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Abstract. Complex hollow structures have been observed in the cores of single exploded wires
and multiwire arrays using high resolution X-ray radiography. The radiographs show features
suggesting that the core is a foam-like liquid-vapor mixture. Similar structures were observed in
images of wire explosions in air using high resolution laser probing. Large-scale molecular-
dynamics (MD) simulations of 50-200 nm radius aluminum and nickel wires show that fast bulk
heating by electric current results in melting and radial expansion of the wires and propagation
of strong radial rarefaction waves that converge at the center. When the pressure in this
converging wave reaches the dynamic tensile strength of the melt, cavitation starts inside the
wire. This leads to formation of a low-density foam-like material in the central part of the wire
surrounded by a dense liquid cylindrical shell, in good qualitative agreement with the
experimental X-ray radiographs.
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Dense cores surrounded by conducting plasma in experiments with single wires
exploded in microsecond discharges were observed long ago [1,2]. It was shown that
the dense cores have a complicated inhomogeneous multiphase structure, but
experimental methods at that time were incapable of of elucidating the many processes
occurring in a wire explosion and, therefore, did not enable creation of an adequate
explanation. Long lived wire cores were also observed in multiwire loads many years
ago using laser probing [3]. These experiments showed the existence in the discharge
channel of some structures that were stable and probably much more dense than the
plasma visible on laser and pinhole images. The first direct experimental confirmation
of the existence of a dense core with sharp well-defined and relatively stable boundary
was demonstrated in Ref. [4]. In this work the X-ray radiation from an X pinch [5]
was used for imaging of exploded Al wires. Further development of point projection



radiography using the X pinch as a source of probing radiation [6,7] and
monochromatic imaging using bent crystals [8,9], enabled observation of dense cores
in many experiments connected with wire explosion. So the existence of long-lived
cores within lower density coronal plasmas during nanosecond explosions of single
wires or multiwire arrays is now well established.

However, the physical state of the core material and the processes occurring
there are still a matter of conjecture. Using the technique of high resolution X-ray
point-projection radiography [10], a complex small-scale structure has been observed
in the exploding wire cores of both single-wire [11-14] and multiwire loads [15-16].
The radiographs show features implying that the core has become a foam-like, liquid-
vapor mixture [11-12] that is a result of rapid phase transitions in the wire matter after
initial energy deposition. In all wire explosion experiments the initial energy
deposition in the wire occurs during resistive heating that lasts a short time relatively
to the total discharge time [13]. During the stage after wire surface breakdown, voltage
collapse occurs and the current redistributes from the wire core to the surrounding
coronal plasma [1,13,17]. At this moment the magnetic pressure compressing the
dense wire material decreases greatly and the wire core starts to expand. Liquid core
expansion causes the development of different multiphase core structures, the details
of which are very dependent on experimental conditions. Even if this general sequence
of processes is reasonably well-known, the real mechanism of development of core
structures is not clear. Here we describe the first attempts to take advantage of direct
simulation of dense core dynamics by the method of molecular dynamics (MD).

One of the most important requirements for realistic MD simulations is the
availability of accurate interatomic potentials suitable for simulation of a metal under
extreme conditions. To this end, we employed an EAM potential for aluminum (Al)
that has been recently developed specifically to simulate the metal response to a wide
range of compressive and tensile stresses [18]. In our MD simulation, the cylindrical
sample representing a wire in vacuum is a perfect fee crystal of Al with radius R=100
nm and thickness of I, = 40.2 nm, where the crystal is subject to periodic boundary
conditions in the /; direction. The sample contains 75,592,044 Al atoms, and has an
initial temperature of 300 K and zero external pressure.

To heat up the wire to a temperature T, a Langevin thermostat is used for
entire sample. The Langevin forces given by F; = g - Bv; are applied to each i-atom.
The friction coefficient, B, of the atom velocity, vi, and Gaussian random force, g,
must be carefully chosen in order to heat the material up to T, during the prescribed
time. In particular, these parameters should satisfy the conditions {&*} = 2pTo/h and
m/fB = 1, where h is the MD integration time step and t is characteristic time of
heating. The last condition leads to time evolution of the temperature as T(t)=T,[1-
exp(-t/t)]. In order to avoid non-physical deceleration of material expanding in the
radial direction, the Langevin forces are applied only to to the ¢ and z components of
the atomic velocity in cylindrical coordinates. For example, the fast heating of a wire
up to a temperature T, = 4kK in 5ps with a characteristic time t = 1 ps requires an
energy deposition of about 1.04 eV/atom. Such heating leads to the build-up of
pressure to 17.3 GPa, since the thermal expansion of the sample does not have enough
time to relax the growing internal pressure. The wire undergoes relatively little
expansion during heating because the acoustic time 15 = R/cs = 20 ps, where ¢ = Skm/s



is the sound speed in Al, is notably longer than the heating time. At the free surface of
the wire, where the pressure is always zero, a cylindrical rarefaction/tensile wave is
formed and propagates toward the center of sample. The pressure in the converging
rarefaction wave becomes negative at some moment. The tensile stress (negative
pressure) in such a wave increases in amplitude as it approaches the center until it
reaches the tensile strength of the material, o, at some critical radius R.. After that
bubble nucleation occurs and a cavitation wave associated with the critical tensile
stress begins to propagate toward the center. It should be noted that close to the
moment of convergence of the rarefaction wave and its reflection from the center, the
tensile stress very quickly exceeds o, everywhere within the central part of cylinder,
which leads to almost simultaneous bulk cavitation of material. The results of MD
modeling for different T, are shown on Fig.1. Modeling of Ni wire explosion gives the
similar result.

