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The Formation and Evolution of Plasmas from Single Exploding Wires

Final Report for Sandia Project 22995
"Single Wire Explosion Experiments"

David Hammer, P. U. Duselis, Min Hu, and Bruce Kusse
Cornell University Laboratory of Plasma Science
Ithaca, NY

Abstract

In this report we describe a series of single wire explosion experiments that have been performed
at Cornell’s Laboratory of Plasma Studies. Wires of Ag, Cu, Au, Al and W, 1 to 3 cm in length
and 10 to 25 microns in diameter, were driven by a ~100ns current pulse with a current rise time
of approximately 30 A/ns. Previously, it has been found that the wires, in general, experienced a
50-85 ns resistive heating phase that was terminated by a rapid collapse of voltage [']. We
attribute this voltage collapse to the formation of a coronal plasma around the wire core. In order
to understand this plasma formation and its effect on the voltage collapse, experimental
observations of plasma radiation from single wire explosions have been made with an optical
framing camera as well as UV and optically sensitive diodes. The temporal and spatial dynamics
of the plasma expansion were observed. The relative timing of the voltage collapse and the
radiation was examined.

' D. B. Sinars, Min Hu, K. M. Chandler, T. A. Shelkovenko, S. A. Pikuz, J. B. Greenly, D. A. Hammer, and B. R.
Kusse, "Experiments measuring the initial energy deposition, expansion rates and morphology of exploding wires
with about 1 kA/wire", Physics of Plasmas 8, pp216-230.
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INTRODUCTION

Single wires of Ag, Cu, Au, Al and W, 1 to 3 cm in length and 10 to 25 um in diameter, were
driven by a 100 ns current pulse with a rate of rise of the current of 20 A/ns. Earlier experiments
found that the wires generally experienced a 50-85 ns resistive heating phase that was terminated
by a rapid collapse of voltage [1]. This voltage collapse was attributed to the formation of a
coronal plasma around the dense wire core that was observed with x-ray backlighting [1].

For this project, observations of the plasma formation around the time of voltage collapse were
made using two new diagnostics: 1) A vacuum diode sensitive to UV radiation with 1-5 nsec
response time, and 2) A visible light framing camera with a 1-50 ns shutter. The vacuum diode
gave time-resolved measurements and the framing camera gave spatially resolved measurements
with a time resolution limited by the shutter speed.

The vacuum diode showed no UV radiation until the moment of voltage collapse, at which time
a 5-10 ns burst of radiation was observed. After this collapse low level UV radiation was
detected as the current continued to rise. These observations are consistent with the picture that
the voltage collapse is caused by the formation of plasma around a core of neutral wire material
causing a transfer of the current from the wire material in the core to the surrounding plasma.

The framing camera was used to obtain spatial resolution of the emitted UV radiation. By
changing the timing of the frame relative to the start of the current pulse, the plasma radius as a
function of time was obtained. Radial expansion rates from the framing camera were similar to
those obtained by interferometry in previous experiments: 3 pm/ns from the framing camera and
2.5 um/ns from interferometry. However, the framing camera appeared to be more sensitive to
the lower plasma densities than was the interferometer. Just after voltage collapse the framing
camera results showed the existence of plasma at a larger radius than did the interferometer.
Using the framing camera results, it was possible to calculate a plasma column resistance based
upon Spitzer resistivity that was comparable to the resistance value obtained from the
experimental current-voltage data. This further confirms the idea that the voltage collapse in
exploding wire experiments is caused by the formation of a coronal plasma around the dense,
neutral wire core material that we observe with x-ray backlighting.

CAMERA LIMITS

A. Spatial Resolution

The entrance of the framing camera has a resolution of 3 lines / mm at 50% contrast. The loss of
resolution occurs at the interface between phosphor screen and the fiber optic bundle (Figure 1).
The glass screen between the two blurs a point of light on the phosphor screen to a width equal
to the thickness of the glass. The experiment uses a simple lens to magnify the image of the wire
by a factor of 5.1 to give a resolution of 15 lines / mm. To test the resolution of the system, a
Ronchi grating with 50 pm lines was imaged. The framing camera with the lens was able to
image the Ronchi grating at slightly better than 50% modulation. The walls of the vacuum
system that contain the exploding wire limit the magnification that one can conveniently use. A



lens with a reasonable f# was mounted as close as possible to the wire but still remained outside
the vacuum system.
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Figure 1. Framing camera geometry.

B. Time Resolution

The framing camera itself generates a signal that is supposed represent the camera trigger
monitor. By using a 4 ns long laser pulse, the trigger monitor signal was calibrated. The fastest
shutter speed of this camera was determined to be 8.4 ns + 0.4 ns. The shutter speed is easily
lengthened to any time with simple modifications. For almost all the data that appears on this
poster the shortest shutter of 8.4 ns was used. A few shots were done with 50 ns shutters and are
discussed later.

C. Dynamic Response

A computer records the output of the CID chip as a 752 by 480 matrix of 8-bit integers
representing the intensity of each pixel of the CID chip. A value of 0 translates to no light being
collected by that pixel. A value of 255 indicates that the pixel was saturated with light. Of the
256 intensity levels a pixel may have, most pixels in the captured images achieve an intensity
level of less than 180. Therefore, the dynamic response of the camera was underutilized, and the
camera was almost never saturated with light.



