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Abstract

Underwater electrical explosions of single metallic wires driven by microsecond cur-
rent pulses are investigated and compared with previously reported sub-microsecond
experiments. Current and voltage waveforms, streak camera shadow imaging, and one-
dimensional hydrodynamic simulations are employed to characterize how the energy
density, energy density deposition rate, and the generated shock waves in water depend
on the wire parameters. It was found that, similar to the sub-microsecond timescale, the
solid-liquid phase transition occurs later than thermodynamic calculations predicted, while
the liquid-vapor phase transition happens sooner than expected, leading to a two-phase
coexistence. Additionally, most materials show a notable resistance peak (Ti, Fe, Ni, Zn,
Ag, 5n, Ta, Au) compared to a quasi-plateau for Cu and Mo or a continuous increase for Al
and Pt. Moreover, the specific action integral values are significantly smaller than those
observed in wire explosion experiments in vacuum. Finally, the plasma formed at peak
resistive voltage is non-ideal but exhibits lower electron density, ionization degree, and
temperature compared to the sub-microsecond case.

Keywords: exploding wire method; phase transitions; electrical properties and parameters;
pulse generators; equations of state; high energy density physics; shock waves; hydrodynamics
simulations

1. Introduction

Electrical wire explosions (EWEs) provide a versatile platform for investigating warm
dense matter, a central topic in high-energy-density physics [1-3]. EWEs involve rapid
Joule heating of a wire under strong self-magnetic fields (>10 T), leading to successive
solid-liquid—-vapor—plasma transitions [4-7]. EWEs are accompanied by magnetohydro-
dynamic (MHD) and overheating (electrothermal) instabilities [8-12], and shock wave
generation [13-17]. EWEs have many important applications ranging from nano-powder
synthesis [18,19], inertial confinement fusion through the use of Z-pinches [20,21], rock
fracturing [22,23], hypersonic (~3 km/s) jet formation via wire arrays explosions [24-26]
and intense point-like sub-nanosecond soft X-ray sources [27,28].

Much of the EWE research has been performed in either vacuum or gaseous envi-
ronments, where plasma formation along the wire surface and its rapid expansion divert
part of the discharge current and limit energy density deposition [29]. Underwater elec-
trical wire explosions (UEWEs) overcome these limitations due to the high breakdown
voltage of water (>200 kV/cm), which suppresses the shunting plasma [30], while its low
compressibility reduces the expansion velocity (from ~10® cm/s to ~10° cm/s), enabling
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greater energy density deposition into the wire [31]. In recent years, additional exploding
conductor geometries have been used to study the mentioned topics, namely exploding
metallic foils [32-34] and liners [35], to avoid issues related to the skin effect [33] and
instabilities [34,36].

Due to the extreme conditions realized in these explosions (temperatures of several
eV, pressures in the range 108-10° Pa) [3], one of the most notable applications of UEWEs
is to verify existing conductivity models [37-39] and equations of state (EOSs) [40,41].
Knowing EOSs is essential for MHD simulations, which use Maxwell’s and hydrodynamic
equations, circuit equations, conductivity models such as the BKL and QLMD models, and
SESAME EOS tables [42—44]. In previous studies of these models using UEWEs [45-50],
it was shown that the rate of energy deposition can affect the validity of these EOS and
conductivity models, particularly at the sub-microsecond (us) and nanosecond (ns) energy
deposition timescales.

Over the years, many of the parameters affecting the explosion process of wires have
been explored. These include the length and cross-section of the wire [51-53], the energy
stored in the pulse generator [54], and the type of discharge (underdamped or critically
damped) [55]. During our earlier research, most experiments were performed using
copper and aluminum wires due to their accessibility and abundant EOS and conductivity
data [56-58]. Other metals were later sorted into three groups based on similar current
waveforms and thermodynamic properties [51,59-61]. A more detailed review can be
found in Ref. [62]. Large surveys of material explosions across different energy deposition
timescales in UEWE are challenging due to the need for accurate specific action integral
values, which were determined for wire explosions in air and in certain range of current
densities [63,64].

