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Using streak images of underwater electrically exploding copper, aluminum, and tungsten wires

(current densities of 107–108 A/cm2 and energy density deposition of 10–50 kJ/g) and generated

weak shocks, the onset of each phase transition, its duration, and the time when the wire explosion

occurred were determined. The measured discharge current and resistive voltage were used to

calculate the energy and energy density deposition. Using the discharge current waveform and the

onset of the strong shock wave, the specific action integral was calculated and compared with

published data. The thermodynamic parameters during the wire explosion were calculated using

one-dimensional magneto-hydrodynamic simulations coupled with equations of state for water,

copper, and aluminum. It was shown that the onset times of weak shocks, in general, cannot be

related to the melting or the evaporation of the entire wire. Published by AIP Publishing.
https://doi.org/10.1063/1.5049904

I. INTRODUCTION

Electrical explosions of wires in water are a promising

method for exploring the properties of warm dense matter,1

which are important for the verification of conductivity mod-

els and equations of state (EOS) at extreme conditions. The

wire explosion is accompanied by solid ! liquid ! vapor

! plasma phase transitions along which the electrical and

thermodynamic parameters change within a broad range.

During the last few decades, intensive research was carried

out with wires made of different conducting materials sub-

jected to electrical pulses with current densities of 106–109

A/cm2 and durations of 10�5–10�9 s, exploding in different

background media (vacuum, gas, and liquid).2–7 It was

shown that depending on the current density, different modes

of wire explosions can be obtained, i.e., “slow” explosion

(j� 107 A/cm2) when magneto-hydrodynamic (MHD) insta-

bilities have enough time to develop or, for significantly

larger current densities, “fast” explosions, characterized by

the development of thermal instabilities.8–12 For fast explo-

sions, if the skin time is significantly shorter than the current

rise time, the explosion can be considered volumetric. On

the other hand, an explosion is considered “superfast,” when

the skin-layer thickness is much smaller than the wire radius.

The latter is realized on nanosecond time scale explosions

with current densities >108 A/cm2. The structure of explod-

ing wires was studied using either laser based diagnostics13

or soft x-ray backlighting.14 For instance, in vacuum, using a

sub-nanosecond scale soft x-ray pinch as a backlighter point,

it was shown14 that electrical explosion in vacuum of wires

made of refractory and highly resistive metals results in the

formation of a foam like liquid-vapor structure and part of

the wire remains in a condensed state.

The energy density deposition rate, wire material, and

background medium also affect the radial expansion rate of

the wire. For a gas background, a fast decrease in density

can result in current interruption, leading to large induced

voltage generation during the vapor-plasma phase transition

during up to several tens of nanoseconds. Also, for fast wire

explosions in gas/vacuum, it is very challenging to prevent

the formation of surface flashover, leading to the generation

of a plasma which carries part of the discharge current.15,16

In order to avoid this surface flashover, Sarkisov et al.13

studied ns-timescale electrical explosions in vacuum of wires

with 2 lm dielectric coating. It was shown that this coating

suppressed the radial expansion of the exploding wire and

the formation of the flashover can be avoided, at least before

the evaporation of the dielectric layer.

Electrical explosion of wires was simulated using semi-

empirical models based on self-similarity parameters17–19 and

MHD numerical modeling20–32 coupled with EOS33–35 and

conductivity models.36–40 The results of such numerical

modeling showed that because of fast heating (>109 K/s), the

liquid and vapor phases can coexist and that the time-

dependent conductivity cannot be considered to be uniform

along the wire’s cross section. Also, MHD numerical model-

ing showed that one has to modify the EOS and the conductiv-

ity model in order to reproduce the experimentally obtained

current and the resistive voltage waveforms and the radial

expansion of the wire.

Underwater electrical explosions of wires17,18,22–24,31,41–44

have several advantages when compared to wire explosions in

vacuum or gas. The water environment prevents the formation

of plasma along the wire’s surface, typical of electrical wire

explosions in vacuum or gas. The discharge is then critically

damped, and most of the energy stored in the pulse generator is

deposited into the wire during a time shorter than a quarter-

period of the harmonic oscillations obtained for a short-circuit

load. This leads to the formation of a low-ionized high-resistiv-

ity plasma with a coupling coefficient C > 1. Moreover, due to

the low compressibility of water, the energy density deposition

in underwater electrical explosion is high, that is, the radial
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expansion of the exploding wire in water is significantly

slower (�2.5 � 105 cm/s) than in gas/vacuum (�107 cm/s).