D. Sensitivity

The bias voltage applied to the multichannel plate controls the gain of the camera. For all the
data taken for this poster, the maximum bias voltage was used to produce the maximum gain
and, therefore, the most sensitivity to light. There exists a tradeoff between the time resolution
and the sensitivity. Since the camera integrates the light over the time the shutter is open, a
longer shutter will produce a greater sensitivity to light at a loss of time resolution. Figures 2 and

3 demonstrate trading time resolution for sensitivity.
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Figure 2. Example of framing camera pictures and intensity profiles.
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Figure 3. Examples of longer shutter times.



FRAMING CAMERA VERSUS LASER INTERFEROMETRY

The framing camera has a lower spatial and temporal resolution than laser interferometry being
done at Cornell. The framing camera has a spatial resolution of 50 um and takes pictures
integrated over 8 ns. The laser interferometry is better by a factor of two in both categories. The
interferometry uses a laser beam projected through the wire and plasma, so it will work for later
times. The framing camera uses self radiation from the plasma, so as the plasma diminishes, so
does quality of the framing camera pictures. Despite these drawbacks, the camera does have its
advantages over the interferometry. At times close to voltage breakdown, the framing camera
can see plasma nearly twice as far out as the interferometry illustrated in Figures 4 and 5.
Around 200 ns after the current starts, the interferometry gives a better picture. The
interferometry also shows a clear expansion of plasma. The framing camera suggests an
expansion, but fails to definitely prove it.
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EXPLAINING THE DRAMATIC DROP IN
RESISTANCE OF A PULSED WIRE

A cable driven pulser drives a single 25 um Copper wire with a rise time of 20 A/ns and duration
of 100 ns. During this pulse, the wire goes through several phases as evidenced by Figure 6.
During the time labeled Phase I, the current driven through the wire causes heating. Heating the
wire increases the resistivity of the wire, and hence the voltage also increases. About 65 ns after
the current starts, a dramatic change occurs (Phase II). During this time, the voltage drops
dramatically two orders of magnitude from 5000 V to less than 100 V. The voltage displayed in
Figure 6 has been corrected for the inductive voltage found in the system. The drop in resistance
is attributed to the formation of plasma around the wire. At this time it is uncertain if the plasma
is composed of metal ions or surface contaminants from the wire. Regardless, after the plasma
forms, the measured resistance falls to less than 0.25 Ohms and the current is limited only by the
impedance of the machine. This experiment shows that one can use reasonable measured values
for plasma temperature and width to calculate a resistivity comparable to what is actually
measured.

A framing camera was able to observe a 700 um wide column of plasma around the wire within
35 ns after the voltage starts to collapse and 105 ns after the current starts. It is not unreasonable
to assume a plasma expansion rate of 6.7 um/ns and, therefore, a plasma width of 460 um at the
time of voltage collapse. The temperature of the plasma was taken to be 3 eV based on the
expansion rate of the plasma and assumption that the plasma is composed of nothing lighter than
carbon. Assuming a carbon composition can be justified given the likelihood of surface
contaminants. More likely is the case where the plasma composed of heavier atoms or molecules
and, therefore, much hotter then 3 eV. At voltage collapse, the Spitzer resistivity is:

n=52x107 ZInA Q-m:5.2><10‘5L§—2§2~m:8.1><10‘5§2-m
3 (3

T%(eV) )2

Hence, for the experimentally measured plasma width A and wire length L, the expected
resistance is:

_n_L_(S.lxlO’SQ-m)(lcm)
A 460um /\’
{*7%)

The result is an order of magnitude too large. However, if one repeats these calculations
assuming the plasma to be composed of copper, one gets that the resistance should be 0.44 €, the
same order of magnitude as the observed value.

R =4.8Q

TRADING TIME RESOLUTION FOR SENSITIVITY

For this particular frame the shutter of the framing camera was lengthened from 8 ns to 50 ns.
Since the camera integrates light over the duration of the shutter, it was able to see fainter
plasma. For similar frames taken with fast 8 ns shutters, the plasma width is only around 400

12
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Figure 6. Typical electrical characteristics of a 1 cm long, 25 m copper wire.
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um. The tradeoff, illustrated by Figure 3, is that we lose most of the information about when the
plasma is formed or how it is propagating. Another minor problem is that when the shutter
length gets much more than 50 ns, the camera becomes too sensitive to light and saturates on the
more intense parts of the pictures. Earlier, while calculating the resistivity of the detected
plasma, an expansion rate was calculated. This rate was calculated using a frame with a longer
than normal 35 ns shutter and the slowest expansion rate was used.