In our recent studies on sub-pus underwater explosions of single wires of twelve
materials [62], we combined current-voltage diagnostics, laser shadowgraphy of shocks,
and one-dimensional hydrodynamic (1IDHD) modeling to quantify the deposited energy
density, deposition rate, and specific action integral values. It was found that the deposited
energy density exceeded the solid-liquid threshold for all materials, yet remained below the
level for complete liquid—vapor transition, only surpassing the atomization energy at peak
power. The generated plasma was weakly ionized and highly resistive, and materials could
be divided into three groups based on the post-peak resistance trend (decrease, plateau, or
increase). The maximum observed temperature did not exceed ~6000 K due to the “water
bath” effect [65] and the measured strong shock velocities correlated with the simulated
wire expansion.

Following this recent research, the present study examines similar materials (Al, Ti,
Fe, Ni, Cu, Zn, Mo, Ag, Sn, Ta, Pt, and Au) using a custom-built generator with a ps-scale
current rise time (capacitance 10 puF and 3.5 k] stored energy). The parameters required
for a critically damped explosion of wires are determined and compared to the values
predicted by the specific current action integral used in electrical explosions studies. Based
on current and voltage waveforms, the time-dependent resistance and energy deposition
were determined for different materials. This was compared with the onset of weak and
strong shock waves, resolved with laser shadowgraphs, to determine the relationship
between the phase transition and the observed shocks. The measured velocity of shock
waves and wire channel expansion are compared to 1DHD simulations, coupled with
SESAME EOS database for most materials.

The remainder of this manuscript is organized as follows. Section 2 describes the
experimental setup and the diagnostic methods used in this research. Section 3 summarizes
and discusses the experimental and simulation results in sub-Section 3.1, and in sub-
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Section 3.2, these are compared with results presented in Ref. [62]. Finally, Section 4
presents the conclusions.

2. Experimental Setup and Diagnostic Methods

Experiments were conducted using a custom-built ps-timescale high-voltage (HV)
pulse generator, with 10 uF capacitance. When charged to 27 kV (~3.5 k] stored energy),
the generator delivers ~250 kA to a short-circuit load having an inductance of 15 nH, at
a rise time of ~1.1 pus. Current (I) and voltage (V) waveforms were measured using a
custom-built, calibrated, self-integrated Rogowski coil (measurement error of £5%) and a
Tektronix P6015A HV divider (measurement error of +3%, Tektronix, Inc., Beaverton, OR,
USA), respectively. The resistive voltage V, over the load was calculated by subtracting
the inductive voltage of the load V, = V — L dI/dt. In the latter, L is the inductance of
the exploding wire or array, the value of which is estimated with an uncertainty of <10%.
The contribution of I dL/dt in the expression for V,, is assumed to be negligible due to
the logarithmic dependence of L on the expanding radius of the wire. The inductances of
the wire or wire array loads were measured during the generator’s short-circuit tests with
non-exploding wires or wire arrays, when the voltage divider waveform corresponds to
L d1/dt. The difference between the inductance of a single wire and that of a wire array is
estimated to be ~10 nH. Indeed, the estimate of I dL/dt considering a wire expansion of
~10% m/s for ~0.5 us and with a 100 kA current results in <1 kV, which does not exceed a
few percent of the resistive voltage.