Nevertheless, the radial expansion of the exploding wire dur-

ing the phase of the main energy deposition, when low-

ionized plasma forms, leads to the generation of strong shock

waves (SW) with pressures over 109 Pa.

The absence of parasitic surface plasma and the almost

negligible radial expansion of the wire prior to its explosion

allows one to study solid-liquid-vapor phase transitions by

visualization of weak shocks, the formation of which should

be related to the onset of these transitions. In earlier experi-

ments45,46 of underwater electrical wire explosions, weak

shocks in water were observed. It was suggested that the

onset of these shocks corresponds to phase transitions of the

exploding wires; however, a detailed analysis of the energy

density deposited into the wire prior to these events and their

relation to the energy required for complete phase transitions

was not performed.

In this paper, we present the results of experiments of

electrical explosions of copper (Cu), aluminum (Al), and

tungsten (W) wires in water. The main focus of the present

study was to determine the onset of the phase transitions

using high-resolution shadow streak images of the wire

explosion during the generated shocks. These data were

compared with the energy density deposition calculated

using the measured discharge current and resistive voltage

and with the results of one dimensional (1D) MHD simula-

tions. These streak images were also used to define the time

of the explosion which, in turn, was used to calculate the

specific current action integral which was compared to pub-

lished data.

II. EXPERIMENTAL SETUP

The experiments were carried out using two ls-time-

scale pulse generators.47,48 Each of these generators is based

on four low-inductance high-voltage (HV) capacitors, con-

nected in parallel and having a total capacitance of either

0.88 lF or 9.6 lF, charged to either 35 kV or to 25 kV,

respectively, and discharged by spark gas switches (see Fig.

1). These generators with a stored energy of 0.54 and 3 kJ

will be labeled as generators #1 and #2, respectively. The

spark gaps of the generators were triggered using Maxwell

trigger generators with an output pulse time jitter of 62 ns.

Prior to the wire explosion experiments, the parameters of

the discharge circuit were determined in generator shots with

short-circuit loads. It was found that the total inductance and

resistance of the discharge circuits were �590 nH/�65 nH

and �0.17 X/�0.01 X, for generators #1 and #2, respec-

tively, with a comparable oscillation quarter-period of

�1200 ns. The maximal discharge current amplitudes, real-

ized in these experiments, were �32 and 180 kA for genera-

tors #1 and #2, respectively. 45 mm long, 250 lm/600 lm

(Cu), 250 lm/800 lm (Al), and 200 lm/700 lm (W) diame-

ter wires were used for generators #1 and /#2, respectively.

These wires were exploded with almost critically damped

discharges. The total mass of the Cu, Al, and W wires was

0.0198 g/0.114 g, 0.006 g/0.0611 g, and 0.0272 g/0.3334 g,

for generators #1 and /#2, respectively. The wire was placed

in a stainless-steel chamber between the grounded and the

HV electrodes and the chamber was filled with tap water

(see Fig. 1).

The discharge current through the wire was measured

using a low-inductance coaxial current viewing resistor

(CVR) of 21 mX resistance. The voltage was measured using

a Tektronix voltage divider connected to the HV electrode.

In experiments with generator #2, the discharge current was

measured using a self-integrated Rogowski coil. A 155 mW

diode-pumped, 532 nm CW laser (MGL-III-532) and a single

mode 532 nm, 2.5 W, CW laser (by Roithner Lasertechnik

GmbH) were used to backlight the exploding wire and the

SW. The shadow images of the exploding wires and gener-

ated shocks were recorded using a streak camera (Optoscope

SC-10) operating with streak durations in the range 0.5–2 ls.

To synchronize between the generator shot time and the

streak camera, a Stanford Digital Delay Generator DG645

was used. The error in the measured time interval between

the streak image starting time and the beginning of the dis-

charge current was found to be 615 ns.

At least four generator #1 and two generator #2 shots

were carried out for each wire material, sufficient for repro-

ducibility in the waveforms of the discharge current and volt-

age and repeatable shadow images of the exploding wire and

the generated shocks. The error in calculating the experimen-

tally obtained energy density deposition into the exploding

wires was estimated as 63% and was related to the spatial

and time resolution of the streak shadow images and errors

in the current calibration (63% for CVR and 610% for

Rogowski coil) and the voltage (61%) probes.