RULING OUT THE EXISTENCE OF PLASMA
BEFORE VOLTAGE BREAKDOWN

In order to support the hypothesis that plasma formation causes voltage collapse, one needs to
eliminate the possibility of plasma existing before the voltage collapse. The framing camera can
detect the emission of light from the plasma formed around the wire, but a vacuum photo diode
does it with a better sensitivity to light and time resolution. The diode employed in this
experiment was a homemade diode constructed from a coax connector. It is illustrated in Figure
7. The photocathode was an aluminum foil disk with approximately 2 cm? exposed to light from
the exploding wire. The anode is a mesh that is held at ground approximately 2 mm away from
the photocathode. The diode itself was mounted approximately 10 cm from the wire with the
photocathode negatively biased. The first few attempts to utilize this vacuum diode produced
saturated signals as the voltage bias was not negative enough. At a bias of —900 V, the diode
produced signals that showed no signs of distortion. This vacuum photo diode has a rise time of
less then 1 ns.

Insulating Ring

Al Photo Cathode

8 mm 12 mm

Anode Mesh

Figure 7. Vacuum photo diode.

14



The vacuum diode clearly shows that there is no light coming from the exploding wire until the
voltage collapse (Figures 8 and 9). Thus, it is established that plasma is not formed earlier then
expected. The remaining structure of the vacuum diode trace has some curious structure. The
signal is very sharply peaked at voltage breakdown, indicating a large amount of light is radiated
from the wire initially when the plasma is formed. As time progresses, the signal intensity
decreases even though the current through the plasma is still increasing. At first glance one
might suppose that the fall-off of signal should be attributed to some sort of decay time of the
diode and its supporting circuitry. This idea is dismissed when one looks at the images produced
by the framing camera. The framing camera also records light intensity. Although not nearly as
sensitive as the diode, it sees peak pixel intensities 3 times greater immediately after the plasma
forms than when the current peaks. The expanding plasma can lower the current density while
increasing the total amount of current.

1 cm of 25 m Copper

Vacuum Diode
(V)

6000
4000
22000

Figure 9
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The topic of frequency spectrum was partially addressed in this experiment. When the diode is
filtered by a piece of glass that does not pass UV, it does not produce a signal. This says more
about the response of the diode than the radiation from the exploding wire. Because of the work
function of aluminum, one naturally expects it to be more sensitive to UV than the visible light.

Conclusions

When we understand the connection between the initial conditions and the results of wire-array
implosion experiments, choosing the best wires for specific wire-array z-pinch applications will
be possible. For example, an alloy might be expected to have advantageous radiative properties
for a particular application. The latter will be facilitated by computer simulations using codes
that take their initial conditions from single wire experiments and then calculate the dynamics
and radiative properties of wire array implosions, including the properties of those materials.
First, however, it will be necessary to validate those codes, including the material equations-of-
state and conductivity, against single-wire explosion experiments such as those reported here.

This research was supported by Sandia contract BD-9356 and DOE contract DE-FG03-
98DP00712
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Experiments measuring the initial energy deposition, expansion rates
and morphology of exploding wires with about 1 kA/wire
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J. B. Greenly, D. A. Hammer,” and B. R. Kusse
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Wire-array Z-pinch implosion experiments begin with wire heating, explosion, and plasma
formation phases that are driven by an initial 50- 100 ns, 0—1 kA/wire portion of the current pulse.
This paper presents expansion rates for the dense, exploding wire cores for several wire materials
under these conditions, with and without insulating coatings, and shows that these rates are related
to the energy deposition prior to plasma formation around the wire. The most rapid and uniform
expansion occurs for wires in which the initial energy deposition is a substantial fraction of the
energy required to completely vaporize the wire. Conversely, wire materials with less energy
deposition relative 1o the vaporization energy show complex internal structure and the slowest, most
nonuniform expansion. This paper also presents calibrated radial density profiles for some Ag wire
explosions, and structural details present in some wire explosions, such as foam-like appearance,
stratified lavers and gaps. © 2001 American Institute of Physics. [DOIL: 10.1063/1.1323759]

I. INTRODUCTION

Z-pinch implosions with extremely high energy densities
have recently been achieved on the Z-machine' at Sandia
National Laboratories, Albuguerque, using cylindrical arrays
of fine wires.”™ The success of the wire-array Z-pinch pro-
gram has stimulated interest in their use as x-ray sources for
inertial confinement fusion,”™’ studies of astrophysical jet-
ting phenomena,® and studies of material properties under
extreme conditions.” The implosion phase in these wire-array
Z-pinch experiments is preceded by wire heating, explosion,
and plasma formation initiated by a 50-100 ns, 0-1 kA per
wire current ramp {‘‘prepulse’”). Similarly, in 64-wire array
experiments on the MAGPIE!” generator at [mperial Col-
lege, the current rises from 0 to | kA per wire in about 40
ns.'! There is great interest in understanding the initial stages
of wire explosions starting from the cold wire state because
those explosions provide the initial conditions for the implo-
sion dynamics of wite arrays.

Studies of the effect of prepulse-like conditions on the
explosion of 1-3 wires'*!* showed that the wire expansion
rate and uniformity was strongly dependent upon the amount
of energy deposited in the wires during a short (<100 ns}
resistive heating phase. This resistive phase is terminated by
a sudden collapse of the voltage across the wire, probably
due to plasma formation, Recent experiments demaustrated
that it was possible to prolong the resistive heating phase of
25 pym diameter W and 25 um diameter Ag wires through
the use of thin insulating coatings on the wires.'* The addi-
tional energy that was deposited in the wires with insulation

“Permanent address: P. N. Lebedev Physical Institute, Moscow 117924,
Russia.

