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The results of experiments and numerical simulations of a shock wave propagating between either

conical or parabolic bounding walls are presented. The shock wave was generated by a

microsecond timescale underwater electrical explosion of a cylindrical wire array supplied by a

current pulse having an amplitude of �230 kA and a rise time of �1 ls. It is shown that with the

same energy density deposition into the exploding wire array, the shock wave converges faster

between parabolic walls, and as a result, the pressure in the vicinity of convergence is �2.3 times

higher than in the case of conical walls. The results obtained are compared to those of earlier

experiments [Antonov et al., Appl. Phys. Lett. 102, 124104 (2013)] with explosions of spherical

wire arrays. It is shown that at a distance of �400 lm from the implosion origin the pressure

obtained in the current experiments is higher than for the case of spherical wire arrays. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4934217]

I. INTRODUCTION

The subject of strongly compressed hot matter is of inter-

est for different applications as well as for basic research.1–4

Several approaches have been used to obtain this extreme

state of matter such as z-pinch, high power lasers, and heavy

ion beams.5–7 However, these approaches require large facili-

ties and expensive experimental setups with a stored energy of

�105 J. Recent experiments8–10 with setups having a moderate

stored energy of �6� 103 J showed that extreme states of

matter can be obtained using either underwater electrical

explosions of single wires or the converging shock waves

(SWs) generated by underwater electrical explosions of cylin-

drical or spherical wire arrays. In the case of the explosion of

single wires in water, an energy density of up to 500 eV/atom,

pressure of �1010 Pa, and temperature of a few eV were

achieved inside the wires.11 In the case of converging SWs,

the largest values of the pressure (�6� 1012Pa), density

(�9 g/cm3), and temperature (�16 eV) of water in the vicinity

of the implosion were calculated for a spherical wire array

explosion based on SW time-of-flight (TOF) data.10 In this

approach, assuming spherical uniformity of the converging

SW and self-similarity of the SW propagation in water, the

value of pressure PSW versus the distance from the origin, i.e.,

radius RSW, increases as PSW / R�1:33
SW , due to the fast decrease

in the SW surface as S / R2
SW :

Mdivnishvili et al.12 suggested that by using boundaries

with a geometry that provides a faster decrease in the SW sur-

face S / R3
SW the parameters (pressure, density, and tempera-

ture) of matter in the vicinity of the SW’s convergence can be

increased as compared with the case of a spherical SW implo-

sion. Indeed, in the case of an adiabatic SW convergence,

as the surface of the SW decreases faster, due to energy con-

servation, the energy density behind the SW front must

increase faster. This leads to a higher pressure gradient

and consequently to a faster propagation velocity of the SW.

Self-similar analysis and calculations based on the Checter-

Chisnell-Witham13 theory showed similar results, namely, a

1.5 times larger power-law index where S / R3
SW than in a

spherical implosion. In addition, the experimental studies of

Mdivnishvili et al.12 with planar and spherical bounding walls

connected each other at the symmetry point showed that

indeed the SW generated by the electrical explosion of a ring-

surface discharge converges faster than one generated by a cy-

lindrical implosion. These experiments were conducted in air

at a �20ls timescale of the surface discharge duration, which

could lead to a significant expansion of the discharge channel.

The latter can be avoided in an underwater electrical explo-

sion of wires due to the near incompressibility of water.

In recent proof of principle experiments14 with nanosec-

ond timescale underwater electrical explosions (storage

energy of �0.4 kJ) of planar wire arrays, it was demonstrated

that a generated SW propagating between parabolic walls

converges faster than one propagating between straight

walls, leading to higher water parameters (density, pressure,

and temperature) in the vicinity of the convergence axis. In

this paper, we present the results of experiments and numeri-

cal simulations of an SW generated by the microsecond

timescale underwater electrical explosion (storage energy of

�3.6 kJ) of a cylindrical wire array, propagating between ei-

ther conical (S / R2
SW) or parabolic (S / R3

SW) bounding

walls (see Fig. 1). The purpose of the research was to show

that the SW converges faster between parabolic walls for the

same amount of stored energy in the pulsed generator, and as

a result the water parameters in the vicinity of convergence

are higher than in the case of conical walls.

II. EXPERIMENTAL SETUP

A high-current generator15 with stored energy of

�3.6 kJ generating a current pulse with an amplitude of

�300 kA and a rise time of �1 ls was used in these
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experiments. The current pulse was delivered to a 3 cm di-

ameter cylindrical array consisting of 40–70 Cu wires

80–100 lm in diameter and 4 cm in length (see Fig. 1).