III. EXPERIMENTAL RESULTS

Typical waveforms of the current, resistive voltage, time

evolution of the wire’s resistance, and deposited power and

energy for Cu, Al, and W wire explosions are shown in

Fig. 2. One can see that the explosion of wires is character-

ized by an almost critically damped discharge. For Cu and

FIG. 1. Typical experimental setup.
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Al wire explosions, the current amplitude reached �30 kA

with �900 ns rise time, and the resistive voltage was

/r ¼ /w � Lw þ L0ð ÞdI=dt � 35 kV, where Lw and L0 are

the inductances of the wire and the grounded electrode,

respectively, I is the current, and /w is the measured voltage.

The energy deposition rate for Al wire explosions was signif-

icantly higher than for Cu wires. This is because of the use

of a non-optimal diameter of the Cu wire, resulting in a late

explosion (�890 ns, compared to �780 ns for Al), smaller

resistive voltage, and smaller wire maximum resistance

when compared to Al wire explosions. Nevertheless, the

total deposited energy � ¼
Ð t

0
I tð Þ/r tð Þdt and maximal power

P ¼ I tð Þ/rðtÞ differed by only �15% for both explosions for

which the main parameters are shown in Table I.

For W wire explosions, the waveforms of the discharge

current and resistive voltage were very different from those

of Cu and Al (see Fig. 2). The maximum amplitude of the

discharge current was smaller by a factor of �2 compared to

those of Cu or Al. Also, similarly to earlier work,22,24,41 a

relatively long plateau in the discharge current (�400 ns)

and voltage (�700 ns) is obtained. The resistance of the W

wire increases fast to �1.7 X, and it does not change signifi-

cantly during �650 ns. These electrical parameters suggest

that for W, the durations of the phase transitions experienced

by the W wire during its explosion are different.

The average current densities at maximum current

for Cu, Al, and W wire explosions were close to each

other, jCu � 6:5� 107A=cm2, jAl � 5:7�107A=cm2, and

jW � 4:5�107A=cm2; respectively. However, the energy

density deposition into the wires was different, namely,

18.9 kJ/g (13 eV/atom), 53.7 kJ/g (15 eV/atom), and 10.1 kJ/g

(19 eV/atom) for Cu, Al, and W wires, respectively. The val-

ues of the specific current actions,3,7 derived from energy

conservation, are the property of the exploding material,

h ¼
Ð s

0
j2 t0ð Þdt0, where j is the current density, t is the time,

and s is the time of explosion determined from the streak

image of the exploding wire and the waveform of the dis-

charge current when the latter reaches its maximal ampli-

tude. Using this definition and accounting for the radial

expansion of Cu, Al, and W wires, the values of h were

found to be 1.3 � 109 A2 s/cm4, 0.75 � 109 A2 s/cm4, and

0.6 � 108 A2 s/cm4, respectively. The values of h are similar

to the values in Refs. 6–8 (except for W wire explosions) for

current densities j � 5 � 107 A/cm2 (see Table II).

Typical shadow streak images of exploding Cu, Al, and

W wires and the generated shocks are shown in Fig. 3. The

spatial and temporal resolution of these images is 3.37 lm/

pixel and 0.72 ns/pixel for Cu and Al wires, respectively, and

3.37 lm/pixel, 1.44 ns/pixel for W wires. One can see weak

shocks generated slightly before and during the maximum of

FIG. 2. Waveforms of the discharge current, resistive voltage, and time-dependent resistance obtained in explosions of Cu (a), Al (c), and W (e) wires. Power

and energy deposition for Cu (b), Al (d), and W (f) wire explosions.
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the discharge current, propagating with velocities exceeding

the speed of sound in water by 10% to 15% as shown in

Table III. We assume that these weak shocks were generated

at the onset of the phase transitions caused by rapid Joule

heating of the wires. The onset times of the weak shocks rel-

ative to the beginning of the discharge current and their

velocities are shown in Table III.

The velocities of the weak shocks were calculated using

a linear approximation of the shock trajectory obtained using

the streak shadow images. The error in these calculations

was found to be 620 m/s for all wire materials and was

related to the shock front blur of �6 pixels in both vertical

and horizontal directions. The propagation velocity of the

3rd shock was not calculated due to difficulties in determin-

ing this trajectory on the streak image.

Assuming that the onset of the 1st and 2nd weak shocks

can be related to the melting and the evaporation of the wires

accompanied by a fast change in volume, one can calculate

the energy density deposited into the wires at those times.

