in the wire before breakdown [9, 11,
14]. It was shown in [11] that the energy deposited in
the wire before breakdown increases with increasing
growth rate of the current flowing through the wire.

The parameters and dynamics of the plasma formed
due to the breakdown of the gas layer depend on the
direction of the radial electric field at the wire surface
before breakdown—the so-called “polarity effect.” Ata
certain electrode configuration of a wire array, the
radial electric field can exceed the axial electric field by
a factor of 10-100. Sarkisov et al. [10] showed that the
breakdown of the ambient gas occurs several nanosec-
onds earlier when the radial electric field is negative,
i.e., when it pulls electrons out of the wire, thereby
causing electron emission. The emitted electrons cause
an early breakdown of the thin surface gas layer and,
accordingly, considerably reduce the energy deposited
in the dense core of the exploding wire. When the radial
electric field is positive, it hampers electron emission

from the wire. In this case, the surface gas layer is bro-
ken down later and, therefore, the energy deposited in
the wire is higher than in the previous case. Thus, it was
found in [15] that, when a wire was placed in a metal
tube biased negatively with respect to the wire, both the
breakdown time and the energy deposited in the wire
increased considerably. The experiments carried out in
the MAGPIE facility [16] showed that the rate of
plasma formation on the surfaces of aluminum wires
and, accordingly, the instant at which the plasma begins
to move toward the array axis depend on the direction
of the radial electric field before breakdown.

In experiments on the implosion of tungsten wire
arrays in the Angara-5-1 facility, the polarity effect
manifested itself only when the growth rate of the load
voltage was high enough [5]. To increase the voltage
growth rate in the stage of wire initiation, it is necessary
that the prepulse be suppressed completely, which
requires designing a special prepulse switch.

Most high-power generators have a prepulse. For
pulses with a duration of about 100 ns, the prepulse
duration is ~1 us and the prepulse amplitude is about 1—
10% of the amplitude of the main pulse. As a rule, the
prepulse is an undesirable phenomenon, because it can
lead to plasma formation before the main pulse and can
even destroy the load.

In the Angara-5-1 facility, the prepulse was sup-
pressed with the help of eight prepulse switches
mounted in each of the eight water transmission lines.
As a result, the prepulse amplitude was reduced to
lower than 10 kV (~1% of the main pulse amplitude).
Nevertheless, in experiments with wire arrays, the
plasma was observed to form before the beginning of
the main pulse.
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Fig. 1. Sketch of a wire array with electrodes. The heavy
solid lines show the electrodes, the dashed lines show the
wire array, and the light lines show the equipotential sur-
faces. Here, E is the electric field vector and the numerals /
and 2 indicate the anode and cathode cavities, respectively.
The wire array and the electrodes are axisymmetric with
respect to the z axis.

To further reduce the prepulse amplitude, we
designed and tested an additional surface-breakdown
switch. The switch was placed at the center of the liner
unit. The wire array was insulated from the high-volt-
age electrode (cathode) by a dielectric disk. The length
of the switch gap along the insulator surface was 1-
2 mm. Test experiments showed that the switch effi-
ciently suppressed the prepulse. The prepulse voltage at
the wires was about 10 V (~0.001% of the main pulse
amplitude). In this case, a 1-us prepulse can heat tung-
sten wires by no more than 10 K.

An increase in the switch gap length to 10 mm
allowed us not only to decrease the prepulse amplitude
but also to increase the voltage growth rate at the wire
array before the wire initiation. The 10-mm-long
switch gap was broken down at a voltage of ~100 kV. In
this case, the plasmas formed at the wires near the
anode and the cathode expanded at different rates. The
plasma expansion rate near the cathode (where the pos-
itive radial electric field hampered electron emission
from the wire) was higher than that near the anode
(where the negative radial electric field pulled electrons
out of the wire).

In experiments on the implosion of cylindrical tung-
sten wire arrays in the Angara-5-1 facility, the electrode
configuration provided the generation of oppositely
directed radial electric fields of up to 4000 kV/cm at
different segments of the wires with an initial diameter
of 6 wm. In this configuration, the polarity effect
became significant only when the voltage growth rate
was increased substantially by applying a prepulse
switch with a wide discharge gap.

GRABOVSKII et al.

On May 18, 2007 (after this article was accepted for
publication), it was reported in [17] that shortening the
prepulse in the Zebra facility with the help of the same
kind of switch led to an increase in the soft X-ray yield.

2. EXPERIMENTAL SETUP

In the experiments carried out in the Angara-5-1
facility [18], we used simple wire arrays with diameters
of 12 and 20 mm. The total number of tungsten wires in
an array was 2040, the wire diameter being 6—8 pum.
The working chamber was evacuated by oil-vapor
pumps.