Experiments were conducted with two types of stainless steel

walls inserted inside the array: conical walls (Fig. 2(a)) and

parabolic walls (Fig. 2(b)). The conical walls represented the

geometry of SW convergence inside the segment of a sphere,

and the parabolic walls allowed us to study SW convergence

in a super-spherical geometry. The SW reflection coefficient

for stainless steel can be estimated as �0.94, and thus, one

can consider an SW convergence limited by almost rigid

boundaries. The walls were fixed in holders made of Delrin,

which were placed coaxially between the two electrodes

serving as support for the wire array. This assemble was con-

nected between the high-voltage (HV) and grounded electro-

des located in the experimental chamber filled with distilled

water. During the wire array electrical explosion, the poten-

tial difference between the walls (wall acquire floating

potentials) limits the minimal distance at the axis between

the walls at which water breakdown was not realized. In our

experiments, it was found that a 1 mm distance satisfied this

condition. The same concern is related to the height of the

Delrin holders, which should be sufficient to avoid a surface

breakdown between the walls and the HV and grounded

electrodes. The issue of energy loss due to SW propagation

in the dielectric material is addressed later. The length, diam-

eter, and number of the wires were adjusted to obtain an ape-

riodic discharge in which most of the stored energy is

delivered to the wires during the explosion (for elaboration

on the subject of wire selection, see Ref. 14).

The discharge current and voltage were measured using

a Rogowski coil and a voltage divider, respectively. These

data were used to calculate the time-dependent energy depo-

sition into the wires. The applied high-current pulse resulted

in a wire electrical explosion that generates a converging

SW. To measure the TOF of the SW, an optical fiber was

inserted through a hole at the center of the walls (see Fig. 3).

When the SW arrived at the fiber, the strong self-emission of

the fiber was recorded using a Hamamatsu photomultiplier

tube (PMT). Thus, using the known time of the wires’ explo-

sion, which is characterized by a sharp decrease in the dis-

charge current, and the time of the fiber self-emission, the

TOF of the SW was calculated. The calculated energy depo-

sition into the wires and the measured TOF of the SW, to-

gether with the equations of state (EOS) of water and

copper, were then used as inputs to a 2D hydrodynamic sim-

ulation that was used to estimate the water parameters in the

vicinity of the SW implosion.

III. EXPERIMENTAL RESULTS

Typical current and resistive voltage waveforms and the

calculated time dependencies of the power and energy de-

posited into the wire array are shown in Fig. 4. To obtain the

resistive voltage, the inductive voltage L� dI/dt was sub-

tracted from the measured voltage. The discharge circuit in-

ductance was estimated to be L� 90 nH in shots of the

generator with a short-circuit load.

Typical light self-emission signals from the optical fiber

that was inserted through the center of the walls for the cases

of SW convergence with conical and parabolic walls can be

seen in Fig. 5. Time delays between the beginning of these

FIG. 1. Cylindrical wire array with two parabolic walls.

FIG. 2. (a) Conical walls. (b) Parabolic

walls.

FIG. 3. Experimental setup.
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signals and the start of the discharge current were used for

TOF measurements of the SW. Several different configura-

tions of wire arrays (number of wires and wire diameters)

were tested to find the optimal electrical explosion of the

array when the most part of the preliminary stored energy is

deposited into the wires during the fast decrease in the dis-

charge current caused by the increase in the wires’ resistance

during the electrical explosion. For each array configuration,

several explosions were carried out with conical and para-

bolic walls; however, no noticeable consistency in TOF data

were found among the configurations. This can be explained

by differences between each shot and each array. For exam-

ple, there are small variations in the energy input in each

shot, each array is not exactly identical, and the boundary

walls slightly deform after each shot due to the strength of

the SWs, and new boundaries must be manufactured.

Therefore, to compare experimental and numerical simula-

tion results, only six shots with similar current waveforms

(similar peak current and rise time) were used. The TOF

obtained from these shots for conical and parabolic walls

was 8.52 6 0.1 ls and 8.02 6 0.04 ls, respectively.

IV. HYDRODYNAMIC SIMULATION

To estimate the water parameters in the vicinity of the

implosion, a 2D hydrodynamic simulation was used. The

code for 2D hydrodynamic simulations of SW implosion

was developed in our laboratory by Kozlov, and the algo-

rithm used is described in detail in Ref. 16. It is based on the

finite volume method and uses mass, energy, and momentum

conservation laws coupled with the EOS of water and cop-

per.17 The only input to the simulation is the energy deposi-

tion into the wires obtained from the experiment. The

difference between the original simulation and the one used

in this study is the symmetry of the problem, namely, in the

original simulation the symmetry was along the Z axis,

whereas in the present simulation the symmetry is around

the X axis. Moreover, the present 2D simulation modeled the

wire array as a cylindrical shell having a mass equals to the

mass of the wires used in the experiment.

The simulation did not take into account the dielectric

material shown in Figs. 1 and 2, because we do not have the

EOS data for this material. Therefore, to simulate the energy

loss due to SW dissipation in this dielectric material, water

was used instead (as seen in Fig. 6), because the density of

water under normal conditions (1 g/cm3) is close to the den-

sity of Delrin (1.4 g/cm3). Let us note here that the use of

water instead of the dielectric material is compensated in

some sense by the fact that the stainless steel walls used in

the experiment are not completely rigid as in the simulation.

The snapshots of pressure distribution obtained by hydrody-

namic simulations for conical and parabolic boundaries are

presented in Figs. 6(a) and 6(b), respectively, together with

the axes.