These experimental data can be compared with the tabulated

data,49 using temperature dependent heat capacities in both

the solid and liquid phases. We assume that the skin effect,

MHD, and thermal instabilities11 have little influence on the

radial uniformity of the energy deposition, which is

indeed the case for generator #1 and not quite so for genera-

tor #2, but both cases will be addressed in Sec. IV. The

results of this comparison are shown in Table IV. The 1st

and 5th columns represent the deposited energy densities

�1 ¼ m�1
w

Ð t1
0

I sð Þ/rðsÞds and �3 ¼ m�1
w

Ð t2
t1

I sð Þ/rðsÞds,

where mw is the mass of the wire and t1 and t2 are

the onsets of the 1st and 2nd weak shocks, respectively.

The 2nd and 6th columns represent the energy densities

e�2 ¼ CV Tm � T0ð Þ and e��4 ¼ CV Tb � Tmð Þ required to heat

the wire from room temperature, T0, to its melting Tm and

boiling Tb temperatures, respectively. The values of the spe-

cific heat capacities in the solid phase for Cu, Al, and W as a

function of temperature were used from Refs. 50 and 51. In

the liquid phase, according to Ref. 50, the specific heat

capacity measured at constant pressure can be considered

constant for these metals. Thus, the values of heat capacities

in the liquid phase were found by extrapolating the ratio

between the isochoric and isobaric heat capacities obtained

in the solid phase and the values of the isobaric heat capacity

in the liquid phase.49 The values D�12 ¼ �1 � e�2 and

D�34 ¼ �3 � e��4 , which are expected to be the latent heat

(enthalpy of fusion or evaporation) required for solid ! liq-

uid and liquid ! vapor phase transitions, are shown in the

3rd and 7th columns of Table IV, respectively. The 4th and

8th columns contain tabulated values49 of latent heats for

fusion and evaporation, respectively.

The relative errors in the measured discharge current

and voltage were added in the 1st and 5th columns. The

errors in the 2nd and 6th columns were calculated using data

presented in Refs. 50 and 51; the errors in the 3rd and 7th

columns were calculated as the quadrature of the errors in

2nd, 3rd, 5th, and 6th columns, respectively.

One can see a different relationship between the depos-

ited energy and the energy required for the solid ! liquid

phase transition of Cu, Al and W wire explosions. For Cu,

the energy density of �1220 J/g deposited into the wire prior

the onset of the 1st weak shock is larger than the energy den-

sity of �580 J/g required to heat the wire to its melting tem-

perature plus the enthalpy of fusion. However, this

inequality was not obtained for Al wire explosions, where

the measured deposited energy density of �970 J/g is almost

equal to the tabulated value for fusion (�986 J/g).

For W wire explosions, when the 1st weak shock has set

on, the energy density of �620 J/g deposited into the wire

was lower than the energy of �800 J/g, required for the sol-

id–liquid phase transition of the entire wire. This required

800 J/g deposited �20 ns after the first weak shock has sepa-

rated from the wire. A weak shock seen in Fig. 3(e) at

t� 240 ns was not reproducible in time for different shots.

At present we do not have a reasonable explanation for the

appearance of this disturbance. We assume that either imper-

fections in the W wire structure formed during its produc-

tion, or absorbed gas desorption could be responsible for the

generation of this weak shock.

For the vaporization stage of the wire explosions (see

columns 5–8, Table IV), one obtains consistent results for all

tested wires. Namely, the onset of the 2nd weak shock is

obtained when the measured deposited energy density is sig-

nificantly smaller than the energy density required for the

entire wire vaporization. For instance, for Cu wire explo-

sions, in contrast to the melting case, one obtains the onset

of the 2nd weak shock when �1.2 kJ/g energy density was

deposited instead of �5.9 kJ/g required for total vaporization

of the wire. Also, at this stage of the Al wire explosion, an

artificial negative value of latent heat D�34 necessary for

entire wire vaporization was obtained.

TABLE I. Electrical parameters for Cu and Al wire explosions in water. Errors of 3% and 1% in the current and voltage measurements, respectively. Errors in

deposited energy, resistance, and power were computed using quadrature of the current and voltage errors.

Material

Current

rise-time (ns)

Maximal current

amplitude (kA)

Maximal resistive

voltage amplitude (kV)

Resistance at

maximal voltage (X) Deposited energy (J)

Maximal

power (MW)

Copper 880 32.0 6 1.0 33.0 6 0.3 1.6 6 0.2 376 6 11 750 6 25

Aluminum 780 28.0 6 0.8 38.0 6 1.2 2.1 6 0.4 320 6 9 750 6 25

Tungsten 350 14.0 6 0.5 25.0 6 0.8 4.3 6 0.5 275 6 8 330 6 10

TABLE II. Specific current actions for Al and Cu materials.