To produce a radial electric field at the wires, it is
necessary that there be electrodes near the wire surface.
In order for the radial electric field to be directed toward
(from) the wire, the anode (cathode) should be set close
to the wire surface. Hence, placing the ends of the wire
array in the cavities made in the anode and cathode (see
Fig. 1) results in the generation of oppositely directed
radial electric fields near the anode and cathode before
breakdown. In the anode and cathode cavities, the
radial electric fields are directed toward and from the
wire, respectively.

A schematic of the liner unit is shown in Fig. 2a. To
produce the radial electric field, the ends of the wire
array were placed in the cavities made in the anode and
cathode. Before breakdown, the radial electric field in
the anode cavity is directed toward the wire and that in
the cathode cavity is directed from the wire. The radial
field E at the external surface of the wires before break-
down is plotted in Fig. 2b as a function of the height i
(here, the ordinate is matched to the schematic of the
liner unit shown in Fig. 2a). It can be seen that the
normal component of the electric field at the external
surface of the wires reaches its maximum value
(4000 kV/cm) at the ends of the cavities (at the ordi-
nates +6 and —6 mm). Outside the cavities, the field var-
ies almost linearly and vanishes at the point with the
zero ordinate.

In order to increase the voltage growth rate at the
wires, a prepulse switch was mounted at the cathode in
series with the array. The conical dielectric surface
along which breakdown occurs is shown by the heavy
line in Fig. 2.

The length of the switch gap along the insulator sur-
face was varied from 1 to 10 mm. A similar switch with
a 1-mm-long gap was previously used to suppress the
prepulse [7].

The current time derivative J' was measured with
magnetic probes installed at a radius of 55 mm. It was
assumed that the current flowing through a circle of this
radius was equal to the total current in the wire array.

It should be noted that, in our experiments, the volt-
age at the wire array was not measured. We measured
only the voltage U between the anode and the cathode
at a radius of 6 cm by using an inductive divider [19].
Estimates show that the growth rate of the electric field

PLASMA PHYSICS REPORTS  Vol. 33

No. 11~ 2007



INFLUENCE OF THE CURRENT GROWTH RATE ON THE POLARITY EFFECT

()

925

(b)

Anode

|

i i
: 2
AP 5

4 &
LI

<X
Jele!

o

SIS
SRR
e

1-1

Cathode

—4000 O
E, kV/cm

4000

0
LK

03

§

N

Fig. 2. (a) Schematic of the liner unit: (/) anode cavity, (2) cathode cavity, (3) dielectric, and (4) conical surface along which break-
down occurs (heavy solid line); (b) radial electric field E at the wire before breakdown as a function of the height / (here, the ordi-

nate is matched to Fig. 2a).
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Fig. 3. Waveforms of the (/) current time derivative J' and (2) voltage U in experiments carried out (a) without a prepulse switch

and (b) with a 10-mm-gap switch.

strength at the wires was 10'2 V/(cm s). An increase in
the current growth rate should result in a proportional
increase in the voltage growth rate at the wire array.
Therefore, the term “current growth rate” is used here
as an equivalent of the term “voltage growth rate at the
wire array.”

The images of an imploding wire array were
obtained with the help of frame laser shadowgraphy
and a frame X-ray image tube.

3. EXPERIMENTAL RESULTS
3.1. Switch Operation

Figure 3 shows synchronized waveforms of the cur-
rent time derivative and voltage. Hereafter, the time
scale is such that the voltage at the liner unit begins to
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grow at ~740 ns. Without a prepulse switch, the signals
of the current time derivative and voltage between 725
and 760 ns were similar in shape. This means that the
current grows synchronously with the voltage. In the
presence of a switch, the voltage within this time inter-
val is nonzero, while the current derivative is zero, i.e.,
no current flows through the wire array. At a switch gap
length of 10 mm, the gap is broken down at a voltage of
~100 kV. In order to describe the process of the rapid
switch operation, it is necessary to analyze not only the
first but also the second time derivative of the current.