The time evolution of the pressure versus time at a dis-

tance of �400 lm with respect to the axis is presented in

Fig. 7. One can see that the peak pressure of 3.2 GPa and

7.2 GPa appears at 8.26 ls and 7.87 ls for conical and para-

bolic walls, respectively. These TOF numerical results are

very similar to those obtained in the experiments, in partic-

ular, concerning the difference in TOF, which is �500 ns

and �400 ns for the experimental and simulation results,

respectively.

As can be seen in Fig. 7, the peak pressure is not real-

ized abruptly, but rather it builds up gradually, in particular,

in the case of conical boundaries. In the snapshots presented

in Fig. 6, one can also see that the pressure in water does not

increase as abruptly as one could expect in the case of the

SW propagation. Namely, the propagation of the SW in

FIG. 4. (a) Waveforms of current and

resistive voltage. (b) Calculated power

and energy.

FIG. 5. Typical signals of optical fiber

light emission with (a) conical walls

and (b) parabolic walls.
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water should be characterized by a rapid jump in hydrody-

namic parameters (density, pressure, and temperature)

behind the SW front. In the present numerical simulation, by

introducing artificial viscosity, the SW front becomes

smeared across 2–3 simulation cells (in physical space:

�800 lm) before it reaches the rigid boundaries. However, it

then becomes smeared across 8–10 cells (in physical space:

�2 mm). The results of the simulations showed that this

effect occurs because of SW reflections from the rigid boun-

daries. Indeed, as can be seen in Fig. 8(a), the SW front is

sharp before reaching the conical boundaries. However, near

the origin [see Fig. 8(b)] the SW becomes rather smeared

thus preventing the efficient convergence of the SW to the

origin, and therefore, decreasing the potentially high water

parameters that could be obtained. Thus, it is understood that

further optimization of the boundary geometry is necessary

to obtain the highest value of the pressure in the vicinity of

the SW implosion.

V. DISCUSSION

The experimental and numerical results indeed show

that an SW propagating between parabolic walls is faster

than one propagating between conical walls, resulting in a

�2.3 times larger pressure in the vicinity of the implosion.

In addition, we compared these results to those obtained in

experiments with a spherical array implosion recently con-

ducted in our laboratory.10 The TOF data for the SW gener-

ated by underwater electrical explosion of spherical arrays

having 20 mm, 30 mm, and 40 mm diameters were �4 ls,

�6 ls, and �9.5 ls, respectively. To compare these TOF

data with the data obtained in the present experiments with

cylindrical wire array explosions having conical wall boun-

daries, a sphere with the same surface area as the cylindrical

shell should be considered in order to keep the same energy

density deposition. For the 30 mm cylindrical shell with a

40 mm length, the sphere diameter should be �35 mm. The

obtained TOF of the SW converging between conical walls

is �8 ls. This value is between the �6 ls and �9.5 ls of the

SW TOF obtained in the cases of explosions using the

30 mm and 40 mm diameter spherical wire arrays, showing

satisfactory agreement. In addition, using the results pre-

sented in Ref. 10 and the self-similarity relation for the pres-

sure behind the SW front given in the introduction, one

obtains that the pressure at r� 400 lm for the spherical array

explosions is P� 4.1 GPa and P� 7.5 GPa for 40 mm and

FIG. 6. Snapshots of the simulations of the SW propagation in the case of two types of bounding walls (conical and parabolic) at 5 ls from the beginning of

the current pulse. The colors represent deviations from 105 Pa, the red being the largest deviation (�600 MPa). The black line at r¼ 15 mm was added for

clarity to represent the placement of the wire array and is not a part of the snapshots.

FIG. 8. Snapshots of the simulations of

the SW propagation in the case of con-

ical bounding walls at different times

with respect to the beginning of the

current pulse. (a) At 1.5 ls. (b) At 8 ls.

FIG. 7. Pressure at r� 400 lm for con-

ical (a) and parabolic (b) boundaries.
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30 mm diameter arrays, respectively. Thus, again consider-

ing the value of the pressure for a 35 mm diameter array to

be �5.8 GPa, one obtains that this exceeds the value

obtained in the present experiment for conical walls, but is

below the value for parabolic walls.

The value of the pressure was calculated at r� 400 lm,

because the results of simulations show that at smaller radii of

convergence the peak pressure does not increase significantly,

as opposed to the case of the spherical implosion simulation.

An analysis showed that this occurs because of two competing

processes governing the convergence of the SW in the present

experiments, namely, the rapid increase in SW energy density

due to a decrease in the SW front area versus backward reflec-

tions from the rigid boundaries (see Figs. 6 and 8).

V. SUMMARY

We showed both experimentally and by numerical cal-

culations that an SW generated by an underwater electrical

explosion of a cylindrical wire array propagates faster

between parabolic walls inserted inside the array than

between conical walls. Hydrodynamic calculations showed

that the peak pressure obtained in the case of parabolic walls

is larger than in the case of conical walls, as well as in the

case of a spherical wire array explosion with the same energy

density deposition into the wires. Additional research will be

conducted to find the optimal geometry that minimizes the

backward reflections of the SW from the boundaries result-

ing in higher values of pressure and temperature in the vicin-

ity of the SW implosion.
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