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Abstract

This article reviews the status of experiments directed to understanding the initial phases of exploding wire plasma
formation, especially those relevant to the initiation of wire explosions and plasma formation in wire arrayz-pinch
experiments. Thus, although we discuss experiments with;100 kAper wire, in which magnetic forces play a major role,
our emphasis is on experiments with;1 kA per wire, in which magnetic forces appear to be unimportant. With high
current~;100 kA! per wire, the exploding wire consists of a rapidly expanding~1–3 cm0ms! coronal plasma surround-
ing a dense core that expands much more slowly. The coronal plasma exhibits strong, azimuthally symmetric instabilities
driven by the high current, but the dense core appears to be stable, suggesting that it is carrying little of the current. In
low-current experiments, the initial wire core expansion rate depends upon the material, the wire size, and whether or not
it is coated with an insulator. For bare wires, the core diameter expands at rates which range from#0.03 cm0ms ~for
25-mm-diameter W! to 0.46 cm0ms ~for 25-mm-diameter Ag!. This expansion rate increases with the energy deposited
resistively in the wire before coronal plasma formation. Furthermore, expansion is more uniform as well as faster for
wires in which the deposited energy is comparable to or larger than the vaporization energy. Insulating coatings increase
the energy deposition, evidently by forestalling the formation of plasma around a wire. Therefore, wires coated with
1-mm thickness of plastic expand faster~e.g., by a factor of 2 for Ag! than bare wires for all wires tested so far.

1. INTRODUCTION

Thanks to improvements in the state of the art of pulsed-
power technology, a current of 20 MA can now be delivered
with a ;100-ns rise time to cylindrical arrays of over 300
fine metal wires by the 50-TW Z-Machine at Sandia Na-
tional Laboratories, Albuquerque. These experiments yield
as much as 200–300 TW, 2 MJ X-ray pulses~Spielman
et al., 1996, 1998!. Understanding these results is necessary
if they are to be extrapolated to higher-current pulsed-power
systems for application, for example, to imploding a fusion
fuel capsule in order to achieve gain in inertial confinement
fusion ~Yonas, 1998; Leeperet al., 1999; Sanfordet al.,
1999!. Unfortunately, making detailed measurements of the
potentially critical early stages of wire explosion and plasma
formation in experiments on such large facilities is very
difficult. Therefore, experiments have been carried out, and
are now in progress, to understand the earliest stages of
metal wire explosion and plasma formation using individual
or just a few fine~5–25 mm diameter! wires on smaller
pulsed-power generators. The purpose of this article is to

review the results of such experiments, especially those
relevant to the initiation of metal wire explosions and plasma
formation in wire arrayz-pinch experiments.

Although we will present some results of experiments
with ;100 kA per wire, in which magnetic forces play a
major role, our emphasis is on experiments at the level of
1 kA per wire, in which magnetic forces appear to be un-
important. The 0–1 kA per wire range, in particular, is rel-
evant to the initial;100-ns portion of the current waveform
on the Z-Machine, the “prepulse,” that precedes the fast-
rising, 20-MA main pulse. As soon as magnetic forces be-
come important, the global magnetic field of the array affects
the dynamics of the plasma that forms around the wires, and
multiple-wire array experiments are required to understand
the continuing development of wire arrayz-pinches. Al-
though we briefly discuss results of such experiments here,
that is the main topic of the article by Chittendenet al.
~2001! in this special issue.

We emphasize that this is a review of work in progress.
However, it is already clear that wire explosion behavior in
its initial stages is a function of several factors. These in-
clude the wire material, whether the wire is coated by an
insulator or not, and the energy deposited resistively in
the wire before plasma forms around the wire. Studies are
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underway to investigate the influence of such factors as the
current waveform, its duration, and the peak voltage on wire
explosion dynamics. The goal of these experiments is to
determine if there might be a prepulse that would better
prepare the initially cold wires in a multiwire array for im-
plosion by the main current pulse of the Z-Machine than the
prepulse that is naturally present.

Although exploding wirez-pinch experiments have been
carried out on pulsed power generators for nearly 30 years
~Mosheret al., 1973; Periera & Davis, 1988!, the purpose of
virtually all of them until very recently has been to study the
X rays generated by the resulting plasmas. In recent years,
nanosecond-time-scale experiments concerned with the ini-
tiation phase of exploding wire expansion and plasma for-
mation, with diagnostics tuned especially for that purpose,
have been carried out at Imperial College~Beget al., 1997;
Tatarakiset al., 1998; Lebedevet al., 1999; Ruiz-Camacho
et al., 1999! and Cornell University~Kalantar & Hammer,
1993; Pikuzet al., 1999a, 1999b; Sinarset al., 2000a, 2000b,
2001!. Such experiments are continuing at these two univer-
sities, and are starting at the University of Nevada, Reno
~Baueret al., 1997!.

The earliest wire initiation experiments were carried out
at the level of 100 kA per wire or even higher. In such
experiments, the self-magnetic field plays an important role
~Aranchuket al., 1986; Bartniket al., 1990, 1994; Kalantar
& Hammer, 1993; Beget al., 1997; Tatarakiset al., 1998;
Ruiz-Camachoet al., 1999!. A generic schematic diagram
for both high and low current experiments is shown in Fig-
ure 1. A nanosecond-time-scale current pulse is applied to a
wire that resistively heats the wire, drives off adsorbed
gases, and0or vaporizes wire material from the surface. This
leads to a voltage-driven breakdown and plasma formation

around the wire. With the current per wire rising at a rate of
1–5 kA0ns in high-current experiments, these initial phases
of wire explosion and plasma formation occur in just a few
nanoseconds. Rapidly expanding coronal plasma and a
slowly expanding dense core are observed by Schlieren im-
aging~Bartniket al., 1990; Kalantar & Hammer, 1993; Beg
et al., 1997; Tatarakiset al., 1998; Ruiz-Camachoet al.,
1999! and X-ray radiographic backlighting~Kalantar & Ham-
mer, 1993; Pikuzet al., 1999b!, respectively.@With high-Z
wire materials, the coronal plasma is also visible in the
X-ray radiographs~Pikuz et al., 1999b!.# Because of the
large current, the self-magnetic pinch forces induce magneto-
Rayleigh–Taylor instabilities in the coronal plasma that are
highly nonuniform axially, as illustrated in Figure 1b. In
low-current experiments, the current rises to;1 kAper wire
in 50–100 ns, the wire explodes much less violently, and a
much smaller portion of the wire is in the coronal plasma
initially. In addition, there is a relatively weak confining
magnetic field. Therefore, the coronal plasma is not seen
unequivocally in low-current, single-wire experiments by
laser probing~or X-ray backlighting!. However, its pres-
ence in these experiments is demonstrated by direct obser-
vation when plasma from two or more wires coalesces at the
current centroid and produce a high enough density to gen-
erate fringe shifts in laser interferometry~Min Hu, pers.
comm.!. ~As we shall discuss in detail as part of this review,
the generation of plasma around the wire is inferred to occur
from the collapse of the voltage across the wire long before
it is directly detectable by laser probing in any low-current
experiments.!