The optical setup was similar to that described in Ref. [62] and is presented in Figure 1.
Fine metal wires of various materials were stretched between high-voltage (HV) and
grounded electrodes, which were fixed to each other using plastic pillars. This design
was placed inside a chamber filled with deionized water. One of the two 20 mm thick
polymethyl methacrylate (PMMA) windows mounted in the chamber walls allows a
continuous-wave (CW) single-mode laser (<2.5 W, A = 532 nm) to enter the chamber. The
laser beam first passes through a beam expander consisting of two lenses and illuminates
the exploding wire. The transmitted light exits through the opposite PMMA window
and is collected by an additional lens onto the input slit (10 pm width) of an Optronis
Optoscope SC-10 streak camera (Optronis GmbH, Kehl, Germany). Shadow-backlit images
are recorded with a CCD size of 1392 x 1080 pixels, corresponding to a total time and
spatial scales of either 1.97 pus x 3.8 mm or 4.91 us x 3.8 mm. The shadow imaging of shock
waves was used to determine the onset of the shock wave and its velocity. This method
relies on the inclination of the backlighting laser beam on the sharp density gradient
at the front of the shock wave. The shock velocities at their onset were obtained from
known horizontal (time axis) and vertical (x-axis) scales of the streak shadowgraphy
images at v = dx/dt. The uncertainty in determining the shock velocity was estimated at
£ 50 m/s due to the temporal (£3.6 ns) and spatial (+3.6 pm) resolutions of the streak
images and smearing of the shock front. The timing between the HV pulse generator
operation, the streak camera and a Tektronix TDS640A oscilloscope (500 MHz, 2 GSa/s,
Tektronix, Inc., Beaverton, OR, USA) was obtained using a Stanford DG645 digital delay
generator (Stanford Research Systems, Sunnyvale, CA, USA). Additionally, to synchronize
the streak images and waveforms of the current and voltage, a Thorlabs NPL52B pulsed
laser (532 nm, 10 ns pulse duration, Thorlabs, Inc., Newton, NJ, USA) was used. The
laser was triggered by the DG645 generator with a known time delay relative to the HV
pulse generator. This laser beam, delivered via an optical fiber, served as a marker in the
streak images.
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Figure 1. (a) Block diagram of the experimental setup. (b) Optical setup and experimental chamber.
(c) Top view of the array with observed and shunted wires, highlighted by a dashed box in (b).

Table 1 summarizes the main parameters of the wires used in the present experiments.
The dimensions and number of wires for each material were chosen to achieve critically
damped explosions, determined by the specific action integral values for each material in
vacuum [7]. For every wire material, 2-3 explosions were carried out, showing excellent
reproducibility in the results, i.e., identical waveforms of the current, voltage, and shadow
images. The skin depth, §(T), is evaluated at room and melting temperatures based
on the temperature-dependent resistivity [66] pres(T) = po(1 +aT) and the generator

discharge current pulse rise time T, ~ 1.1 us as 8(T) ~ +/470res(T) Tise/ o, Where
Ho is the vacuum permeability [62]. This depth becomes comparable to or exceeds the
wire radius at the melting temperature owing to the temperature-dependent increase in
resistivity. Therefore, the skin effect, which causes uneven current density across the cross-
section and, consequently, uneven energy density deposition, is not significant. These
findings are supported by our previous research, where microsecond-scale underwater
electrical explosions of wires were analyzed using one-dimensional magnetohydrodynamic
simulations [52]. The remaining thermophysical properties are provided in our previous
publication [62] and are referred to in the text as the tabulated data.

Table 1. Wire samples properties.

Resistivity at Specific Action Skin Layer
Material/Number Diameter/Length  Density [67] Normal P at 300 K/at Melting
. 3 . Integral [7]
of Wires [mm] [g/cm?] Conditions [67] ) 47 Temperature [66,67]
_8 [x107 A%-s/cm*]
[x10—8 O-m] [mm]
Al/1 0.80/40 2.7 2.71 1.8 0.17/0.34
Ti/6 0.20/30 451 39.0 0.8 0.66/2.08
Fe/6 0.25/40 7.87 9.87 1.4 0.33/1.09
Ni/5 0.25/40 8.9 7.12 1.9 0.28/0.93
Cu/1 0.60/40 8.96 1.71 41 0.14/0.33
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Table 1. Cont.
Resistivity at Specific Action Skin Layer
Material/Number Diameter/Length  Density [67] Normal P at 300 K/at Melting
. 3 . Integral [7]
of Wires [mm] [g/cm?] Conditions [67] 9 2o 4, Temperature [66,67]
_8 [x10° A%-s/cm®]
[x10-8 O)-m] [mm]
Zn/14 0.20/40 7.13 6.01 1 0.26/0.42
Mo/2 0.50/30 10.2 5.47 1 0.25/0.90
Ag/3 0.38/40 10.5 1.62 2.8 0.13/0.30
Sn/4 0.50/40 7.29 115 1 0.36/0.50
Ta/4 0.25/40 16.4 13.4 1 0.39/1.36
Pt/8 0.30/40 21.5 10.7 1 0.35/0.97
Au/5 0.35/40 19.3 2.26 1.8 0.16/0.36

! These materials lack specific action integral data in the literature, and therefore, the diameter and number of
wires were varied until a nearly critically damped explosion was achieved.