Copper

A2 s/cm4 �109

Aluminum

A2 s/cm4 �109

Tungsten

A2 s/cm4 �109

Reference 6 2.0 0.90 1.8

Reference 7 1.6 0.59

Reference 8 2.9 1.26

Present research 1.3 0.75 0.6
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IV. DISCUSSION

A. Copper wire explosion

In order to obtain the parameters of the exploding wire,

1D MHD modeling, accounting for thermal diffusion and

coupled with electrical circuit equations, EOS33 for copper

and water, and the BKL conductivity model,36 was carried

out. The details of this modeling were described in earlier

publications.26,32 The input parameters in the simulations

were the charging voltage, parameters of the HV generator

FIG. 3. Typical laser backlit streak images overlapped with the discharge current and resistive voltage waveforms (a), (c), and (e) the same images with spatial

and temporal scales (b), (d), and (f). (a) and (b) are for a Cu wire, (c) and (d) an Al wire, and (e) and (f) a W wire explosions.

TABLE III. Weak shock summary.

Wire

Time of the 1st

weak shock onset, t1 (ns)

Shock wave velocity

(m/s)

Time of the 2nd weak shock

onset t2 (ns)

Shock wave

velocity (m/s)

Time of 3rd weak

shock onset t3 (ns)

Cu 740 1570 800 1630 940

Al 490 1580 600 1690 670

W 360 1680 660 1650 890
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and the load. In order to obtain satisfactory matching with

experimental data, the pressure and the internal energy in the

EOS database, as well as the conductivity values in the con-

ductivity model, were modified in a similar manner to that

described in Ref. 27. Namely, two modification approaches

were used. Either the values of the pressure were corrected,

while keeping the internal energy constant, until best fit with

experimental data was obtained; or, the values of the pres-

sure were kept unchanged while the internal energy values

were corrected. The results of both methods give similar

radial density distribution agreeing with channel expansion.

The BKL conductivity model was changed in a similar man-

ner. Namely, first, we identified the time intervals where the

reproduction of the current and resistive voltage waveforms

was not satisfactory. Then, for these time intervals, the val-

ues of conductivity depending on the density and tempera-

ture were corrected until the best fit with current and

resistive voltage waveforms is obtained. The experimentally

obtained and simulated waveforms of the discharge current

and resistive voltage are shown in Figs. 4(a) and 4(b), and

comparison between experimentally observed and simulated

exploding Cu wire radial expansion is shown in Fig. 4(c).

Note that during the period of 900–1500 ns, the wire radial

expansion cannot be resolved because the generated strong

shockwave screens the exploded wire. In Fig. 4(d), the cur-

rent density radial distribution is shown for different times of

the Cu wire explosion. One can see that the skin-effect is sig-

nificant only during the first �200 ns, whereas later in time

the current density radial distribution is almost uniform. This

agrees qualitatively with the condition of uniform heating

r0 � ds; where r0 is the radius of the wire, and ds is the skin

layer. This condition is satisfied for the present experimental

conditions, accounting for the increase in the skin layer due

to Joule heating of the Cu wire.

The results described in Sec. III showed that for Cu wire

explosion, the onset of the first weak shock occurs after the

energy density needed for solid ! liquid phase transition

was deposited into the wire. In order to explain this result,

the temporal evolution of the simulated pressure, tempera-

ture, and magnetic pressure at the wire surface is shown in

Fig. 5. One can see that the melting temperature for Cu

(TCu
m � 1358 KÞ is reached at t� 660 ns. The measured

energy density deposited into the wire at that time is almost

equal to the sum of energy density needed to heat the wire

up to TCu
m plus the enthalpy of fusion. However, the departure

of the first weak shock wave occurs �80 ns later. This can be

related to an interplay between the magnetic and internal

pressures, namely, once the melting point is reached, the

internal pressure increases in such a manner that once it

exceeds the magnetic pressure the onset of the first weak

shock wave is observed. As mentioned above, the diameter

of the Cu wire was not optimal for an overdamped discharge.

The latter results in the discharge current and resistive volt-

age maxima occurring later in time than for an Al wire (see

Table I), which affects the energy density deposition and the

development of the phase transitions.