Experimental results studying single wires are applicable
to multiple wire array experiments for the period at the
beginning of the current pulse up to the time that plasma
forms around individual wires and before the global mag-
netic field begins to affect the dynamics of the plasmas.
Computer simulations by Chittendenet al. ~1999! show how
the global magnetic field can strip away coronal plasma
from the region of the dense wire cores, exposing them to
further ohmic heating and decreasing their survival time
relative to single wire experimental results with the same
current per wire. Experiments with small numbers of closely
spaced wires in a linear array do, indeed, show plasma drawn
off the wires toward the centroid of the current~Mosher
et al., 1998; Pikuzet al., 1999b!. More recent experiments
with cylindrical arrays of up to 64 wires by Lebedevet al.
~1999! have verified the principal results of Chittenden’s
simulations reasonably well, including the survival of the
wire cores for times that depend upon the number of wires in
the array. However, the initial explosion dynamics of single
wires should be applicable to the first few tens of nanosec-
onds of the experiments conducted by Lebedevet al. ~1999!.
These initial wire dynamics may affect the development of
instabilities, the formation of precursor plasmas on axis, and
other aspects of the later time behavior of the wire array
implosions observed in those experiments~Lebedevet al.,
1999!.

Fig. 1. Schematic diagram of~a! an unexploded wire;~b! a high-current
wire explosion, illustrating the exploding dense wire core, the unstable
plasma visible to laser diagnostics, and the fact that there is plasma below
the minimum sensitivity of typical laser probing; and~c! a low-current wire
explosion, showing the exploding dense wire core and surrounding plasma,
all of which is typically below the minimum sensitivity of laser-based
diagnostics.
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While single-wire experimental results are directly appli-
cable to cylindrical wire arrayz-pinches only in their initial
phase, these experiments in total are useful for testing the
validity of the physical models~e.g., the equations of state!
used in computer simulations of wire explosions beginning
from wires at room temperature. Experiments in the high-
current regime can also be used to benchmark magnetohydro-
dynamics calculations, especially of magneto-Rayleigh–
Taylor instability effects.Arecent example of this is described
in a paper by Chittendenet al. ~2000!, in which a two-
dimensional resistive magnetohydrodynamics code was used
to simulate wire explosions.Artificial Schlieren images were
generated and compared with results from experimental mea-
surements, giving good qualitative agreement.

As X-ray backlighting spatial resolution was improved in
exploding wire experiments by Shelkovenkoet al. ~1999!,
micron-scale~and larger! structures were observed in radio-
graphs of exploding wires in both high- and low-current
experiments. In the low-current experiments, some of these
structures bear resemblance to structural details reported by
Chace~1959a! and by Fansler and Shear~1965! for micro-
second time-scale current pulses applied to relatively large
diameter wires~100–625mm! in air at atmospheric pres-
sure. The fine structural details, while not necessarily rele-
vant to wire array experiments, are interesting in their own
right and are discussed in this review.

The remainder of this article is organized as follows.
Dense core expansion and coronal plasma expansion in high-
current-per-wire experiments are reviewed first in Section 2
because all of the features of exploding wire plasma forma-
tion are clearly visible in images. However, this portion of
our review is relatively brief because it is the low-current-
per-wire experiments that are most relevant to wire array
z-pinch research, as we have already discussed. The;1 kA
per wire core expansion rate experiments and their results
are discussed in detail in Section 3. Dense core structural
details and evidence for residual liquid phase material in
exploded wire cores for some materials are presented in
Section 4. The final section presents a summary of results
and conclusions, and also describes the experiments in
progress to develop a more complete understanding of the
initial stages of exploding wire expansion and plasma for-
mation at the 1 kA per wire level.

2. HIGH-CURRENT-PER-WIRE EXPERIMENTS

For the purposes of this review, we classify wire explosion
experiments with a few 10s of kiloamperes per wire or more
to be “high-current” experiments because of the importance
of the self-magnetic field to the exploding wire behavior.
The magnetic energy density can equal or exceed the par-
ticle kinetic energy density in the coronal plasma, and
complex structure resulting from magneto-Rayleigh–Taylor
instabilities is observed. A large number of well-diagnosed
experiments have been carried out in this parameter range
although, as noted in the Introduction, most were not con-

cerned with the initial stages of wire explosion. For exam-
ple, the early paper by Mosheret al. ~1973! showed a time-
integrated X-ray pinhole image obtained with a 200-mm
pinhole of a 3.5-cm long, 8- to 100-mm initial diameter W
wire driven by a 50-ns, 1.2-MA peak current pulsed-power
generator. The images showed clear evidence of the charac-
teristicm5 0 ~i.e., azimuthally symmetric! “sausage” insta-
bility ~Schmidt, 1979a! to whichz pinches are susceptible.
However, time-integrated X-ray spectroscopy indicated that
a large fraction of the W mass was relatively cold. This may
have been the first experimental evidence supporting the
present picture of high-current wire explosions given in the
Introduction and shown in Figure 1b.

Rapidly expanding coronal plasma was also observed di-
rectly in visible light. A particularly interesting example of
such work is presented in a publication by Benjaminet al.
~1981!, although it involved a wire array rather than a single
wire. The visible light diagnostic was optical streak photog-
raphy. It showed that individual stainless steel wires in a
six-wire, cylindrical array with a peak current of about
100 kA per wire maintained a constant, resolution-limited
diameter. The wires remained at their original radial posi-
tions for ;55 ns, at which time they appeared to expand.
Shortly after this, az pinch formed on axis with a pulse
duration of.100 ns, and the time-integrated X-ray pinhole
photograph of thatz pinch shows a clear image~see Fig. 4
of Benjaminet al., 1981! of the shadow of a residual dense
wire core.

Publications explicitly recognized early on that nano-
second-time-scale current pulses produced expanding plas-
mas that did not include all of the wire material even with
several hundred kiloamperes per wire. For example, Aran-
chuket al. ~1986! reported the results of experiments with
20-mm diameter Cu wires driven by a 120-ns FWHM~full
width at half maximum!, ;0.5 MA peak current pulse that
lead them to infer that the radiating plasma observed in the
pinhole images contained only 2–7% of the initial wire mass
in it. Their inference was based upon their measured current,
the size of the hot plasma observed in X-ray images taken
with a 200-mm pinhole, and the radiated power, using the
Bennett Pinch relation~Benjaminet al., 1981!.