Supplementary one-dimensional hydrodynamical simulations of Euler’s equations
in a Lagrangian form were carried out for materials with available EOS data [68—70]. For
both the wire and water cells, the simulation solves the equations of mass, momentum and
energy conservation

%ﬁ.(p;) —0, (1)
a(g:’) +¥(00 - 3) +Vp =0, @
W) 15 [(pe+p)3] =0, ®

where p, €, v, p are the density, internal energy, velocity and pressure, respectively. At each
time step At, Equations (1)—(3) calculate the relations between the density p, temperature
T, pressure p and internal energy € for each medium from the SESAME EQOS [44] tables
asp = p(p,T),e = €(p, T). The experimental power P(t) = I(t)V,(t) is related to the
simulation through the internal energy as € = P(t)At using Equation (3). At each time step
of the simulation, a new value of energy density is deposited into each wire element cell,
calculated using experimental data as dW(t)/dm = (I(t)Vr(t)dt)/mwy, where myy is the
mass of the wire. This assumes that 100% of the deposited energy transforms into internal
energy, neglecting small losses from radiation and thermal conductivity.

From the simulations, the velocities of weak shocks, strong shocks, and wire channel
expansion (wire radius) can be compared with the measured shock velocities estimated
from streak image data. The validity of this model was supported in earlier publica-
tions [69,70], where the experimentally obtained shock wave trajectory was compared
with the model’s results. Additionally, earlier research [71] showed that, by experimental
and 1-D magnetohydrodynamic simulation results, the onset of solid-liquid-vapor phase
transitions is accompanied by the generation of weak shock waves. The wire temperature,
normally unmeasurable in UEWE due to the bath effect [65], is used to calculate the plasma
parameters and the coupling coefficients. Additional information regarding the 1IDHD
model can be found in Section S1 in the Supplementary Materials.

3. Experimental Results
3.1. UEWE Results Obtained in Experiments Using the us Timescale Generator

In Figures 2—4, we present shadowgraph streak images of Cu, Ag, and Sn wire ex-
plosions, depicting the onset of weak (solid-liquid—vapor) and strong (vapor—plasma)
shocks from the initial wire. These are synchronized to waveforms of the measured current,
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calculated resistive voltage, effective resistance, power and energy. In most experiments, a
critically damped discharge was realized by adjusting the diameter and number of explod-
ing wires, except for Ta and Ti wire explosions. In earlier research [72], it was shown that,
for a wire array, the current is evenly distributed among the wires due to positive feedback
arising from the increase in resistance during the wire-melting and vaporization phases.
Thus, measured quantities are normalized per wire, assuming equal current distribution
for each wire. The average rise time of the current across experiments was ~0.92 us with
an average current density of ~0.8 x 108 A/cm? at maximum current. The wires reach
a peak effective resistance of ~0.6 (2, and the deposited energy density at this time was
~3.4 eV /atom, sufficient for wire vaporization. Results of 1DHD simulations show that
at this time, wires expanded by ~40% relative to their original radius, and the tempera-
ture reached ~7200 K, comparable with the self-magnetic pressure, indicating the onset of
rapid wire expansion. On the other hand, at maximum amplitude of the resistive voltage,
the effective resistance reaches extreme values of ~1.4 () on average, corresponding to
a transition into a resistive weakly ionized plasma. During this moment, the deposited
energy density reaches ~9.4 eV/atom and wires expand up to ~170% relative to their
original radius. The temperature at this time was ~14,200 K, resulting in thermal pressure
(~1.7 GPa) significantly exceeding the pressure of the self-magnetic field (~0.7 GPa).
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Figure 2. Shadowgraph streak images of a 0.6 mm diameter exploding Cu wire, overlaid with
(a) waveforms of the current (red), resistive voltage (cyan) effective resistance (green), and (b) the
power (red) and deposited energy (green). The spatial resolution denoted in (a) applies for all images
below, and the vertical dashed red lines in (b) mark the times for sufficient melting and boiling
energy deposition.
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Figure 3. Same as Figure 2 but for an exploding Ag three-wire array, each 0.38 mm in diameter.
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Figure 4. Same as Figure 2 but for an exploding Sn four-wire array, each 0.5 mm in diameter.