The experimental results showed that the onset of the

second weak shock was at t� 800 6 15 ns. At that time, the

deposited energy density reached 740 J/g which is consider-

ably lower than the energy necessary for the complete wire

vaporization (�5930 J/g). Note that according to the mea-

sured energy density deposition, the time when �5930 J/g

was obtained is �1040 ns, that is, �240 ns after the onset of

the second shock obtained at t� 800 ns. This can be

explained only by the fractional evaporation of the wire.

Indeed, the results of the MHD modeling presented in Fig. 6

showed that at t� 800 ns, the current density is larger in the

wire core while at t� 760 ns, the current density distribution

is almost uniform. Thus, one concludes that the resistance at

the wire periphery, shown by the red curve in Fig. 6, became

larger due to a “vaporization wave” propagating towards the

axis and creating the second weak shock, shown in Fig. 3(b).

Let us now address Cu wire explosions carried out using

generator #2. The diameter of the wires, 600 lm, was �2.4

times larger than that of the wires used in experiments with

generator #1. Streak shadow images showed the onset of the

first weak shock at t� 340 ns (recall that the maximum of

the discharge current was obtained at tmax � 1100 ns). At

that time, the energy density deposition was only �80 J/g,

which is �7 times less than the energy density required to

heat the entire wire to its melting temperature plus the

enthalpy of fusion. Thus, one can state that this first weak

shock wave was generated when only an insignificant part of

the wire experienced a solid! liquid phase transition. Later

in time, namely, at t� 520 ns and t� 670 ns, two succeeding

weak shocks were obtained. At these times, the deposited

energy densities were �360 J/g and �600 J/g, respectively.

Let us note that only the third weak shock’s onset corre-

sponds to the time when the deposited energy becomes suffi-

cient for the melting of the entire wire.

The earlier onset of the weak shock differs significantly

from the result obtained in experiments with Cu wire explo-

sion using generator #1, where the onset of the first weak

shock was obtained at t� 740 ns when the energy density

deposited into the wire exceeded the energy density required

to heat the entire wire to the melting temperature plus the

TABLE IV. Comparison of the experimentally obtained energy densities deposited into the wire prior to the onset of the 1st and 2nd weak shocks with tabu-

lated data of the energy densities required for melting and evaporation for Cu, Al, and W. *Melting temperatures for Cu, Al, and W are: TCu
m � 1358K,

TAl
m � 933K, and TW

m � 3690K. **Boiling temperatures for Cu, Al, and W are: TCu
b � 2833K, TAl

b � 2790K, and TW
b � 6200K.

1 2 3 4 5 6 7 8

Material �1 (J/g) ��2 (J/g) D�12 (J/g) DHf (J/g) �3 (J/g) ���4 (J/g) D�34 (J/g) DHe (J/g)

Copper 1220635 395610 830636 190 740620 620610 120625 5315

Aluminum 970630 595630 375630 390 1300640 1840690 �5406100 12230

Tungsten 625620 545610 80620 255 33456100 400610 29456100 4630
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enthalpy of fusion. One can consider the skin-effect as a pos-

sible explanation for this apparent contradiction. For the case

of generator #1, the skin effect (skin layer for normal con-

ductivity is �65 lm) is pronounced during only the first

�200 ns and later in time one obtains an almost uniform cur-

rent density radial distribution (see Fig. 4). However, the

MHD simulation showed that for generator #2, the current

density radial distribution remains non-uniform with larger

current density at the periphery of the wire, during the first

�500 ns of the discharge. Considering the melting of the

surface layer of the Cu wire and calculating the energy den-

sity deposited at the onset of the first shock (t� 340 ns, �2 J)

one obtains the thickness of the melted layers are �50 lm.

The formation of this melted layer bounded by water and

solid copper can lead to the appearance of a weak shock.

Namely, the copper’s compressibility is significantly lower

than that of water, resulting in the generation of weak

shocks. The second weak shock obtained during the wire’s

partial melting can be related to the propagation of the first

shock wave in copper towards the wire axis and reflection.

FIG. 4. Experimental and simulated waveforms of the discharge current (a), resistive voltage (b), channel expansion, (c) and the simulated current density

radial distribution (d) for Cu wire explosion.

FIG. 5. Temporal evolution of the magnetic pressure (black), temperature

(blue) and internal pressure (red) at the exploding Cu wire surface.

FIG. 6. Simulated radial distributions of the current density at different

times of the Cu wire explosion.
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Rough estimates showed that this effect should lead to a time

delay in the second shock appearance relative to the onset of

the first shock of �160 ns, which roughly agrees with the

experimental data.