Figure 4 shows the time dependences of the voltage
U at the liner unit; the current growth rate J'; and the
second time derivative of the current, J". It can be seen
that the switch gap is broken down at the time 760 ns.
During the first three nanoseconds, the current growth
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Fig. 4. Time dependences of the liner voltage U, current growth rate J', and second time derivative of the current J".

rate J' increases to (1.0-1.5) x 10'* A/s. For the Angara-
5-1 experiments, this value can be considered moder-
ate, because, at the time 820 ns, the current growth rate
J' reaches 6.5 x 10'3 A/s. The instant of breakdown, the
energy deposited in the wire, and the further wire
dynamics depend on the current growth rate. The total
number of wires in the array was 60; therefore, during
the first three nanoseconds, the current growth rate in a
single 6-um wire was about 200 A/ns. (Note that, in [9],
the current growth rate during the electric explosion of
a single 16-um tungsten wire was 170 A/ns.) As will be
shown below, not only the current growth rate itself but
also the rate at which it increases within this time inter-
val substantially affect the breakdown of the gas layer
formed at the wire surface. The narrow spike in the sec-
ond time derivative of the current at the time 764 ns cor-
responds to the breakdown of the switch gap. The sec-
ond time derivative of the current at this instant is equal
to (0.9-1.0) x 10*2 A/s?, which is two to three times
larger than typical values achieved in the Angara-5-1
facility in the stage of the growth of the current time
derivative (see the time interval 760-820 ns in Fig. 4).

3.2. Polarity Effect

Figure 5 shows three successive shadow images of a
wire array. The synchronized waveforms of various
parameters in this shot are shown in Fig. 6.

In each image, the anode and cathode regions of the
wire array are seen to differ significantly from one
another. In the lower parts of the images (near the cath-
ode), the wires are seen to be substantially expanded,
whereas in the upper parts, the expansion is smaller.

Thus, in the middle image, the size of the shadow image
near the cathode is 0.66 mm, while near the anode, it is
0.2 mm. The corresponding plasma expansion veloci-
ties estimated from the shadow images are 30 and
8 km/s, respectively. Note that these velocities are
much higher than the average expansion velocity
(0.1 km/s) of the dense core of a tungsten wire in an
imploding wire array, measured by probing with 5-keV
X rays at 70 ns after the beginning of the discharge.

Thus, both the breakdown of the gas layer formed at
the wire surface and the further plasma expansion
depend substantially on the specific features of the cur-
rent growth rate during the several first nanoseconds.

Without a prepulse switch, no polarity effect was
observed. With a long switch gap (up to 10 mm), the
voltage growth rate at the array increased substantially.
It is clearly seen in the laser shadow images of a wire
array that, in this case, the plasma corona near the cath-
ode (where the radial electric field hampers electron
emission from the wire) is wider than that near the
anode (where the radial electric field pulls electrons out
of the wire). Thus, both the design of the liner unit and
the voltage growth rate at the wire array influence the
wire breakdown and the polarity effect. An increase in
the voltage growth rate at the wires in discharges per-
formed with a long switch gap results in a pronounced
polarity effect.

Note that different wires behave in different ways;
i.e., the polarity effect manifests itself only on some
wires.

Figure 7 presents enlarged shadow images of the
same wire in the array shown in Fig. 5. From Fig. 7a,
which shows the wire image taken before the shot, one
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Fig. 5. Shadow images of a wire array, taken at different instants in the initial stage of a discharge: A is the anode, and C is the
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Fig. 6. Synchronized waveforms of the (/-3) laser pulses 71, 72, and 73, used to obtain the shadow images presented in Fig. 5;
(4) current time derivative J'; (5) voltage U at a radius of 6 cm; and (6) soft X-ray intensity Igxg.

can determine the spatial resolution of laser probing. In
this shot, it was about 50 um. The images presented in
Figs.7b—7d were taken at the successive instants indi-
cated in Figs. 5 and 6.

It should be noted that the image presented in
Fig. 7b and those presented in Figs. 7c and 7d were pro-
duced under somewhat different conditions.

The image in Fig. 7b was produced by the rays
refracted in the plasma. Some of the refracted rays went
beyond the input aperture of the recording system. The
diffraction pattern recorded on the film presents a
superposition of the refracted rays. The intense expo-
sure of the axial region of the image by probing rays
indicates that laser radiation is weakly absorbed by the
plasma.

The images in Figs. 7c and 7d were produced by the
probing rays (including those refracted in the plasma),
which were considerably absorbed by the plasma.
Some of the refracted beams could also go beyond the
input aperture of the recording system.

PLASMA PHYSICS REPORTS  Vol. 33
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It is clearly seen in Fig. 7b that the diameter of the
dark axial region in the cathode part of the wire is about
1.5 times smaller than that in the anode part. This indi-
cates that, at the instant corresponding to Fig. 7b, the
plasma diameter near the cathode is smaller than that
near the anode. This means that the plasma near the
cathode was produced later than near the anode.