Kalantar and Hammer~1993! first carried out direct ex-
perimental observations that a high-current exploding wire
consists of rapidly expanding coronal plasma surrounding a
slowly expanding dense core. Schlieren imaging was used
to follow the coronal plasma dynamics in time from the
moment of current initiation. The dense core was observed
starting about 30 ns after the start of the current pulse using
X-ray backlighting from anx pinch, driven in parallel with
the exploding wire, as the X-ray source. Their work focused
on 25- to 100-mm-diameter Al wires driven by 100-ns
FWHM, 40-ns rise time, and 100- to 350-kA0wire current
pulses. Using a combination of X-ray backlighting diagnos-
tics to study the dynamics of the dense wire core~with
10-mm spatial resolution or better! and optical shadow-
graphy and Schlieren diagnostics to study the corona, they
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characterized the exploding wire behavior. A series of ex-
periments with 100-mm-diameter Al wires driven by about
100-kA peak current showed that the outer edge of the co-
ronal plasma expanded at a rate of 2.46 0.2 cm0ms starting
about 20 ns after the current pulse began. By contrast, the
core expanded at a rate of 0.86 0.2 cm0ms, and also ap-
peared to begin its expansion at the same moment as the
corona. Assuming a Bennett equilibrium and taking their
measurements of the current at the time at which self-
pinching of the corona occurred, they estimated that the
amount of mass in the corona was;10% or less. From the
apparent stability of the dense core, it was deduced to be
carrying at most a few percent of the total current shared by
the core and the plasma corona. Sample Schlieren images
from 37-mm and 100-mm-diameter Al wire explosions
adapted from Kalantar~1993!, Kalantar and Hammer~1993!,
and Kalantaret al.~1993!, driven by;300-kA peak current,
are shown in Figure 2. These images clearly show the de-
velopment ofm5 0 instabilities, and illustrate that the co-
ronal plasma expansion rate is roughly independent of the
initial wire diameter.

Kalantar and Hammer~1993! also pointed out that exper-
imental evidence for the current flow being predominantly
near the surface of the corona is provided by the sharp
coronal plasma boundary seen in Schlieren images. They
obtained four different simultaneous Schlieren images with
apertures varying up to a factor of 2.7 in size and observed
identical radii in every image.

An interesting article by Bartniket al. ~1994! presented
experimental results showing that the time for the develop-
ment of instabilities in the coronal plasma increased with the
linear mass density along the axis. They also presented a

series of Schlieren images of 1-cm-long W wire explosions
driven by a 250-kA, 100-ns FWHM current pulse that indi-
cated a surprisingly fast coronal expansion rate of about
7.5 cm0ms. ~However, the initial wire diameter for that
series of tests was not specified in the publication.! Sarkisov
et al. ~1995a! reported experiments performed at the Ecole
Polytechnique from which they inferred the presence of a
dense core by imaging the wire explosions with 532-nm
laser light. However, no measurements of the core diameter,
core expansion rate, or the coronal expansion rates were
given. Results from Beget al. ~1997! measured coronal
expansion rates of;1 cm0ms for 25-mm-diameter Al wires
driven by 100 kA with a 10–90% rise time of 55 ns.

A thorough publication by Ruiz-Camachoet al. ~1999!
used optical diagnostics to study the explosions of 5- to
18-mm-diameter W wires and 15-mm-diameter Al wires.
The wires were driven by a 160-kA peak current~120-kA
current for Al! having a 10–90% rise time of 65 ns. Using an
optical streak camera, they measured the coronal expansion
rates of the 5- and 13-mm-diameter W wires to be 1.06
0.2 cm0ms and 0.86 0.2 cm0ms, respectively, and 2.26
0.2 cm0ms for the 15-mm-diameter Al wires. They also used
optical Schlieren imaging capable of detecting electron den-
sities in the range of about 1.83 1018 cm23 to 2.1 3
1020 cm23. They found a mean coronal expansion rate for 5-
to 18-mm-diameter W wires of about 0.946 0.1 cm0ms,
stating that the expansion rate varied little for different di-
ameters of W wire. By contrast, a coronal expansion rate of
2.460.2 cm0ms was found for 15-mm-diameterAl wires. In
addition, beginning at approximately 24 ns after the current
start in 15-mm-diameter Al wires, they were able to observe
an impenetrable core region expanding with a velocity of
0.760.2 cm0ms. From these results, they concluded that the
expansion rates of the coronal plasma were essentially in-
dependent of the initial wire diameter, but were dependent
upon the wire material~W vs.Al !. Core and coronal expan-
sion rates determined by Ruiz-Camachoet al. ~1999! for
15-mm-diameter Al wires agree very well with those men-
tioned earlier by Kalantar and Hammer~1993! for 100-mm-
diameter Al wires, further bearing out the conclusion that
the coronal plasma expansion rate is independent of initial
wire diameter. Ruiz-Camachoet al. ~1999! also found that
the coronal plasma expansion of 15-mm-diameter Al wires
began about 5 ns after the start of the current pulse, whereas
the expansion of the impenetrable~core! region began at
;20 ns. They explain the difference between their coronal
plasma expansion start time and that reported in Kalantar
and Hammer~1993! by noting that their Schlieren technique
was about two orders of magnitude more sensitive than that
of Kalantar and Hammer.

A 1999 article by Pikuzet al. ~1999b! examined 7.5- to
40-mm-diameter W wire explosions driven by a 100- to
120-kA peak, 100-ns-FWHM current pulse using an im-
proved version of thex-pinch X-ray backlighting technique
~Shelkovenkoet al., 2001! used by Kalantar and Hammer
~1993!. In addition to achieving improved spatial resolution,

Fig. 2. ~a! Schlieren images of 100-mm-diameterAl-wire explosions driven
by a 100-ns-FWHM, 300-kAcurrent pulse.~b! Schlieren images of 37-mm-
diameter Al-wire explosions driven by 100-ns-FWHM, 330-kA current
pulse. Adapted from Kalantar and Hammer~1993! and Kalantaret al.
~1993!. Note that the coronal plasma expansion rates are comparable.
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the X-ray backlighting technique was extended to allow quan-
titative density measurements of both the core and coronal
regions using “step wedges” to calibrate each film image~this
technique is described in detail in Pikuzet al., 1999b!. Fig-
ure 3 contains sample radiograph images adapted from Pikuz
et al. ~1999b! of a 7.5-mm-diameter W wire explosion, in-
cluding the step wedges. This figure supports the generic
model of a high-current wire explosion presented in Fig-
ure 1b. Pikuzet al. ~1999b! estimated a coronal plasma ex-
pansion rate of about 0.2–0.6 cm0ms for allWwire diameters
studied by comparing X-ray images obtained over the time
period 30–70 ns after the current start. Estimates of the core
expansion rates were;0.03 cm0ms for 7.5- to 10-mm-
diameter W wires, and;0.1 cm0ms for 20- and 40-mm-
diameter W wires. The calibrated density measurements
allowed estimates to be made of the amount of mass distrib-
uted in the core or corona regions of the wires. The reported
results are summarized in Table 1. These fractions indicate
that, although the coronal expansion rate of the W wires does
not appear to vary with initial wire diameter~as also found
by Ruiz-Camachoet al., 1999!, the fraction of the initial wire
mass appearing in the corona does vary with the initial wire
diameter. Densities in the range of 1019 cm23 were obtained
from images such as those shown in Figure 3.

An interesting observation made by Bartniket al. ~1994!
was that W wire explosions exhibited different behavior if
the wires were preheated to;5008C prior to the main cur-

rent pulse. Experimentally, they observed differences in the
type and location of bright spots formed along the wire.
They found that ordinary W wire explosions generated bright
spots at irregularly spaced axial locations generally concen-
trated toward the cathode, whereas preheated wires gener-
ated regularly spaced bright spots along the entire wire that
steadily increased in intensity toward the cathode side. Lit-
tle obvious difference between the two cases was seen in the
Schlieren images, however. Schlieren measurements of 16-
mm-diameter W wires by Ivanenkovet al. ~1998! indicated
that preheated wires showed fewer or no large radial plasma
ejections when compared with wires that were not pre-
heated. They did, however, exhibit the usualm5 0 behavior
of the coronal plasma.