B. Aluminum wire explosion

Analysis of the Al wire explosion was carried out using

the same 1D MHD model coupled with EOS for water and

Al, and the QLMD conductivity model.41 It was found that

both the EOS for Al and the conductivity model should be

corrected in order to obtain the best fit between the simula-

tion and the experimental results. The approach, which was

used to correct the EOS and conductivity model, was the

same as that used for the Cu wire explosion. The experimen-

tally obtained and simulated waveforms of the discharge cur-

rent, resistive voltage, and channel expansion are shown in

Figs. 7(a)–7(c). One can see a satisfactory agreement

between the experimental and simulated data. Let us note

that similarly to Cu wire explosions, the wire’s radial expan-

sion could not be resolved during the period 650–1250 ns

because the generated strong shock wave screens the

exploded wire. The simulated current density radial distribu-

tions at different times are shown in Fig. 7(d). One can see

that at t� 300 ns, the skin effect is relatively pronounced.

The measured energy density deposited into the wire by

the time of the onset of the first weak shock (t� 490 ns) was

found to be almost equal to the energy density, which one

requires to heat the entire wire up to TAl
m plus the enthalpy of

fusion. This correlates well with the results of 1D MHD

simulations where the melting temperature was reached at

t� 500 ns. Note, that for Al, in contrast to Cu wire explo-

sions, the magnetic pressure does not influence the onset of

the first weak shock. Indeed, 1D MHD simulations showed

that the internal pressure of the Al wire exceeds the magnetic

pressure prior to this transition due to significantly faster

energy density deposition, than for Cu wire explosions.

Namely, the energy density deposition rate for Al wire

explosions differs from that of Cu wire explosions by a fac-

tor of 9 at t� 490 ns and by a factor of 6 at t� 740 ns. More

details can be found in Fig. 8 where the time-dependent

energy density deposition rates for Cu and Al wire explo-

sions are presented.

The onset of the second weak shock was obtained at

t � 600 ns, which precedes by �260 ns the time when the

energy density deposited into the wire reaches the value nec-

essary for the vaporization of the entire wire. Indeed, at

t� 600 ns, the energy density deposition into the wire was

�1.3 kJ/g which is insufficient even to heat the entire wire to

its boiling temperature TAl
b . The latter is qualitatively similar

to Cu wire explosions where it was found that the onset of

the second weak shock corresponds to the beginning of the

evaporation process. The vaporization process of the Al wire

can be characterized by the temporal and spatial evolution of

the current density’s radial distribution (see Fig. 9) showing

wave-like propagation of the maximum of the current den-

sity from the wire periphery towards the axis with a typical

velocity of �700 m/s. Namely, at t� 600 ns, when second

weak shock separates from the wire, there is a decrease in

the conductivity at the wire’s periphery related to liquid-

FIG. 7. Experimental and simulated waveforms of the discharge current (a), resistive voltage (b), channel expansion (c), and simulated current density radial

distribution (d) for Al wire explosion.

102709-8 Rososhek et al. Phys. Plasmas 25, 102709 (2018)



vapor phase transition, which leads to the increase in the cur-

rent density through neighboring radial shells. These results

confirm the numerical analysis of wire explosions described

in Refs. 21 and 41 and predict the evaporation wave propa-

gating from the wire periphery towards the axis.

For Al wire electrical explosions using generator #2,

qualitatively similar results were obtained. Namely, the onset

of the first weak shock was found at the time when the

deposited energy density becomes almost equal to the sum

of the energy density needed to heat the wire to its melting

temperature plus the enthalpy of fusion. Also, the onset of

the second weak shock was found at the time when only a

fraction of the wire can experience vaporization.

C. Tungsten wire explosion

Underwater electrical explosions of W wires were not

analyzed using 1D MHD simulations because of the absence

of a conductivity model required to be coupled to the simula-

tion. W wire explosions are characterized by very different

discharge current and resistive voltage waveforms compared

to those for Cu and Al (see Fig. 2). A long duration plateau

of the current and voltage waveforms can be related to dif-

ferent phase transition durations during the explosion.

Considering that the onset of the first weak shock is related

to solid ! liquid phase transition, one can consider that the

current and voltage plateaus occur during the liquid phase.