In Table 2, we present the calculated energy densities (€1, €3) and the tabulated values
(€2, €4) used for melting and boiling, respectively, together with the enthalpies of melting and
vaporization (AHg, AH,). The values (€1, €3) were calculated as €; = m;vl Ot] I(t)V,(t) dt
and €3 = m;vl fttlz I(t)V,(T) dt, where myy is the mass of the wire, and #, ¢, are the onset
times of the first (solid-liquid) and second (liquid—vapor) weak shocks. The values (€1, €3)
were calculated using the specific heat capacity at constant volume C, and melting and boiling
temperatures Ty, T, of each material using €; = fTTO "CpdT and €4 = |. TTyZ C, dT [62,73-85].
Following the above, in Table 3, we compare the theoretical thermodynamic transition energies
to the energies measured in the experiment €1, €3 and the skin layer of the material at room
temperature and melting. One can see that, for ten out of the twelve tested materials, the ex-
perimental melting phase occurs later in time than theoretically predicted by (e, + AH f> /€1,
while for boiling, the tendency is reversed. Notable exceptions are for Ag and Cu, and in
some sense for Al wires, which can be explained by the skin effect. The latter leads to the wire
experiencing a phase transition before complete melting. These results indicate that magnetic
pressure plays a major role in delaying the onset of weak shocks due to melting. A large ratio
of energy deposition in the liquid phase (es + AH,)/e3 > 1 strongly suggests that the onset
of the weak shock wave, which relates to the liquid—vapor phase transition, does not occur
when the entire wire transforms into vapor, i.e., the coexistence of both phases. The latter is
linked to uneven heating of the conductor, which can also be associated with a skin effect. The
combined results during the melting and boiling phases confirm the hypothesis of melting
retardation by magnetic pressure, leading to two-phase coexistence.

Table 2. Tabulated energy densities €3, €4, and enthalpies of melting AH; and vaporization AH,
compared to the experimental energy densities €; and €3, calculated from measured waveforms of
current and resistive voltage at the observed weak shock onset. Due to measurement errors of the
current and voltage waveforms, the uncertainty in the calculated energy density deposition was £7%.
€2,€4,AHy, AH, were calculated based on tabulated data in [62,73-85].

Material

€1 [J/gl

e [J/gl AH; []/g] €3 [J/g] eq [J/gl AH, [J/g]

Ag
Cu
Au
Al
/n
Mo
Ni
Fe

Pt

130 £ 9
370 £30
230 £+ 20
1090 £ 80

1530 + 100
510 £ 40
1320 £ 100
1360 £ 100
430 £ 30

236 £1
485 £1
142 £1
644 £ 1
899 £ 2
169 £ 1
744 £ 1
1012 £ 2
265 +£1

104 +1
204 £2
64.6 £0.7
392 +5
9 +2
407 £ 16
297 £3
247 £ 5
113 £5

1090 + 80
1470 £+ 100
150 £ 10
5000 =+ 400
5700 =+ 400
590 £ 40
5700 £ 400
7700 £+ 600
2400 =+ 200

349 £1
732 £1
278 £1
2000 + 4
797 £2
234 £1
1010 £ 2
1040 £+ 2
387 1

2641 £ 8
5310 £ 27
1870 = 6
12,220 £ 78
1995 + 3
6860 £ 20
7290 £ 34
7440 £+ 22
2900 + 10
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Table 2. Cont.
Material e1 [J/gl ez [J/gl AHg [J/g] ez [J/gl eq [J/gl AH, [J/g]
Sn 260 + 20 51+1 60.5 + 0.1 2100 &£ 200 570 £1 2540 + 8
Ti 6200 + 500 1128 £2 300 £ 10 10,500 + 800 1470 £ 3 9870 + 21

Table 3. The ratio between tabulated energy densities for solid and liquid phases, in order of
increasing electrical resistivity.