Fig. 3. Radiographs of a 7.5-mm-diameter W wire ex-
plosion~pulse number 1275!, obtained using a 12.5-mm-
thick Ti filter with the W step wedge deposited on it, at
two times relative to the start of the 50-ns rise time,
100-kA-peak current waveform. The images in~a! and
~b! @also~c! and~d!# are from the same piece of film, but
the gray scale is adjusted differently usingAdobe Photo-
Shop so as to emphasize different portions of the ex-
ploded wire plasma. In all of the images, the middle
4 mm does not have any part of the step wedges in front
of it. Adapted from Pikuzet al. ~1999b!.

Table 1. Data from Pikuz et al. (1999b) comparing the fraction
of the initial wire mass in the corona at about 50 ns after the
start of the current pulse for different W wire diameters.
The coronal mass density estimates were made using
calibrated x-pinch X-ray backlighting techniques.

Wire material
Measured fraction in corona

by ;50 ns

7.5-mm-diameter W 80–95%
20-mm-diameter W 15–40%
40-mm-diameter W 5–15%
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The previously mentioned experiments by Pikuzet al.
~1999b! also included tests with wires that had been pre-
heated to red-hot conditions right up to the moment of the
main current pulse. The calibrated density measurements
indicated that preheating appeared to increase the fraction of
the initial wire that was in the coronal plasma at any given
time in the same current pulse. For example, a 10-mm-
diameter W wire explosion without preheating the wire had
about 36% of the initial wire mass present in the corona at
37 ns. A 10-mm-diameter W wire that had been preheated
had about 50% of its initial wire mass in the corona at 41 ns.
~The estimated error of these measurements was620%.!
They also found that the observed expansion rates for pre-
heated wires were essentially identical to wires that were not
preheated.

Finally, the coronal plasma is always observed to bem50
unstable in all of the experiments reviewed here. These
instabilities yield complicated pinching phenomena, result-
ing in the formation of fine “necks” of wire material. Late in
time, Schlieren images of smaller initial diameter wires of-
ten show density “islands”~isolated regions of plasma! along
the initial wire axis~Kalantar, 1993; Kalantaret al., 1993;
Beget al., 1997; Ruiz-Camachoet al., 1999!, which imply
that some of the necks have disrupted the dense core. The
last frames of Figure 2b illustrate the formation of density
islands in 37-mm-diameter Al-wire explosions. To under-
stand the driving mechanisms behind the complicated be-
havior of neck formation, it is desirable to know where the
current is flowing in the wire plasma.

Attempts have been made to directly observe the distri-
bution of the current flow in single-wire explosions using
the technique of Faraday rotation~Hutchinson, 1987!.
Sarkisovet al. ~1995b! studied 25-mm-diameter Al-wire
explosions driven by a 250-kA, 50-ns current pulse. At a
time when the total current was;100 kA, they analyzed
two regions of plasma separated by about 100mm, one a
larger radius than the other. At the larger radius, they found
that about 90 kA was flowing within an 800-mm diameter.
In the narrower position, they were unable to observe a
clearly nonzero Faraday rotation angle at any radius, and
concluded that at most 2% of the current could be flowing
inside that same radius. Perhaps the subnanosecond time
scale of the formation and explosion of a narrow neck is
the explanation for this null result. Another attempt at
measuring the current flow using Faraday rotation was
reported by Tatarakiset al. ~1998! on studies of 33-mm-
diameter carbon fibers driven by 1.1 MA rising in 150 ns
~10–90%!. Carefully detailing each step in their measure-
ments, they noted that the Faraday effect could not be
observed at times later than 60 ns or earlier than 50 ns,
because it required the proper combination of magnetic
field strength, electron density, and propagation distance.
They also felt that the accuracy of their technique limited
their measurements to a radial window from about 900 to
1250mm where the rotation angle was a maximum. They
found in an analysis of several axial locations that the

magnetic field strength in the neck regions was 10 times
larger than in the bulges~i.e., that a nonzero Faraday rota-
tion angle was observable in the neck regions!. The results
presented in these two papers are certainly indicative of
the difficulty of accurately carrying out Faraday rotation
measurements. At this time, no hard conclusions can be
drawn from Faraday rotation measurements regarding the
radial distribution of the current in exploding wire plasmas.

The final topic of this section is a brief discussion of
two sets of linear array experiments with currents of;5–
25 kA0wire. One set of experiments is included in the
article by Pikuzet al. ~1999b! to which we previously
referred. Four or eight 1-cm-long W wires in a linear array
with a spacing of about 0.5 mm were driven with currents
of 15–25 kA0wire ~100-ns FWHM!. As mentioned before,
their principal diagnostic wasx-pinch X-ray backlighting
density measurements, which, because W is highZ, could
be used to track the density of the coronal plasma formed
around the wires. As expected, significantly more coronal
plasma was observed along the symmetry plane of the
linear wire array, as the coronal plasma swept off the wires
by the global magnetic field accumulated there. Pikuzet al.
also studied the behavior of arrays that had been preheated
up to the moment of the current pulse. They found that
when wires were preheated, the formation of detectable
coronal plasma occurred faster, in accord with their single-
wire results.

Mosheret al. ~1998! also performed linear array experi-
ments on 10 2-cm-long W wires driven with an average
current of 5–10 kA0wire rising from 0 to 10 kA0wire in
80 ns. Their primary diagnostics were optical shadow-
graphy and Schlieren probing using a nitrogen laser. They
also observed the buildup of coronal plasma along the plane
of symmetry of the wire array. Mosheret al. ~1998! also
studied the behavior of arrays that had been preheated up to
the moment of the current pulse. They found that preheated
W exhibited more axially uniform expansion, though that
expansion appeared to be initially slower according to the
Schlieren results. This was in contrast to their single-wire
experiments, to which we will return in the next section. By
approximately 135 ns, however, the Schlieren images for
preheated arrays looked identical to those that had not been
preheated, except near the array center, where larger density
gradients were seen.

We conclude this section on “high-current” wirez-pinch
explosions by once again pointing out the difficulty of ap-
plying the results of single-wire explosions to wire array
experiments when the magnetic field effects are important.
In the typical cylindrical wire array geometry, a significant
global magnetic field exists that accelerates the low-density
coronal plasma towards the array center. This potentially
enables increased current flow in the dense wire cores as the
inductance and resistance of the plasma carrying the current
increases due to radial collapse and anomalous resistivity
~Haines, pers. comm.!, respectively. Once again, we refer
the reader to Chittenden~2001! in this issue.
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3. LOW-CURRENT-PER-WIRE EXPERIMENTS

As implied by our definition of high current, the self-
magnetic field should be an insignificant factor in low-
current, single-wire experiments. In a 1990 paper, Bartnik
et al. noted that the prepulse of powerful generators neces-
sitates that a free expansion phase of the wire explosions be
modeled. Indeed, prior to the main current pulse on Sandia’s
Z-Machine~Spielmanet al., 1996, 1998!, a 50- to 100-ns,
0–1 kA0wire current ramp is typically applied to the wire
array. ~The exact prepulse can vary from pulse to pulse.!
Work during the late 1950s and 1960s studied wires pulsed
with similar peak current parameters, but the typical wire
diameters were much larger and the current pulses were
microseconds instead of nanoseconds in duration~Chace,
1959a; Fansler & Shear, 1965!. Since that time, the majority
of wire explosion experiments were done in the “high-
current” range discussed in Section 2 until experiments be-
gan at;1 kA per wire about two years ago at Cornell
University~Pikuzet al., 1999a; Sinarset al., 2000a, 2000b,
2001!.