Y Also at School of Electrical and Computer Engineering, Cornell Univer-
sity, Ithaca, NY 14833,
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resulted in substantial increases in the observed expansion
rates of the dense wire cores.

The experiments described here investigated the current-
drven explosions of several different wire materials, includ-
ing Al, Ti, Fe, Cu, Zn, Nb, Mo, Ag, W, Au, and Pt. The
effect of insulating coatings on the rate and uniformity of
expansion of individual 25 pm diameter Ag, Cu, and W is
also presented, including more data than previously reported
for Ag and W.* The key parameter appears to be the energy
deposited in a wire relative to the total energy required to
vaporize it. Tungsten was a major element in this study be-
cause it is a commonly used wire material in wire array
Z-pinches. This is because it can easily be drawn into wires
as small as 4 wm in diameter, has a high tensile strength, and
is desirable for x-ray proeduction in the keV range. However,
our initial work demonstrated that the resistive energy typi-
cally deposited in W wires is a small fraction of the energy
required to completely vaporize the wire. Consequently, refa-
tively slow and nomuniform expansion was observed. By
contrast, the energy resistively deposited in Ag wires is
nearly that required to completely vaporize the wire, and
relatively fast and uniform expansion is observed. We, there-
fore, included Ag wire experiments as a major element in
this study because they offered such a contrast to W. In
addition, as an intermediate Z material, Ag is well matched
to our radiographic backlighting diagnostic. Relatively early
in the explosion process enough x-rays are transmitted
through the core to allow quantitative density measurements,
and later in the explosion development, when the core has
expanded to more than 50 times its original diameter, most
of the initial mass is still resolvable by the x-rays.

As a general rule, among the many materials tested so
far, high-conductivity, low melting-point materials form
more yniform, rapidly expanding columns of wire material.
Thus, the core dynamics of W, Pt, Mo, and Ti wires are quite

© 2001 American Institute of Physics
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FIG. 1. Current waveform delivered to a low-inductance and low-resistance
load by the LC1 pulser. The full damped waveform is shown in (a), while
(b) shows the first 500 ns of the pulse.

different from the core dynamics of Al, Cu, Ag, and Au
wires, and we can classify most materials as belonging to
one group or the other. Furthermore, we find that insulating
coatings prolong the resistive heating phase for wires in both
groups of materials, thereby increasing the wire core expan-
sion rates. The database that is provided in this paper should
be useful for the validation of computer codes that are pres-
ently being developed to carry out wire explosion simula-
tions from a cold start.'>~!"

The remainder of this article begins with a description of
the experimental system used to determine the behavior of
the cores in current-driven wire explosions. Results and dis-
cussion follow in Sec. III. In Sec. IV, we present conclu-
sions, including a discussion of some of the experiments that
are still needed.

Il. EXPERIMENT DESCRIPTION

The majority of the experiments described here involved
I-cm long, 7.5-25 um diameter wires driven by a 4.5 kA
peak current pulser. Eleven different wire materials were
tested, including Ag, W, and Cu, which were tested both
with and without an insulating coating. The current was sup-
plied by the LC1 pulser, which consisted of a low-inductance

Experiments measuring the initial energy deposition . . . 217
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FIG. 2. Schematic diagram of the experimental arrangement. (a) The XP
pulser load region with two X pinches and its relationship to the exploding
wire or wire array (object) powered by the LC1 pulser. (b) A top view of the
X-pinch backlighters and the object. (c) The backlighter—wire/wire array—
x-ray film arrangement. The backlighter-to-wire distance was about 7.9 cm,
and the backlighter-to-film distance was about 33 cm.

75-nF capacitor charged to about 15 kV. When driving a
low-inductance, short-circuit load, this pulser produced a
damped sinusoidal current pulse having a 350 ns quarter pe-
riod rise time, an amplitude of 4.5 kA, and an e-fold damp-
ing time of 4.25 us, as shown in Fig. 1. When wire loads
were used, a shunt monitor located at the wire measured the
wire current, and a resistive voltage monitor measured the
voltage across the wire. All of the wire experiments reported
here were carried out at a pressure of <1X 10~ Torr.
Radiographs of the wire explosions were made as func-
tions of time relative to the start of the LC1 current pulse
using Mo X pinches as direct x-ray backlighters.!® With an
appropriate current pulse, Mo X pinches typically produced
1 (sometimes 2) intense x-ray bursts in the 2.5—10 keV range
with pulse durations <0.25 ns.!” A single radiographic im-
age with a spatial resolution of 2-5 um was obtained from
each burst using direct x-ray backlighting.'® (If two equally
intense bursts were produced from the same X pinch, a no-
ticeable ‘‘double-image’’ was obtained on the film.) The spa-
tial resolution in each radiograph was determined by the
quality of its backlighter X pinch and the diffraction limit for
the x-rays used to expose the film. By using one X pinch
composed of 17 um diameter Mo wires and one composed
of 30 um Mo wires, two separate radiographs of one wire
explosion were made up to 30 ns apart. The radiographs
were recorded on three x-ray sensitive films in series in a
shielded camera behind a 12.5 um Ti filter. Figures 2(a) and
2(b) show the experimental setup used to obtain the radio-
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Optical Diagnostic Setup
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FIG. 3. Schematic diagram of the Nd:YAG laser optical system setup. The
second harmonic of the Nd:YAG laser beam (532 nm) passes through a
spatial mode filter, is expanded to 3 cm X 1.5 cm, and then is split into three
separate beams using a wedge. One beam is optically delayed by 50 ns, and
all three beams pass through the experiment chamber with an angular sepa-
ration of approximately 1.43°. Two of the three beams are split again to send
a portion through air-wedge shearing interferometers. All three remaining
beams are used to generate schlieren images. The films are classified as
follows: (a) dark-field knife-edge schlieren channel, (b) bright-field iris
schlieren channel (50 ns delayed), (c) dark-field strip schlieren channel, (d)
first interferometry channel, and (e) second (50-ns delayed) interferometry
channel.