Material (€2+AHf)/£1 (eg+AH)/e3 Asx(To)lrg Ak (Toerr) 7o
Ag 2.62 2.73 0.7 1.6
Cu 1.86 4.12 0.5 1.1
Au 0.89 14.21 0.9 2.1
Al 0.95 2.83 04 0.9
Zn 0.85 1.35 1.0 3.6
Mo 0.53 3.75 2.6 4.2
Ni 0.79 1.47 2.2 74
Fe 0.93 1.10 2.6 8.7
Pt 0.88 1.39 2.3 6.5
Sn 0.43 1.49 14 2.0
Ti 0.23 1.09 6.6 20.8

Shock wave data obtained from experimental shadow streak images and simulations
is presented in Figure 5. In our experiments, the solid-liquid—vapor transitions of the wire
are first-order phase transitions and are accompanied by a sudden, jump-like increase in
volume. This rapid expansion generates a weak shock in the surrounding water, where
a weak shock is defined by relatively small jumps in pressure and temperature behind
the front, % < 1, ATOT < 1, with Py and Ty denoting the pressure and temperature
of the unperturbed medium, and with a Mach number close to unity, M = 1 + ¢ with
¢ < 1. Unlike a sound wave, a weak shock is characterized by an increase in entropy
across its front, making the process irreversible. The agreement between measured and
simulated weak shock velocities was quantified by a root-mean-square (RMS) error of
184 m/s, which is comparable to the combined experimental uncertainty (=50 m/s) and
the small absolute deviation of the weak shock velocity from the sound speed in water
(~1481 m/s). This level of agreement indicates that the simulations capture the weak-shock
regime within the experimental resolution. For strong shock waves, the measured velocities
show larger material-dependent variations. The average strong shock wave velocity for
most metals was ~2280 m/s, with the highest velocities obtained for Al (~3100 m/s) and Cu
(~2900 m/s). These large velocities are consistent with the larger wire channel expansions
obtained in simulations for Cu and Al. The corresponding RMS error between measured
and simulated strong shock velocities is 390 m/s, reflecting the increased sensitivity of
the strong shock regime to the details of energy deposition and channel expansion. Using
Hugoniot relations for water [86,87], the velocity, pressure, and density behind the strong
shock front are estimated as u, ~ 750 m/s, p ~ 2.3 x 10° Pa and p ~ 1.34 g/cm>. The
notable exception in the simulated velocities for Ta can be the result of the underdamped
explosion realized in this experiment.

Lastly, an analysis of the plasma parameters, namely the electron density 7,, ionization
degree 1, simulated temperatures T;,,, and plasma ideality I};,,, estimated using the same
workflow as described in Ref. [62], is presented in Table 4. Here, 1, and 1 were estimated
using experimentally measured resistive voltage and electron current velocity. This enables
one to estimate the plasma ideality parameter, yielding I5;,, > 1, except for the Al wire
explosion, where I;,, = 0.94. In Table S1 (see Supplementary Materials), the approximated
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temperature Ts,p,, obtained from the Saha equation with the estimated values of 7, and its
corresponding value of I's;;,, can be seen. It is evident that the values of T;;,, are larger than
Tsanq, leading to slightly smaller values of I;,, compared to I's;;,. Considering that the Saha
equation can only be applied to ideal plasma and is merely a rough approximation under
these conditions, these results suggest that, in the case of wire explosion, this approach
must be used with great caution.

3500
3 o
3000+ ° ;
— 2500 . %
E2000- o t ¢ ¢ ; $ 8
2 ) O
Elsoo-@giigigﬁig@é
> 10004 2 A . - .
500 - A A A A
0

Al Ti Fe Ni Cu Zn Mo Ag Sn Ta Pt Au
Material (Sorted by atomic mass)
Figure 5. Comparison of weak shock (black filled squares) and strong shock (red filled circles) to

simulation results (corresponding hollow shapes) for different materials. The average velocity of the
simulated wire channel expansion for each material (blue hollow triangle) is also shown.