The experiments at Cornell were initiated to simulate the
prepulse conditions on Sandia’s Z-Machine~Spielmanet al.,
1996, 1998! by using a capacitor-based pulser, LC1, to drive
the wires. The LC1 consists of a low-inductance 75-nF ca-
pacitor typically charged to 15 kV, and when driving a short-
circuit load, this pulser produces the current pulse shown in
Figure 4. Thus, for the first;100 ns, the pulse is comparable
to the prepulse on the Z-Machine, and the current per wire
with one or two wires as the load for LC1 is similar to that
for a 300–400 wire array on Z during the prepulse.

Some sample radiographs obtained usingx-pinch X-ray
backlighting~Shelkovenkoet al.,1999! of exploding 12.7-
mm-diameter Al wires driven by the LC1 pulser are shown
in Figure 5, adapted from Sinarset al. ~2000b!. These im-
ages reveal a dense core similar to those seen in high-current
experiments such as those from Kalantar and Hammer~1993!
and Pikuzet al. ~1999b! ~see Fig. 3, for example!.At the low
current per wire, however, the magnetic pressures are neg-
ligible, and the coronal plasma, as well as the wire cores are
expected to freely expand. The Al images in Figure 5 dem-
onstrate that theAl wire cores are not significantly expanded
by 110 ns. Thus, if a 1-kA prepulse of 100-ns duration were
used on Z, the majority of the mass would still be in its initial
position, not having had sufficient time to expand. The ra-
diographic~and optical, when they exist! results from sev-
eral Al wire tests imaged at different times can be combined
in the form of a graph such as that shown in Figure 6,
adapted from Sinarset al. ~2000b!.

In Figure 6, the maximum visible wire core diameter was
plottedversusthe time the image was obtained relative to
the start of the LC1 current. The graph indicates a period of
756 25 ns during which little~,0.04 mm0ms! or no expan-
sion was seen. After this delay time, core diameter expan-
sion rates were 2.06 0.1 mm0ms for single, 12.7-mm
diameter wires and 1.46 0.1 mm0ms for two-wire experi-

ments. It should be noted, however, that the visible wire core
does not necessarily contain 100% of the initial wire mass,
because our backlighter is relatively insensitive to low-Z
elements such asAl. In fact, estimates obtained usingAl step
wedges to calibrate the film gray scale indicated that by
225 ns, the detectable dense core in Al tests contained only
about 30% of the original wire mass and thereafter con-
tained a steadily diminishing fraction, decreasing to about
20% by 420 ns~Sinarset al., 2000b!.

The onset of a constant expansion rate following a delay
time is readily explained in terms of a resistive heating
phase during the initial stage of the wire explosion process.
Sample traces of the current through, and the voltage ap-
plied to, 12.7-mm Al wires are reproduced in Figure 7 from
Sinarset al. ~2000b!. The voltage traces shown in this fig-
ure increase for less than 30–45 ns, as the wire resistance
increases due to heating, and then collapse rapidly at the end
of that time. This collapse has been attributed to the forma-
tion of plasma around the wire core~Pikuz et al., 1999a;
Sinarset al., 2000a, 2000b, 2001!, although this plasma is
not dense enough to be seen in laser probing measurements.

Fig. 4. Current waveform delivered to the wire or wire array load by the
LC1 pulser. The full damped waveform is shown in~a!, while ~b! shows the
first 500 ns of the pulse. Adapted from Sinarset al. ~2000b!. The first
100 ns of this waveform are intended to simulate the 100-ns prepulse on the
Sandia Z-Machine.
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In multiple-wire experiments, however, the plasma merging
at the current centroid of the system is dense enough to be
observed using laser probing, as seen in the two-wire exper-
iment from which a laser interferogram~Min Hu, pers.
comm.! is shown in Figure 8. Once low-resistance plasma is
available to carry current, very little current will continue to
flow in the high-resistance path represented by the residual
wire core, and heating of the wire core effectively ceases.
Also plotted in Figure 7 is the energy deposited in the wire
core~obtained by integrating the product of the current and
voltage traces! up until the moment of voltage collapse,
about 25 mJ and 40 mJ for the two pulses shown. Estimates
for 1-cm-long, 12.7-mm-diameterAl wires indicate that only
6.2 mJ is required to reach the vaporization temperature, but
a total of 45 mJ is required to vaporize all of the original wire
material based upon the latent heat of vaporization for Al.
Thus, enough energy is deposited to liquefy the material in
both tests shown in Figure 7, but only pulse 1596 came close
to gaining enough energy to completely vaporize it.

Returning to Figure 6, data are included from three “anom-
alous” tests~yielding one radiograph from pulse number
1596 and two each from the other two tests!. These data
were obtained from a series of experiments in which the
wires were contaminated with oil residue from prior exper-
iments investigating the effects of insulating coatings on

wires. ~Those experiments are reported by Sinarset al.,
2000a.! The expansion rates of the contaminated 12.7-mm-
diameter Al wires, especially pulse number 1596, are much
faster than the “clean” wires, as is evident in Figure 6. In
Figure 7, we see that the effect of the oil contamination was
to postpone the collapse of the voltage applied to the wire.
Thus, more energy was deposited in the dense wire core,
resulting in faster expansion rates and confirming the im-
portance of the resistive heating phase in determining the
subsequent expansion of the wires~Sinarset al., 2000a,
2000b!.

The effect of insulating coatings on the behavior of 25-
mm-diameter W- and 25-mm-diameter Ag-wire explosions
was treated briefly by Sinarset al. ~2000a!, and in greater
detail by Sinarset al. ~2001!. Substantial increases in the
expansion rates of the exploding, dense wire cores of both
Ag and W wire explosions were observed if wires with
insulating coatings were used. These insulating coatings
ranged from Si-based diffusion pump oil applied to bare
wires to 1- to 5-mm-thick plastic coatings applied by the
wire manufacturer. Just as previously mentioned for 12.7-
mm-diameter Al wires, the effect of the insulating coatings
was to postpone the time of voltage collapse along the wire,
thereby allowing more energy to be deposited in the wire
core. Thus, these experiments support the hypothesis that
the energy deposited during the resistive heating phase, that
is, before voltage collapse due to plasma formation along
the wire, determines the subsequent wire expansion rate.
Sinarset al. ~2001! reported that thinner~1 mm! insulation
appeared to yield faster expansion rates than thicker~5 mm!

Fig. 5. Radiographs of pairs of 12.7-mm-diameterAl wires taken~a! 110 ns,
~b! 154 ns, and~c! 170 ns after the start of the LC1 current pulse.~d!
contains an expanded view of the cathode end of one of the wires in~c!,
showing the detailed structure still present in that portion of the wire.
Adapted from Sinarset al. ~2000b!.