In Figs. 7c and 7d, the situation is opposite. The
light axial region corresponds to strong absorption of
the probing rays in the plasma. Now, the plasma diam-
eter near the cathode is larger than that near the anode.
This means that, although the plasma near the cathode
was produced later, by the instants corresponding to
Figs. 7c and 7d, it expanded more strongly. This is
because, near the cathode, the breakdown occurred
later and, accordingly, the energy deposited in the cath-
ode part of the wire was larger than that deposited in the
anode part. Therefore, the plasma expansion rate in the
cathode region is higher than in the anode region. It
should be emphasized again that the dense wire core
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3 4 5

Fig. 7. Enlarged shadow images (negative) of the same wire in the array shown in Fig. 5. The cathode is on the left, and the anode
is on the right. Image (a) was taken before the shot, and images (b)—(d) were taken at the successive instants indicated in Figs. 5

and 6.

expands at a rate that is two orders of magnitude lower
than the plasma expansion rate.

4. DISCUSSION

Thus, the experiments on the implosion of cylindri-
cal tungsten wire arrays in the Angara-5-1 facility have
demonstrated the influence of the current growth rate
on the polarity effect. The polarity effect becomes
appreciable only when the current growth rate at the
beginning of the process is sufficiently high. In order to
observe the polarity effect, it is necessary that not only
the current growth rate be high [11] but also that the
high current growth rate be reached before breakdown,
1.e., that the second time derivative of the current be
large at the very beginning of the discharge. The larger
the current time derivative before breakdown, the
higher the current itself and, accordingly, the larger the
energy deposited in the wire before breakdown.

The polarity effect depends on the amount of energy
deposited in different segments of the wire before
breakdown. Since in our experiments, the current was
constant along the wire, different values of the energy
deposited in the wire segments with different directions
of the radial electric field were related to different
breakdown times.

The polarity effect is determined by the competition
between the two processes: the current growth and the
breakdown of the gas layer near the wire surface. The
use of a prepulse discharge switch allows one to
increase the second time derivative of the current; as a
result, the energy deposited in the wire before break-
down increases. In our experiments, applying such a
switch increased the second time derivative of the cur-
rent by a factor of 2-3. Therefore, for the same break-
down time and a given polarity, the energy deposited in
the wire before breakdown should increase by a factor
of 4-9. It can be, however, that, in this case, the break-
down time will decrease. Then, the increase in the
deposited energy will be somewhat smaller and the
polarity effect will be less pronounced. Thus, the polar-
ity effect depends on the specific features of the current
growth during the several first nanoseconds.

It should be noted that the length of the intermediate
region between the strongly and weakly expanded parts
of the same wire is about 0.5 mm (see Fig. 5).

It can be seen from Fig. 2 that, in the 1-cm-long cen-
tral region, the normal component of the electric field at
the external side of the wires varies almost linearly
from —4000 to 4000 kV/cm. However, the transition
between the strongly and weakly expanded parts of the
wire occurs over a narrow region of length 0.5 mm. In
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this region, the normal component of the electric field
at the external side of the wires changes its sign. Over
the 0.5-mm-long region, the normal component of the
electric field at the external side of the wires changes by
about 400 kV/cm. This is quite sufficient for the field
emission. When the sign of the normal component of
the electric field is such that it pulls electrons out of the
wire, the field emission [10] can accelerate the break-
down of the gas layer near the wire surface. The earlier
the breakdown, the less the energy deposited in the wire
before breakdown. When the sign of the normal com-
ponent of the electric field is opposite, there is no field
emission.

In all the images presented in Figs. 7b-7d, it is
clearly seen that the formed plasma is inhomogeneous
along the wire axis. In the cathode part of the wire, the
inhomogeneity period is 200-300 um, while in the
anode part, this period is appreciably longer and the
inhomogeneity itself is less pronounced. Such an inho-
mogeneity is probably related to the internal structure
of the wire, which is produced by drawing through a
wire die.

The wire breakdown and the polarity effect can also
be influenced by the quality of the wire—electrode con-
tact. In particular, depositing the electrode surface with
a thin layer of a vacuum compound at the sites of con-
tact can result in a considerable increase in both the
breakdown time and the energy deposited in the wire
[20]. Different resistances of the wire—electrode con-
tacts can lead to different delays of the current growth
in the wires; as a result, the polarity effect at some wires
can be absent (see Fig. 5).

The character of wire breakdown can also be
affected by oil vapor, because, as was noted above, the
vacuum chamber in the Angara-5-1 facility was evacu-
ated by oil-vapor pumps.

5. CONCLUSIONS

The experiments carried out in the Angara-5-1 facil-
ity have shown that the character of the implosion of a
tungsten wire array depends on both the sign of the
radial electric field at the wire surface (the polarity
effect) and the current growth rate. To observe the
polarity effect in the Angara-5-1 facility, it is necessary
that not only the current growth rate be high but also
that the second time derivative of the current at the
beginning of the process be sufficiently large (up to
10%2 A/c?). An increase in the second time derivative of
the current was achieved by installing a prepulse dis-
charge switch near the wire array.
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