Table 4. Calculated and simulated plasma parameters.

Material 1o [x10%° cm—3] 7 Tsi [eV] )
Al 2.4 0.02 1.54 0.94
Ti 3.3 0.02 1.11 1.45
Cu 4.4 0.04 1.71 1.04
Mo 8.0 0.04 1.36 1.59
Ag 2.5 0.04 1.34 1.09
Ta 17.0 0.07 1.12 2.46
Pt 2.0 0.03 0.70 1.94
Au 1.6 0.03 0.91 1.40
Average 5.2 0.036 1.22 1.49

3.2. Comparison with Previous Results Obtained on the Sub-us Timescale

In Tables 5 and 6, we present a detailed comparison of the results from this study
with those from the sub-ps regime [62]. We compare the measured effective resistances,
the observed phase transitions and shock waves, the calculated action integral values and
the plasma parameters. One can see that the main difference between these experiments
is the energy density deposition rate, which is significantly higher for sub-us timescale
explosions. The average deposited energy density was higher for sub-us explosions.
Another substantial difference lies in the specific action integrals at the maximal discharge
current, despite similar current densities for both types of explosions. These were calculated
ash = 572 [ I?(t)dt , where S is the wire’s cross-sectional area, () is the current flowing
through the wire, and T4y is the time when the current reaches its maximum amplitude and
then begins to decrease. At that moment, the wire undergoes a vapor-to-high-resistance-
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plasma phase transition, and the main energy deposition begins, accompanied by rapid

radial wire expansion as the magnetic pressure of the discharge current becomes smaller

than the internal pressure. It is important to note that the absence of magnetic pressure in

1DHD simulations provides an incomplete view of the explosion process, as this pressure

plays a role in confining the wire. Lastly, one can see that skin effects are not pronounced

in ps-timescale explosions.

Table 5. Average values obtained on different timescale explosions.

Sub-us Timescale Explosions

us Timescale Explosions

Parameter
at Imax at @max at Imax at @max
Current density [ x 108 A/cm?] 0.6 0.3 0.8 0.2
Average deposited energy density

[eV/atom] 5.5 12.6 3.4 9.4

Energy density deposition rate
37.9 67.8 5.64 10.2

[x10°]/(g's)]

Average effective resistance [(}] 0.7 1.1 0.6 14
Specific action integrals 0.8 0.9 48 05

[x10° A2 s/cm?]

Average radial expansion velocity

of the wire [m/s]

Ratio of average skin layer to wire

870

At room temperature: 1.1

710

At room temperature: 2.0

radius At maximum current: 8.6 At maximum current: 11.9
Table 6. Quantitative comparison between the results obtained in sub-us and s timescale UEWE.
Parameter Sub-us Timescale Explosions us Timescale Explosions

Effective Resistance

Materials were classified as having a peak
(Al, Ag, Zn, Ni), quasi-plateau (Cu, Fe, Ti,
Mo, Ta), or continuously rising (Sn, Pt, Au)
resistance, explained by the interplay
between electron avalanching, induced
voltage and the geometry of the wire and
the remaining energy in the pulse generator.

Most materials display a notable resistance
peak (Ti, Fe, Ni, Zn, Ag, Sn, Ta, Au)
compared to a quasi-plateau (Cu, Mo) or a
continuously rising (Al, Pt) resistance. This
suggests that plasma forms in a similar
mannet, yielding nearly identical resistance
even under different energy deposition
rates.

Energy deposition in
the solid phase

The solid-liquid phase transition shock
waves are delayed for most materials
compared to the deposited energy required
for this transition. This was explained by
strong magnetic pressure, which prevents
expansion of the wire.

As in the sub-pus timescale, the solid-liquid
phase transition appears later than
predicted by thermodynamic calculations,
except for the thicker Cu and Al wires.
These exceptions may be linked to the skin
effect and indicate solid-liquid phase
coexistence in these materials.