Fig. 6. Wire core diameter obtained from radiographs as a function of time
after the start of the LC1 current pulse for many one-, two-, and three-wire
tests using 12.7-mm-diameterAl wires.Adapted from Sinarset al. ~2000b!.
Note that these data are the diameters of the detectable cores, which do not
contain all of the initial wire mass.
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insulation. Again, this correlated with the energy deposited
during the resistive heating phase, as the wires with thicker
insulation also had less energy deposited in them. At present
this “reversal” is attributed to poor contact between the wire
itself and the electrodes through which the current must flow.

As was the case for the high-current studies reported in
Section 2, W wires preheated up to the moment of the cur-
rent pulse behave differently. This effect was noted in Pikuz
et al. ~1999a! for 7.5-mm-diameter W wires. Figure 9,
adapted from Pikuzet al. ~1999a!, demonstrates that heated
wire explosions often showed slightly improved core expan-
sion and slightly better axial uniformity. This effect is not
large, however, especially in comparison to the effect of
insulation mentioned above. Figure 10 shows the current
and voltage traces from 7.5-mm-diameter W wires~adapted
from Pikuzet al., 1999a!, and demonstrates that the pre-
heating has an effect on the shape of the current and voltage
traces. Though it is difficult to observe in the older current
diagnostic used in Figure 10, the effect of preheating is to
lengthen the voltage pulse but lower the overall current, as
was verified using a more accurate current diagnostic in

subsequent tests. These subsequent tests also found no mea-
surable difference in any diagnostics between wires pre-
heated for 30 minutes and wires preheated for 8–12 hours.
Mosher et al. ~1998! also noted that in their single-wire
experiments the initial “dwell time”~which we infer was the
same as our “resistive heating phase”! of the wire explo-
sions increased if the W wires were preheated.

We conclude this section with a summary of selected
energy deposition results from Sinarset al. ~2001!. Table 2
shows the relationship between the energy deposition in
various wires and the measured expansion rates. From this
table, it is clear that in no case does the energy deposition in
these wires exceed the energy required to completely vapor-
ize the wire except in tests with some of the insulated wires.
This observation partly explains the presence of the dense
wire core, since the explosions must, therefore, be produc-
ing a complex mixture of liquid, vapor, and plasma. Mate-
rials for which the energy deposition is a significant fraction
of the total energy required to completely vaporize the wire,
such as Al and Ag, expand faster than most of the other
materials. If the fraction is small, such as for W, Ti, or Mo,
the materials expand much more slowly, and possess dense
core structure many microseconds after the initial explo-
sion. Figure 11~adapted from Pikuzet al., 1999a! contains
images of a 13-mm-diameter W wire up to 8ms after the
start of the current. The complex structure visible in these
images strongly suggests that the remaining visible cores in
Figure 9 are largely liquid with vapor bubbles. As a general
rule, the expansion rates of high-conductivity, low-boiling-
point materials are faster than low-conductivity, high-boiling-
point materials.

Fig. 7. Current and voltage applied to the wire or wire array load by the
LC1 pulse for the first 100 ns, and the energy deposited in the wire, for two
pulses. In pulse 1588, the test was performed in a clean environment. In
pulse number 1596, the wire was contaminated by oil left in the system
from the previous test. Adapted from Sinarset al. ~2000b!. Both of these
pulses are included in the graph in Figure 6.

Fig. 8. An interferogram, obtained using a frequency-doubled Nd:YAG
laser 260 ns after the start of the current pulse, from a test with two,
12.7-mm-diameter Al wires in a 1-kA per wire experiment~shown with the
permission of Min Hu!. The plasma is dense enough at the current centroid
to be seen as a leftward fringe-shift between the two expanding neutral
vapor clouds~rightward fringe shifts! located along the original wire po-
sitions, which are most easily identified at the right edge of the interferogram.

Single-wire explosion experiments 385



4. STRUCTURAL DETAILS OF THE DENSE
WIRE CORES

We now briefly examine the structural details of the dense
wire cores. These details are mostly too small to be revealed
by optical diagnostic techniques~which are better suited to
observing the larger-scale coronal region of exploding wires!.
Only reasonably recent experiments using direct~no pin-
hole! backlighting with x pinches to produce submicron

X-ray sources have been able to reveal complex structural
details down to the;1-mm scale in the dense cores of
exploding wires. The details of this method are described by
Shelkovenkoet al. ~2001!.

An obvious feature in Figures 9c and 11a–c for W is the
foam-like structure in the dense cores. To some extent this
also appears in the 12.7-mm-diameter Al-wire image in Fig-
ure 5~Sinarset al., 2000b!. The persistence of the foam-like
structure in the wire cores in these low-current experiments
appears to be related to the amount of energy deposited in
the core during the resistive heating phase discussed in Sec-
tion 3. Those materials that had significant fractions of the
vaporization energy deposited in them tend to exhibit the
foamy structure for less time than those wires having less
energy deposition relative to the vaporization energy~Pikuz
et al., 1999a!. Estimates for the conditions required to form
bubbles in W wires indicate that it is not unreasonable that
the foamy structures observed are vapor bubbles composed
of W vapor~Pikuzet al., 1999a!. In the case of W, however,
it is certainly possible that impurities compose a substantial
fraction of the vapor inside the bubbles, as they will tend to
collect at grain boundaries and all will have a lower boiling
point than W.

Another unique feature visible in some low-current wire
explosions is the presence of planar, stratified layers in the
wire core. An example of such stratification can be seen in
Figure 5d. Figure 12 shows a remarkable example of this for
a 1-mm-thick polyester-insulated 25-mm-diameter Ag wire.
~Thin fragments of the polyester insulation are visible around
the expanding wire. The perturbations in the insulation cor-
relate with the stratified layers.! The layers are remarkably
planar and persist for hundreds of nanoseconds~Sinarset al.,
2000a, 2000b, 2001!. Chace~1959a! observed similar strat-
ification in wire explosions in the late 1950s and Fansler and
Shear~1965! in the 1960s, except that they used larger di-
ameter wires~100–625mm! and applied microsecond-time-
scale current pulses in air at atmospheric pressure. Chace
~1959a! observed the stratified layers using optical diagnos-
tics, and also by collecting the metal from the explosions on
nearby glass plates. Fansler and Shear~1965! used an
electron-beam-based radiographic backlighting technique.
The stratified appearance was attributed to thermal insta-
bilities in those earlier experiments. We have no better hy-
pothesis for our results, but we have not carried out any
experiments that would provide supporting evidence.

Both the foamlike structure and stratification can be seen
in high-current experiments as well, along with structures
reminiscent of shock waves propagating through the dense
core. An article by Pikuzet al. ~1999c! contains observa-
tions of wires driven with a 100-ns-FWHM, 80- to 120-kA
peak current pulse that show complex structures in the dense
core, possibly a result of there being a liquid–vapor mixture.
An article by Gus’kovet al. ~1998! contains observations of
structures in the dense cores of 50-mm-diameter Ti wires
that may be the result of shock waves propagating in the
core. Here we show, in Figure 13, an example of a pair of

Fig. 9. Examples of radiographs from two separate tests of W wires with
initial diameter 7.5mm and length 1.04 cm at the indicated times from the
discharge onset~a! without preheating, and~b! with preheating. An en-
larged segment of the preheated wire~c!, which appears like a liquid-vapor
foam, and two tracings of the areal density in the indicated regions,~d! and
~e!, are also shown. The estimated absolute error in~d! and~e! is 625%.
Adapted from Pikuzet al. ~1999a!.