@ @ @

T=8kK. . . ‘

1ps 10 ps 20 ps 40 ps 80 ps 160 ps
FIGURE 1. Density maps of the dense cores in explosion of Al wire with 200 nm intial diameter
simulated using MD model under different initial temperature in the case of “inertial confinement”.

The results obtained in MD modeling correspond unexpectedly well to
experimental results reported earlier in Refs. [11-16], in which absorption profiles of
the dense cores indeed look like hollow structures. In nanosecond wire explosion
experiments, the acoustic time t, is longer than heating time and a regime of “inertial
confinement” as described above cannot be realized unless external magnetic pressure
is taken into account. The pressure reaches the multi-GPa level in the initial phase of
wire explosion when the discharge current is flowing through the bulk wire material.
After wire surface breakdown the discharge current transfers to surrounding wire
corona and magnetic field on the wire surface drops to relatively low value. To
calculate the process of Al wire explosion from a “cold start,” we used an advanced
1D MHD model taking into account solid-liquid and liquid-vapor phase transitions as
well as the possibility of metastable states of condensed matter [19]. The discharge
parameters corresponded to experiments [20] (Imax = 5 kA, first quarter-period time
350 ns, 25 um Al wire). After that, a MD simulation of an Al wire preheated to the
conditions taken from the MHD simulation at time 5.35 ns was performed, with initial
density of melt 1.8 g/cc, temperature 6 kK, pressure 2.6 GPa. Simulations were done
for different radii of wire: 50, 100, and 200 nm. The latter was done with 2048 CPUs.
Simulation of a wire with larger radius R requires ~500*(R/100nm)2 CPUs. However,



our results show good similarity of expansion flows in wires with different radii.
Therefore, it is possible that MD results can be extrapolated to micron-sized wires.
Density maps of an exploded 400 nm Al wire in the case of “magnetic confinement “
are shown on Fig. 2a.
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FIGURE 2. (a) Density maps of the dense cores in explosion of Al wire with 400 nm initial diameter
simulated using MD model in the case of “magnetic confinement”; (b) Synthetic radiographs of the
cores in radial direction; (c) — transmission profiles of synthetic radiographs.

Analysis of previous results of x-ray point-projection radiography of exploded
wires obtained in different experiments indicates that structures similar to those shown
in Figs. 1 and 2 were observed for many materials (see for examples images in papers
[6,10-15]). Here in Figures 3a-c we present radiograph images of exploded Al wires
only. These images were obtained in completely different experimental conditions.
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FIGURE 3. Radiographs of the cores of exploded Al wires obtained in different experiments: (a) —
diameter 12.7 um wire, Ina=1.5 KA, Ti/aper = 350 ns, (b) - diameter 25 pm, In=25 KA, 7 45 = 40 ns, (c)
- diameter 30 pum, L;,,,=75 kA, 7 ;e = 100 ns, (d) — normalized transmission profiles of the cores.

In Figure 3a the radiograph image was obtained in experiments with discharge
current through a wire load of about 5 kA with a first quarter-period time of 350 ns
[13]. The initial energy deposition in the wire material occurred during the first 50 -
70ns followed by rapid development of the coronal plasma and expansion of the dense
core. The image in Fig. 3a was one of three parallel 12.7 pm Al wires in the load when
the current had switched mostly to the plasma in between the wires. The image in
Fig.3, like the experiments in Ref. [14], involved two parallel 25 pm Al wires in the



return current circuit on the XP pulser with a 50 kA, 40 ns risetime current pulse
through them. Figure 3¢ was obtained in an experiment with a 16 Al wire array (wire
diameter 30 um, array diameter 16 mm) on the COBRA pulser (load current 1.2 MA,
risetime 100 ns). The radiography setup is presented in Ref [21]. All three
transmission curves of the images were normalized to the dense core widths and the
minimum an maximum transmission and are presented in Fig. 3d. The experimental
profiles are generally very similar to the profiles of the synthetic radiographs from MD
simulations (See Fig. 2b) shown in Fig. 3e. The presence of the tube-like wire cores in
wire arrays could explain the experimentally observed rapid disappearance of portions
of the dense core just before implosion of an array due to the core wall material being
consumed in a short time (Fig. 4).
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FIGURE 4. Radiograph images of wire array obtained using the COBRA STAR diagnostic [21] (10 W
wires 12.7 um, 12 mm array diameter).

Tube-like structures were also observed in the experiments with wire
explosions in air (Fig. 5). These images were obtained in tests in which the discharge
current was interrupted just after the resistive heating phase [20].
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FIGURE 5. (a) Current and voltage scope traces in experiment with Al wire explosions in air in the
regime with current pause; (b) Laser Schlieren images.

In summary, we emphasize that the cavitation process in tensile-stressed
material with the subsequent formation of a dense shell is common for materials
heated in a short enough time. For example, the fast laser heating of metals also leads
to cavitation of the subsurface layer and formation of dense liquid shells [18, 22].
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