graphs, which typically had a magnification of about 4.2:1.
Figure 2(c) shows the film and filter arrangement in the cam-
era. The radiographic films, Kodak Technical Pan (TP)
(similar to Kodak RAR 2497) and Kodak DEF, were
scanned using a 4000 dpi Polaroid SprintScan scanner.

The current for the two parallel X pinches was supplied
by the 450 kA, 100 ns pulse duration (40 ns 10%—90%rise
time) XP pulsed power generator.20 The x-ray radiation
bursts produced by the X pinches were recorded using fast
diamond photoconducting detectors (PCDs) and a 5 GS/s
Tektronix 684B digitizing oscilloscope. The relative timing
of the x-ray bursts and the start of the LC1 current pulse was
determined to within *2 ns.

Schlieren and interferometry images were also recorded
as functions of time using a 4 ns pulse at the second har-
monic of a Nd:YAG laser (\=532 nm, plasma cutoff density
=4x 10! cm™). A schematic diagram of the optical system
setup is shown in Fig. 3. The interferometry was carried out
with novel, air-wedge, shearing interferometers, which are
described in detail elsewhere.?! The pulse was split into mul-
tiple beamlines, some of which were optically delayed to
obtain images of one wire explosion at times up to 50 ns
apart. The laser images were recorded on Ilford HPS 400
film, and the films were scanned using a 2700 dpi Nikon
LS-2000 scanner. The diffraction-limited spatial resolution
of the schlieren images was about 20 wm.

When we compared optical interferometry images of
greatly expanded insulated Ag wires with and without x-ray
backlighting, we found an increase in the amount of plasma
generated immediately adjacent to the wire core in pulses
with the backlighting compared to pulses without the back-
lighting. A few experiments determined that UV (ultraviolet)
radiation from the XP pulser diode near the time of the x-ray
bursts was probably responsible for the increase of plasma.
The UV radiation’s effects can be eliminated through the use
of an appropriate filter to stop UV while allowing the 2.5-10
keV x-rays through. Practically speaking, however, the addi-
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tional plasma had no effect on any of the measurements pre-
sented in this paper.

Two types of wires were used in these experiments, bare
wires and manufacturer-insulated wires with a known thick-
ness of plastic. The insulated 25 um W wires had a 5 um
coating of polyimide, the insulated 25 um Ag wires had
either a 1 or a 5 um coating of polyester, and the 25 um Cu
wires had a 5 um coating of polyurethane. All of the wires
studied are commercially available. In our initial studies on
the effect of insulating coatings,14 we also used oil coatings
applied to the wires, but these studies were not continued due
to concerns over the uniformity and reproducibility of the oil
coatings.

By testing 25 um Ag wire with two different thicknesses
of insulation, 1 um and 5 um, we intended to determine the
effect of the insulator thickness on the breakdown character-
istics. Possible advantages to having a thicker layer of insu-
lation are an increased delay in the formation of plasma
around the wire relative to that found with 1 um polyester14
and a greater tensile strength of the wire plus coating with
little additional mass. The increased strength is necessary if
wires made of ‘‘soft’’ metals, such as Ag or Au, are to be
used in wire-array experiments. Attempts to use Au wires on
the Z-machine at Sandia were unsuccessful because the wires
stretched or broke when held in place by weights in a mul-
tiwire array and had a greater tendency to kink during
handling.?* Possible problems resulting from the use of
thicker insulating layers include making a satisfactory initial
contact between the wire and the LC1 pulser load electrodes,
increased nonuniformity in the wire expansion if the insula-
tor breakup is uneven, and adverse effects on the wire-array
Z-pinch implosions due to the additional plastic.

In our experiments, a 1-gram weight was typically used
to keep the wires straight. If used with a 25 um diameter
wire, the wire experiences a tension of about 16 MPa. The
ultimate tensile strength of Ag is 140 MPa, and the tensile
yield strength of polyester is about 55 MPa. Since we typi-
cally used 25 um wires, wire stretching was not a problem in
our experiments. Wire-array Z-pinch experiments, by con-
trast, often use much smaller wires, such as 7.5 um W. Us-
ing a 1-gram weight with a 7.5 um W wire implies a tension
of about 180 MPa, which does not pose a problem since the
tensile yield strength for W is 450 MPa. If, however, the 7.5
um W wire is replaced by a 7.5 um Au wire (which has the
same mass), the ultimate tensile strength of Au (120 MPa)
would be exceeded. However, by coating the 7.5 um Au
wire with a 2.5 um coating of polyimide, which has a tensile
yield strength of about 120 MPa, the tension can be reduced
to about 65 Mpa. This estimate assumes that the polyimide
and Au support the l-gram weight in proportion to their
cross-sectional areas.