Energy deposition in
the liquid phase

When liquid-vapor weak shocks are
observed, only a small fraction of the energy
required for this transition is deposited in
the wires, suggesting that phase coexistence
occurs. The average ratio between
deposited and required energy for this
transition is for all studied wire explosions
<(€4 + AHU) /€3> ~7.1.

Similar behavior is observed, with an
average energy deposition ratio of

((e4 + AHy)/€e3) ~ 3.2. This indicates that a
larger fraction of the wire exists as vapor in
this regime, which may arise from a less
pronounced skin effect.
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Table 6. Cont.

Parameter

Sub-us Timescale Explosions

us Timescale Explosions

Specific action integral
values

Values of the specific action integrals are
lower than those reported for wire
explosions in vacuum and air, due to the
absence of surface breakdown around the
wire and the slow expanding radius caused
by underwater experiments. The average
ratios between reported and measured
values are (h/hy,, ) ~ 2.8 at peak current
and (h/hg,,.) =~ 2.6 at peak resistive
voltage.

Here an even larger discrepancy exists
between the values of the specific action
integrals compared to those obtained in
vacuum and air. The average ratio between
reported and measured values are
(h/hy,,,) ~ 3.5 at peak current and
(h/hg,,.) =~ 31 at peak resistive voltage.
The latter, obtained for Al and Cu wire
explosions, could be associated with the
significantly larger expansion in vacuum,

which results in a larger value of & o r—4.

Shock wave velocities

Weak shock velocities are found to be
similar and follow the water sound velocity,
while the average SSW velocity is

~2600 m/s. The fastest velocities were
measured for Cu, Al, Pt, Ag, and Zn,
corresponding to a higher radial wire
expansion velocity (>1000 m/s) and
possible partial combustion of Al wires.

A comparable result was obtained for weak
shocks, while the average SSW velocity is
lower and does not exceed ~2300 m/s. The
latter may stem from the overall smaller
energy density deposition rate, which
results in a smaller velocity of the wire
radial expansion. Cu, Al, Ag, Au and Mo
created the fastest SSW comparable with
those obtained in sub-us explosions,
potentially due to their higher vapor content
during the onset of the SSW (i.e., higher

(e4 + AHy)/e3; see Table 3) and the highest
radial expansion (~1000 m/s, compared to
other materials with <800 m/s).

Plasma parameters

The plasma created during peak resistive
voltage is non-ideal; however, with overall
lower electron density

(n,) ~ 5.2 x 102 cm~3, a smaller ionization
degree of ~4% and a temperature that does
not exceed ~1.2 eV. This can be explained by
the smaller energy density deposited into
the wires.

The plasma formed at maximum resistive
voltage, i.e., transition to low-ionized
plasma, has an average electron density
(n,) ~ 1.3 x 10%° cm~3 ionization rate of
~9% and temperatures reaching ~2.1 eV.
Hence, plasma formed in these explosions is
weakly ionized and non-ideal (I') =~ 1).

4. Conclusions

UEWE experiments carried out on the ps timescale showed many similarities with
sub-us timescale results reported in Ref. [62], despite the significantly smaller energy
deposition rate. On the sub-us timescale, the solid-liquid phase transition occurs later than
predicted by thermodynamic calculations due to self-magnetic-field pressure, which delays
it. Contrarily, the liquid—vapor transition occurs when only a small fraction of the energy
required for this transition is deposited into the wires, indicating the co-existence of the two
phases. Similarly to the sub-us timescale, all studied materials can be divided into three
groups, having (a) a resistance peak (Ti, Fe, Ni, Zn, Ag, Sn, Ta, Au); (b) a resistance quasi-
plateau (Cu, Mo), or (c) a continuous rise in resistance (Al, Pt). Additionally, the plasma
created at peak resistive voltage was found to be non-ideal, but with a lower electron
density, smaller ionization degree, and colder temperature. Finally, a larger discrepancy
was found again between the specific action integral measured in this study and the values
reported for wire explosions in vacuum.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/plasma9010007/s1. Table S1: Calculated plasma parameters
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using the Saha equation for the experimental electron density #,. Section S1: Boundary and Initial
conditions of the IDHD model.
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