Fig. 10. Comparison of the voltage and current during the initial stage of
the discharge for preheated and not preheated 7.5-mm-diameter, 1-cm-
length W wires. Adapted from Pikuzet al. ~1999a!. The preheated case has
a longer voltage pulse and lower current, a feature subsequently verified in
similar tests with more accurate current and voltage monitors.
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brass images taken with only 1-ns time separation by two
parallelx pinches~Pikuz et al., 1998!. The angle between
the two views is about 308 and some of the structure that is

visible in one view, especially what appear to be bubbles,
can be seen rotated by that angle in the other view.

Other interesting features visible in low-current experi-
ments are illustrated by the images in Figure 14. A radio-
graph of two 25-mm-diameter Ti wires taken 11ms after the
start of the LC1 current pulse is shown in Figure 14a. As
indicated in Table 2, the measured total energy deposition in
Ti wires indicates that the Ti was probably not significantly
vaporized, and may not even have been entirely liquefied.
Indeed, the wires do not appear to have expanded much even
after 11 ms, and appear to be breaking up into droplets
50–55mm in diameter. This structure is similar to features
seen in Figure 11 for 13-mm-diameter W wires at 8ms,
except that the overall diameter of the droplet array is con-
siderably larger than the original wire diameter in the case of
W. Gaps in the dense wire core is another feature often seen
in low-current wire experiments, as shown in Figure 14b for
12.7-mm-diameter Al wires and Figure 14c for a 25-mm-
diameter Zn wire. The gap in the lowerAl wire of Figure 14b
is about 60-mm wide, and “arcs” of debris can be seen on
either side of the gap spreading outward. That Al wire did
not expand significantly near the gap, but the rest of it~not
shown! expanded more or less uniformly, similar to the
upperAl wire in Figure 14b. In the two gap regions of the Zn
wire explosion shown in Figure 14c, small droplets are vis-
ible to one side ranging in size from,2 mm ~resolution
limit ! to 20mm. Three other gaps in this wire~not shown!
also exhibited similar droplets to one side of the gap. We
hypothesize that impurities or defects in the wire cause the
gaps such as those shown here~which we have also seen in

Table 2. The measured energy deposition range indicates the minimum and maximum energy deposition values
experimentally measured using current and voltage diagnostics. This energy is deposited in the wire during an initial
resistive heating stage, as discussed in the text. The estimated total energy required to completely melt the wire
starting from room temperature, including the latent heat of melting, is given in column 3. Column 4 gives the
estimated total energy required to completely vaporize the wire starting from room temperature, including the latent
heat of vaporization. The experimentally measured energy deposition values are expressed as a percentage of the
vaporization energy in the fifth column. Finally, core expansion rates measured using X-pinch radiography are
given in the final column. (Data selected from Sinars et al., 2001)

Wire diameter
and material

Measured
energy

deposition
range
~mJ!

Energy
to melt wire

~mJ!

Energy to
vaporize wire

~mJ!

Percent of
vaporization

energy
deposited

Expansion
rate of core
diameter
~cm0ms!

13 mm Al 23–38 3.7 41.6 55–91% 0.206 0.01
25 mm Ti 26 27 432 6% ;0.03
25 mm Cu 88–112 28 237 37–47% 0.08 to 0.12
25 mm Cu ~5 mm Insul.! 330–470 28 237 139–198% 0.41 to 0.51
25 mm Zn 53–74 12.2 82.3 64–90% 0.24 to 0.6
25 mm Mo 47 44 299 16% ;0.03
25 mm Ag 76–112 20 138 55–81% 0.456 0.04
25 mm Ag ~1 mm Insul.! 310–420 20 138 225–304% 1.036 0.05
25 mm Ag ~5 mm Insul.! 120–165 20 138 87–120% 0.516 0.06
25 mm W 35–62 62.7 432 8–14% 0.0296 0.004
25 mm W ~5 mm Insul.! 120–210 62.7 432 28–49% 0.166 0.02
20 mm Au 55–80 14.4 113 49–71% 0.12 to 0.14

Fig. 11. Examples of radiographs during later stages of the current pulse
for two, 13-mm-diameter W-wire loads in two pulses, one radiographed at
2.6ms ~a!–~c! and the other at 8ms ~d!–~f !. Enlarged segments of the left
and right wire radiographs are shown in~b! and~c! for the 2.6-ms test and
~e! and~f ! for the 8-ms test. The 2.6-ms images show a foamlike structure
with bursting vapor bubbles, while the 8-ms images show threadlike struc-
tures and separate droplets. Adapted from Pikuzet al. ~1999a!.
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Cu wire explosions!, but the random nature of their location
makes it difficult to ascertain the cause experimentally.

5. SUMMARY AND CONCLUSIONS

As noted in Section 2, we classify wire experiments with
several 10s of kiloamperes per wire or more to be high-
current experiments because of the importance of the self-
magnetic field to the exploding wire behavior. The general
pattern of high-current wire explosions is shown schemati-
cally in Figure 1b. The coronal plasmas in these experiments
always exhibit strongm 5 0 instabilities, while the dense
core appears to be stable. The broad wire core gaps in high
current experiments~Fig. 3a,c! are believed to be a result of
coronal plasma dynamics, as discussed by Kalantar and Ham-
mer~1993!. The reported coronal expansion rates for Al and

W wires did not vary significantly for different initial wire
diameters, but did vary with the wire material~2.4 cm0ms
for Al and about 1 cm0ms for W!. Density measurements of
the coronal plasma indicate that the fraction of the total
initial mass contained in the corona increases as the wire
diameter decreases. The remainder of the mass is contained
in a dense core, which expands at a significantly slower rate
~about 0.8 cm0ms for Al and #0.1 cm0ms for W!. These
results support the hypothesis that surface desorption and
evaporation in a resistive phase lead to electrical breakdown
and coronal plasma formation along the wire, as in the low
current experiments. However, we do not have accurate
voltage and current measurements at early times in high
current experiments to support this hypothesis.