Previous experiments using 25 um Ag wires with a 1
um polyester coating indicated that initial electrical contact
did not seem to be a problem. By contrast, similar tests using
a 5 um polyimide coating on 25 um W wires showed that
the initial electrical contact was very poor, resulting in ex-
pansion only near the cathode end of the wire."
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FIG. 4. Graph of the maximum measured wire core diameter versus time for
bare 25 um Ag wires and 25 um Ag wires with polyester insulating coat-
ings. Data points from radiographs and interferograms are shown.

lll. RESULTS AND DISCUSSION

We begin our presentation of results with 25 um Ag
wire experiments. These were tested bare and with 1- or
S-pm thick coatings of polyester. No special precautions to
ensure initial electrical contact were taken with the coated
Ag wires. Figure 4 presents a graph of the maximum visible
wire core diameter versus time for 22 tests. The graph in Fig.
4 combines data from two different diagnostics: the x-ray
backlighting images (often two points separated by 15-30 ns
per pulse) and the laser interferometry images (two points
separated by 50 ns for most of the pulses). In the case of
x-ray backlighting, the diameter of the wires was measured
by scanning the images into a computer and plotting the
optical density profile to determine the full width of the wire
core profile. In the case of laser interferometry images, the
plasma—neutral boundary was chosen as the outside edge of
the wire core. (More precisely, we used the point of zero net
fringe-shift between the negative refractive index shift
caused by the plasma and the positive shift caused by the
neutral metal vapor.) Due to the large number of different
data points on this plot, example error bars are included for
only a few of the points. The error bars for the radiograph
and interferometry points include the difficulty of resolving
the boundary of the expanded wire, which becomes progres-
sively more difficult as the wire expands. The error bars for
the interferometry points include an adjustment for the mini-
mum spatial resolution of the diagnostic. As the series of
x-ray backlighting images in Figs. 5 and 6 show, the expan-
sion of Ag wires (coated or bare) was normally reasonably
uniform axially, at least on the mm scale. Thus, the maxi-
mum visible diameter is a simple, representative indicator of
the overall wire expansion at each time. Because at most two
x-ray backlighting and two laser interferometry images were
obtained from a single wire test, the points in this graph
represent data from a large number of exploding wire experi-
ments. The time of each image is stated relative to the start
of current flow in the test wire. The stratification (small-scale
axial nonuniformity) of the exploding wires visible in all of
the Ag radiographs will be discussed shortly.
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FIG. 5. X-ray radiographs of exploding, bare 25 um Ag wires. The times
given are relative to the start of the current flow in the wire: (a) 208 ns, (b)
259 ns, (c) 305 ns, and (d) 374 ns. Each radiograph is from a different test
pulse, and it includes an image of the Ag step wedge for the calibration of
areal mass density measurements. The step wedge thickness values, from
thinnest to thickest, are 0.05, 0.10, 0.20, 0.30, 0.40, 0.60, 0.80, 1.20, 1.59,
and 1.80 wm.

A clear difference in wire expansion between 1 um in-
sulated and bare 25 um wires is seen in Fig. 4. However, Ag
wires insulated with a 5 um polyester layer expanded only
marginally faster than the bare wires. A second feature vis-
ible in Fig. 4 is that the expansion of the wire cores does not
begin immediately with the start of current flow in the wire.
The expansion of bare Ag wires appears to begin 65—70 ns
after the start of current flow, whereas the expansion of 1 um
polyester-insulated 25 um Ag wires begins perhaps 10-20
ns later. Thus, to obtain an average linear expansion rate for
the wire core diameter, only data in Fig. 4 after the start of
core expansion were fitted, taking into account the error in
each measurement. The results of these fits are shown in
Table L.

The time delay before the start of expansion in Fig. 4 can
be understood from the wire current and voltage during the
first 100 ns of the current pulse. Sample waveforms of the
current and voltage for bare, 1 um insulated, and 5 um in-
sulated 25 um Ag wires are plotted in Fig. 7, as is the esti-
mated energy deposited in the wire cores calculated by inte-
grating the current—voltage product. The inductive
contribution to the voltage is estimated to be less than 500 V
at the peak voltage of about 32 kV, so no inductive correc-
tion has been made to the measured wire voltage. The wave-
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25 pm Ag Wires with a 1 pm Polyester Coating
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FIG. 6. X-ray radiographs of exploding 25 um Ag wires coated with 1 um
of polyester insulation. The times given are relative to the start of the current
flow in the wire: (a) 173 ns, (b) 227 ns, (c) 269 ns, and (d) 364 ns. Each
radiograph is from a different test pulse, and it includes an image of the Ag
step wedge (see the Fig. 5 caption for details). Note that the image in (d) is
a “‘double exposure ’’ caused by two x-ray bursts from a single X pinch.

forms plotted in Fig. 7 are typical results obtained using each
type of wire.