The latter is characterized by an almost constant wire con-

ductivity, r0, which can be inspected by semi-empirical con-

ductivity in the melting phase in the temperature range of

3695–6203 K:22 r q; Tð Þ ¼ r0½1�a Tð Þ T�T0ð Þ	
1þb T�T0ð Þ ; where

r0; q0; and T0 are the conductivity, density, and temperature

at the melting point, respectively, b � 2� 10�5 K�1 is the

thermal coefficient of conductivity for the liquid metal and a
� 4.4� 10�4 K�1 is the thermal expansion coefficient. In

addition, we confirm the results described in Ref. 24 regard-

ing the correspondence of the first maximum in the resistive

voltage to the time when melting of the W wire should occur.

An insignificantly earlier (�60 ns) onset of the first weak

shock wave with respect to the voltage maximum obtained

in our experiments can be related to the different wire diame-

ters, pulse power generators, and medium for which the wire

explosion was studied.

The normalized W resistance R/R0, where R0 is the

resistance for normal conditions (solid phase, room tempera-

ture) as a function of the deposited energy density is shown

in Fig. 10. This result agrees well with the data presented in

Ref. 52. The linear part of this dependence6 for deposited

energy densities e � 1 kJ/g can be approximated as R/R0 ¼ 1

þ be, where b � 0.025 J/g. At larger deposited energies, one

obtains the W liquid phase characterized by an almost con-

stant conductivity up to a deposited energy density of �7 kJ/g.

A further increase in the deposited energy density leads to

the beginning of wire vaporization and a corresponding

increase in the resistance.

Similarly to Al, W wire explosions using generator #2

were found to be qualitatively comparable to the results

described above for generator #1. Namely, the first distur-

bance obtained in the water cannot be related to wire melting

because of the very low energy deposited up to that time (9

times less than that needed for the entire wire melting). This

disturbance can be explained by fast desorption of absorbed

surface layer gases. The onset of the first weak shock was

FIG. 8. Energy density deposition rate as a function of time for Cu and Al

wires.

FIG. 9. Simulated radial distributions of the current density at different

times of the Al wire explosions.

FIG. 10. Normalized resistance versus energy density deposited into the W

wire.

102709-9 Rososhek et al. Phys. Plasmas 25, 102709 (2018)



obtained �30 ns after the current maximum at a time when

the deposited energy was �15% smaller than the energy den-

sity required for the heating and melting of the entire wire.

The onset of the second weak shock is also obtained at a

time when the deposited energy is significantly smaller than

that required for entire wire vaporization. Thus, one can con-

clude that the onset times of the first and second weak shock

waves occur when the wire is only partially melted or

vaporized.

V. SUMMARY

High resolution space- and time-resolved streak images

of microsecond timescale underwater electrical explosions

of single Cu, Al, and W wires showed the generation of two

weak shock waves preceding a strong shock wave generation

at the time when the vapor-low-ionized plasma phase transi-

tion occurs. It was shown that for Al and partially for W wire

explosions, the onset of the first weak shock wave was asso-

ciated with the melting of the entire wire, which agrees well

with the energy density deposited into the wire sufficient for

this process. Moreover, we show that in general one cannot

relate the generation of weak shocks with the phase transi-

tion of the entire wire.

For Cu wire explosions using generator #1, the onset of

the first weak shock was obtained at the time when the

energy density deposited into the wire was almost two-fold

larger than the energy density needed to heat the wire to its

melting point plus the enthalpy of fusion. Using a 1D MHD

simulation, this result was explained by magnetic pressure

which suppressed the wire’s expansion until the internal

pressure of the wire is high enough.

The onset of the second weak shock wave was found to

be related to the beginning of the vaporization of the wires,

meaning, that its appearance is not related to the evaporation

of the entire wire. Namely, Cu, Al, and W wires explosions

consistently showed that the energy density deposited into

the wires prior to the onset of the second shock wave was

lower than the energy density needed to evaporate the entire

wire. For the cases of Cu and Al wire explosions, 1D MHD

simulation showed the beginning of vaporization of the wire

at its periphery at the onset of the second weak shock and

propagation of a vaporization wave towards the axis of the

wire. For W wire explosion, the obtained data confirmed ear-

lier obtained results22,24 regarding the melting point of the

wire, the conductivity plateau at the liquid phase, and the

action integral6–8 required to obtain the wire explosion. The

results for Al and W wire explosions obtained in experiments

with generator #2 were qualitatively similar. Only, for Cu

wire explosions, a pronounced skin effect leads to the onset

of the first shock wave at a time when only partial wire melt-

ing occurs.
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