We classified wire experiments with up to 1, or at most, a
few kiloamperes per wire as low-current experiments be-

Fig. 12. ~a! A radiograph of an exploding, 1-mm-thick polyester-insulated 25-mm-diameter Ag wire taken 318 ns after the start of the
LC1 current pulse~see Fig. 4!. This was the only wire of this type in 14 pulses to exhibit two regions with very different expansion rates;
all others expanded nearly uniformly.~b! An enlarged view of the central section. Note the correlation between the periodicity of the
insulation along the outside of the expanding wire and that of the stratification in the wire core. String-like bits of the insulation are also
visible in front and0or in back of the expanding wire core. Adapted from Sinarset al. ~2001!.
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cause the magnetic field in these experiments does not play
a significant role in the behavior of the individual exploding
wires. As with high-current experiments, the wire explo-
sions consist of a dense core surrounded by coronal plasma,
as indicated in Figure 1c, but the coronal plasma in these
experiments is difficult to observe because it is a much
lower density. However, it is expected to expand without
rapid growth of instabilities because of the relatively weak
magnetic field. The behavior of the dense core depends
strongly on the wire material and the amount of energy
resistively deposited in the wire before plasma formation
around the wire offers a lower impedance parallel path for
the current. Taking all the results in aggregate leads us to
conclude that the relevant parameter is the energy deposited
in the wire relative to the total energy required to vaporize
the wire fully, starting from its initial condition. In fact, both
the expansion rate and uniformity of wire explosions seem
to depend on the fraction of energy deposited in a wire
relative to the energy required to vaporize the wire. Wires
with relatively large fractions of the vaporization energy

deposited in them expand faster and more uniformly than
wires with smaller fractions.

In general, high-conductivity, low-boiling-point materi-
als such as Al or Ag have larger fractions of the vaporization
energy deposited in them. Wires such as W or Ti, with small
fractions of the vaporization energy deposited in them, ex-
hibit axially nonuniform, slower expansion rates and com-
plex, micron-scale foamlike structure. Dense matter from
such wire explosions persists for microseconds and droplets
eventually form. With these high-boiling-point materials,
such as W and Ti, adsorbed gases which will desorb at a
temperature much below even the melting point of the bulk
material can lead to early plasma formation and reduce the
energy input in these materials.

Through the use of insulating coatings on the wires, it is
possible to increase the energy deposition in low-current
experiments by forestalling the development of plasma along
the wire. This increase in energy deposition results in faster
expansion rates for the wires. At present, this technique

Fig. 13. ~a! Two radiographs of a 25-mm-diameter brass wire explosion
driven with .100 kA. The radiographs were made using X pinches with
viewing angles which differed by 308, and which were temporally sepa-
rated by about 1 ns. The knot seen in the lower half of the radiographs was
made prior to the explosion as a spatial reference marker.~b!–~e! Expanded
views of wire segments, showing micron-scale structures which rotate with
the viewing angle. Adapted from Pikuzet al. ~1998!.

Fig. 14. ~a! A radiograph of the cathode end of two, exploded 25-mm-
diameter Ti wires taken 11ms after the start of the LC1 current pulse~see
Fig. 4!. Almost the entire length of the wire from anode to cathode shows
the same pattern of droplets, all of which appear to be 50–55mm in
diameter.~b! A radiograph of the central region of two, exploding 12.7-
mm-diameter Al wires taken 235 ns after the start of the LC1 current pulse,
showing dense stratified layers in the wire and the presence of a large gap
with sharply defined boundaries. Other than the gap region shown, both
wires had expanded uniformly.~c! A radiograph of the central region of an
exploding 25-mm-diameter Zn wire taken 320 ns after the start of the LC1
current pulse. Two of the five gaps observed in this wire are shown. All of
the gaps had small particles0droplets visible on the same side of the gaps
~down in this image!, with particle diameters ranging from 20mm down to
the resolution limit~,2 mm!. Adapted from Sinarset al. ~2001!.
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appears to work for all materials. However, the optimum
thickness of the insulation is still a subject of investigation,
and it remains to be seen whether a coating will be able to
turn a slowly and nonuniformly expanding exploding wire
material, such as W, into one which expands more rapidly
and0or uniformly.

Preheating the wires up to the moment of the application
of the current pulse was observed to alter the behavior of
wire explosions in both the high- and low-current regimes.
Experiments in the high-current regime indicate that the
amount of mass in the coronal plasma increased if the wires
were preheated, but that the expansion rates of the wires did
not vary with preheating. Experiments in the low-current
regime observed slightly improved core expansion rates for
preheated wires, but this effect was not as large as that
observed through the use of insulating layers. Preheating
wires in a cylindrical wire array experiment results in some
wire breakage and is difficult to apply to materials other
than W~M. Cuneo, pers. comm.!.

We emphasize that this review covers research that is still
in progress. We briefly outline some future single- or few-
wire experiments, noting that progress along these lines is
occurring concurrently with the publication of this review.
At present, the influence of factors such as the peak current,
peak voltage, and the pulse duration are not well under-
stood. It is clear from this review that there is a clear phe-
nomenological difference between wires pulsed at high
currents and wires pulsed at low currents. There is also some
preliminary evidence that suggests that increasing the rise
time of the current pulse may affect the behavior of wire
explosions~S.A. Pikuz, pers. comm.; G.S. Sarkisov, pers.
comm.!. Single-wire experiments to examine the influence
of these factors are already underway. Another parameter of
interest is the thickness of the insulating coating for optimal
expansion of a wire for given pulser current and voltage
waveforms.

At present the prepulse experiments have only investi-
gated the low-current regime. Future planned experiments
include following a low-current prepulse with a high-current
discharge to simulate the prepulse and initial stages of the
main current pulse on wire array experiments. Such exper-
iments could investigate the variation in wire behavior early
in the main pulse as a function of the low-current pulse
waveform. These experiments could be performed using
linear wire arrays of perhaps four wires with a simulated
global magnetic field to investigate the effect of the global
field on wire explosion development.

The experiments reviewed here will also find application
as tests for computer simulations attempting to model wire
explosions. The results of computer simulations of the
behavior of wires starting from room temperature can be
stringently tested against the results of well-diagnosed ex-
periments in both the high- and low-current regimes. Though
some work has already been published in this area~Chit-
tendenet al., 2000!, further progress is possible as both the
experimental diagnostics and simulation codes improve in

the next few years. In addition, the future experiments sim-
ulating a global magnetic field acting on a few wires, as
discussed above, may provide further code tests for three-
dimensional simulations of the initial stages of wire array
implosions.

The results of the high- and low-current experiments re-
viewed here are relevant to the initial stages of the largest
wire array experiments in operation today, including the Z-
and Saturn machines at Sandia National Laboratories, Albu-
querque, the MAGPIE generator at Imperial College, and
the Terawatt facility at the University of Nevada–Reno. It is
hoped that the experiments reviewed here and the future
experiments discussed will yield a better understanding of
the behavior of wires in the initial stages of cylindrical wire
array experiments. Ultimately, the results of these experi-
ments may be useful in choosing whether wires should be
coated with an insulator, or perhaps have a specially shaped
prepulse~or no prepulse at all!!, in order to improve the
results of wire arrayz-pinch experiments.

The observations of foamlike structure in both high- and
low-current experiments indicate that a better understand-
ing of the phase transitions involved in the wire explosions
is probably necessary to understand some of the expansion
dynamics of the dense cores. The presence of stratified
layers in the dense cores appears to be indicative of nonuni-
formity in energy deposition on the 10-mm-scale length.
~However, the actual scale depends upon material.! This
may be a manifestation of complications related to volume
boiling in a slightly nonuniform medium, regardless of
whether it is a thermal instability or not. We conclude this
section by noting that the fascinating images present in Fig-
ures 5, 9, and 11–14 will probably not be matched in com-
puter simulations of wire explosions for quite some time.
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