The voltage and current waveforms indicate that the
wires experience a short, resistive heating phase that is ter-
minated by a rapid collapse in the voltage. The voltage along
a silver wire is quite low initially, increasing significantly
only as the wire material is heated and becomes more resis-
tive. The resistance of a 1-cm long, 25 um diameter Ag wire
rises from about 0.4 () at room temperature to about 4.3 () at
1700 K.? For the waveforms shown in Fig. 7, the peak re-
sistance measured is about 8 () for the bare 25 um Ag wire
and about 38 () for the 1 um polyester-insulated 25 um Ag

TABLE 1. A summary of the fitted wire core diameter expansion rates for
25 pum Ag wires, either bare or polyester-insulated. The radiographic and
interferometric data were analyzed independently and are presented as sepa-
rate entries. Since the wires are not observed to expand prior to the time of
voltage collapse, only data taken after this time were fitted.

Fitted linear slope

Wire type (um/ns) and error
Bare 25 um Ag (radiograph) 45+04
Bare 25 um Ag (interferometry) 3.7+0.3
1 pm insulated 25 um Ag (radiography) 10.3%£0.5
1 um insulated 25 um Ag (interferometry) 8.2+0.6
5 pm insulated 25 um Ag (interferometry) 5.120.6
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FIG. 7. The first 90 ns of the current and voltage applied to 25 um Ag wires
by the LC1 pulser, and the energy deposited in the wire. The three cases
shown are bare, 1 wm polyester-insulated, and 5 wm polyester-insulated 25
pum Ag wires.

wire. The peak voltage exceeded the charging voltage on the
LClI capacitor (about 15 kV) in the case of 1 um insulated
Ag because the inductance of the driving circuit, which is
much larger than the inductance of the 1 cm long test wire,
keeps current flowing through the wire as the wire resistance
rapidly increases. Notice that the derivative of the current
turned negative at the same time as the wire voltage ex-
ceeded the capacitor voltage. The time of voltage collapse
(and the termination of the resistive heating phase) is defined
here as the time at which the derivative of the current shows
a sharp discontinuity in the positive direction, indicating a
sudden drop in the load resistance. The initial resistive heat-
ing phase lasted about 70 ns for bare 25 um Ag wires, about
85 ns for 1 um insulated wires, and about 72 ns for 5 um
insulated wires for the tests shown in Fig. 7. Thus, the effect
of the insulation was to prolong the resistive heating phase,
resulting in a higher peak voltage and more energy deposi-
tion.

We attribute the collapse of the voltage to the formation
of plasma around the wire, with the plasma resistance
quickly becoming much lower than the resistance of the
heated wire core material. The plasma is believed to be
formed from gases desorbed from the wire surface and/or
from evaporated wire material as a result of breakdown
driven by the electric field that is present close to the wire.
However, in single-wire experiments at 0—1 kA per wire,
this plasma is not visible in our interferograms. After plasma
formation, virtually all of the current is shunted through
plasma surrounding the residual wire core and the load volt-
age collapses. Thus, the wire core mass is directly heated
only to a small extent after this time. The current after the
voltage collapse matches that seen when the LC1 pulser has
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FIG. 8. The first 90 ns of the current and voltage applied to bare 25 um Ag
wires by the LC1 pulser, and the energy deposited in the wires. The three
cases shown are 1-, 2-, and 3-cm long wires.

a short-circuit load (as shown in Fig. 2), and the load voltage
remains essentially zero.

The energy required to fully liquefy a 1-cm long, 25 um
diameter Ag wire is estimated to be 20 mJ 24 To fully vapor-
ize the same wire requires a total of 138 mJ. In bare Ag wire
experiments, the measured energy deposition in 9 tests was
108+12 mJ. For 1 and 5 um insulated Ag wire experiments,
the measured energy depositions were 36632 mJ (13 tests)
and 13117 mJ (7 tests), respectively. Thus, we expect that
the Ag wire cores were largely vaporized, especially the 1
um insulated wire cores. However, we note that this state-
ment is quantitatively imprecise because we have not ac-
counted for the considerable kinetic energy represented by
the expansion speed of the wire core. Assuming a parabolic
radial density profile and a linearly increasing radial velocity
profile, we estimate the kinetic energy to be about 40 mJ in
bare 25 um Ag wire explosions.

Returning to Fig. 4, we note first that the expansion rates
inferred for the three types of Ag wires plotted in Fig. 4
directly correlate with the measured energy depositions for
each wire type. Second, the start times of the observed ex-
pansion in the cases of bare and 1 um coated Ag wires
appear to match the time of voltage collapse very well. The
majority of the energy deposition occurs during the final
10-25 ns prior to the voltage collapse, as is evident in Fig. 7.
During this time, the wire material likely undergoes two
rapid phase transitions from solid to liquid and then from
liquid to vapor. It is reasonable to expect that the wire would
not expand visibly until this time. With Ag, the rapid expan-
sion and ionization of metal vapor outside the dense wire
core is believed to be responsible for triggering the voltage
collapse, although adsorbed gases and hydrocarbon contami-
nants that desorb as the wire heats could play a role.

A short sequence of experiments was carried out to
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TABLE II. A comparison of results from bare 25 um Ag wires of different
lengths. The electric field along the wire at the moment of breakdown and
the energy deposition per unit length in the wire were nearly invariant with
wire length.

25 um Ag

wire length  Time of collapse ~ Voltage at collapse  Energy at collapse
1 cm 69 ns 8 kV 100 mJ
2 cm 73 ns 20 kV 210 mJ
3cm 78 ns 30 kV 310 mJ

study bare 25 um Ag wires of 1-, 2-, and 3-cm lengths.
Graphs of the current, voltage, and energy deposition wave-
forms for these experiments are plotted in Fig. 8. Examining
the current waveforms for each wire length, we find voltage
collapse times of about 69, 73, and 78 ns for the 1-, 2-, and
3-cm long wires, respectively. The voltages and energies at
these times are listed in Table II. Both the electric field along
the wires at the time of voltage collapse and the energy depo-
sition per unit length in the wires were nearly invariant with
wire length. Thus, the voltage collapse mechanism may be
initiated at a critical value of either or both of these param-
eters.

Although we suspect that the 5 um insulated Ag wires
absorbed less energy than the 1 um insulated wires because
of poor initial electrical contact, mechanical methods to strip
the insulation from the wires at the contact points were un-
successful. Unfortunately, the softness and low melting point
of Ag prevented us from scraping or burning the insulation
off the wires. In future experiments, we will look for effec-
tive chemical means to remove the plastic. However, as we

a. Pulse 1703
t=103 ns
25 pm Ag wire insulated

with a 1 fim coating of
b. polyester
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FIG. 9. (a) Radiograph of an exploding 25 um Ag wire insulated with 1 um
of polyester taken 103 ns after the start of current, i.e., about 20 ns after the
wire began to expand. Note the presence of cylindrically symmetric pertur-
bations on the wire core. (b) A film density profile across the image
averaged over a vertical height of ~20 um, as indicated by the boxed re-
gion in (a).
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FIG. 10. Radiograph of the anode end of an exploding, 1 um polyester-
insulated 25 um Ag wire at =227 ns. Note the presence of fine, string-like
particles of the solid insulation on the outside of the expanded wire.

noted in our previous publication,14 the effects of a poor
initial electrical contact with the electrodes were directly ob-
servable with W wires using both imaging and electrical di-
agnostics, and this will be reinforced shortly in our presen-
tation of new W wire results.

The influence of the insulating layers on the expansion
of the Ag wires following the voltage collapse is shown in a
series of radiographs of tests at different times. Figure 9(a)
shows an expanded view of a 25 um Ag wire insulated with
1 pm of polyester from pulse 1703, at 103 ns after the start
of the current, or approximately 15-20 ns after the voltage
collapse. At this time, the measured wire diameter is about
125 um, but the wire is not sufficiently expanded for the
X-rays to penetrate the dense wire core. Small, cylindrically
symmetric perturbations are visible in the boundary of the
wire core. The film density profile shown in Fig. 9(b) indi-
cates an outer shell surrounding the wire, which is presumed
to be the insulating layer being pushed outward by the ex-
pansion of the Ag vapor (and/or contaminants).

Figure 10 shows an image of the anode end of the same
type of wire at 225 ns after the current start (about 140 ns
after the voltage collapse). The wire has expanded to a di-
ameter of approximately | mm. This image shows thin
strands of dense material all around the image of the wire
core. The concentration of the material appears to increase
toward the left and right edges of the wire core in the image,
which suggests that the strands are concentrated in a thin
radial layer surrounding the core. Similar structures appear in
all 1 pm insulated 25 um Ag wire explosions even at much
later times, but never in bare 25 um Ag wire explosions. We
conclude that the structures are remnants of the insulation.
Because the insulation conducts negligible current at room
temperature (its resistivity is about 10°! times that of Ag),
there should be virtually no resistive energy deposition in the
insulating layer. The low solid density of the insulation (1.3
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FIG. 11. (a) Radiograph of an exploding, 1 um polyester-insulated 25 um
Ag wire taken at =318 ns, the only wire of this type in 14 pulses to exhibit
long scale-length axial nonuniformity. (b) An expanded view of the central
region. Note the correlation between the periodicity of the insulation struc-
ture along the outside of the expanding wire and that of the stratification in
the wire core. String-like bits of the insulation are visible also in front and/or
in back of the expanding wire core.

g/cm’) assures us that if the polyester had been vaporized it
would not be visible to the x-ray backlighting, allowing us to
infer that the visible pieces are still condensed matter den-
sity. Thus, thermal conduction from the Ag to the plastic is
evidently negligible on the sub-us time scale, consistent with
the thermal conductivity of polyester.

One recurring feature of coated and bare Ag wire explo-
sions is the presence of stratified layers in the exploding
wires. This stratification persists for hundreds of ns, and is
remarkably planar, as shown in Figs. 5 and 6. Some stratifi-
cation was also visible in Al wire experiments'® and has been
reported as early as the 1960s in Cu and other wires (of much
larger initial diameter than the wires we are studying
here).>>?® The cause of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>