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In this work, experimental results concerning the temporal evolution of the shock wave radii

generated by an exploding copper wire of fixed length are presented. The variables of the

experience were the diameter dimension—from 50 to 500 lm—and the initial capacitor voltage—

from 5 to 25 kV. The diagnostic device was a streak shadow image system synchronized with the

experiment. The result is a parametric collection of data showing the shock wave position across

the time depicting the different stages of the experience. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4966140]

I. INTRODUCTION

When a large enough electrical current passes through a

metallic wire, the wire is heated through ohmic effect, con-

verted into liquid, later vaporized, and finally transformed into

plasma. The plasma free expansion generates a shock wave in

the surrounding atmosphere. This phenomenon is called

exploding wire (EW). This system was studied deeply because

the matter appears in different states, and this is important for

multiple purposes.1–5 The edition work of Chace and Moore6

and the work of Lebedev7 constitute very good and extensive

reviews of EW. From the beginning, electrical signals,8–10

shock wave imaging,11,12 and radiation measurement13 were

the primary tools to understand the phenomena. Because the

shock wave generated has rich information about the shock

wave generator system, different wire materials, dimensions,

and surrounding media were studied in the past.14–18 Here, we

focus the study on a copper exploding wire at atmospheric

pressure. The diameter of wire and charged voltage of the elec-

trical system are used simultaneously as parameters in these

experiments. The paper is structured as follows. After this

Introduction, Section II describes the experimental setup

employed, followed by a section with the results on the shock

wave dynamics, and ending with some conclusions.

II. EXPERIMENTAL ARRANGEMENT

The experiments, objective of this work, were per-

formed on the ALambre EXplosivo (ALEX) exploding wire

system placed in the Institute for Energy Research and

Industrial Applications (INEI), a research institute located in

Ciudad Real (Spain) from Castilla-La Mancha University.

The ALEX schematic is shown in Figure 1. The device con-

stitutes a low inductance capacitor bank of 2.27 lF (two

capacitors type Maxwell 33251) that is charged using a high

voltage source. The discharge is controlled by a spark gap

switch that is triggered by a high voltage pulse generator

(100 kV, 30 ns pulse width). The total measured fixed induc-

tance of the system is 142 nH. The exploding wire is placed

in open air with a fixed wire length of 3.3 cm, whereas the

diameter is an independent variable; we used wires with the

diameter of 50, 100, 250 and 500 lm. The distance between

the wire and ground plane is 130 mm.

The measurements of the shock wave radii are obtained

with a streak camera focused on the wire and illuminated by

a continuous wave laser (532 nm/150 mW) passing by an

arrangement of four lenses to expand the laser beam and

FIG. 1. ALEX experiment scheme. L1 to L4 are the lenses for the illumina-

tion system while that PH1 is a pinhole.
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form a shadow imaging device. An interference filter cen-

tered in 532 nm allows only the laser light to pass through

the lens system formed by a photographic objective, f 4.5 to

6.7, and two extension rings to be recorded by the streak

camera. Images are stored in a computer, and after a tempo-

ral and space calibration for the each digital image, the shock

wave dynamic evolution is accomplished. The streak camera

system and the wire explosion are synchronized using the

pulses of a standard delay pulse generator. Another indepen-

dent variable is the capacitor voltage, varied between 5 and

25 kV, and it is used to observe and characterize the shock

wave extension and plasma behavior generated in the metal-

lic wire explosion in a broad range of energies.

III. RESULTS AND ANALYSIS

Typical shadowgraphs of copper wires with a diameter

of 50 lm at various initial voltage charges are shown in

Figure 2. Different plasma characteristics are visible on the

features of the recorded light including the shock wave and

the plasma channel.16,17 We present here the measures of

the exterior front radii as a function of time that include the

expansion plasma and the shock wave stages. One of the

most visible features is the reduction of the light absorption

region at the beginning of the plasma expansion when the

initial charging voltage increases its magnitude;6 also, an

increase in the rate of the radii of the shock wave is visible.

Radial symmetry on the shock wave associated with a cylin-

drical expansion of the exploding wire19 is not clearly visible

in the shadowgraphs because of the uneven illumination pro-

duced by the laser-lens system used in these experiments,

despite the careful alignment of the setup. Examination of

the raw images shows that both sides of the shock wave are

symmetrically expanding; therefore, in order to obtain the

radial expansion, the more visible side was employed.

Figures 3, 5, 6, and 8 show the shock wave radii position

over time, produced by a copper exploding wire of diameters

50, 100, 250, and 500 lm, respectively. These radii of the

shock waves, at the end of the recorded image, are always

approximated by straight lines of different slopes; therefore,

the final rate of radii can be considered as constant. The mag-

nitude of the slope becomes larger with the increase in the

initial charging voltage regardless of the wire diameter. As a

consequence, it follows that the final rate of radii increases

with the magnitude of the initial charging voltage.

FIG. 2. From top to bottom; streak images of a copper wire with 50 lm

diameter at 5 kV, 15 kV, and 25 kV. The horizontal and vertical mark repre-

sents 10 mm and 10 ls, respectively. In each image, the shock wave (SW)

and the plasma channel (PC) are marked.

FIG. 3. Shock wave radii as a time function of time at different voltages

(50 lm diameter): w 5 kV, � 10 kV, � 15 kV, D 20 kV, and q 25 kV.

FIG. 4. Shock wave radii as a function of time, at the earliest stages, at dif-

ferent voltages (50 lm diameter): w 5 kV, � 10 kV, � 15 kV, D 20 kV, and

q 25 kV.
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Figures 3 and 4 show the data collected for a wire of

50 lm diameter. Three stages can be distinguished in Figure

3: an increase in the initial low rate of the radii is followed

by an acceleration stage, and finally, a deceleration stage

leading smoothly to a final rate of the radii that are roughly

constant. The general tendency of a faster shock wave rate of

the radii increases for larger charging voltages and is also

present at the 50 lm diameter wires, as it can be illustrated

by the values of the radius at 5 ls after the beginning of the

phenomena. When the charging voltage is increased from 5

to 25 kV, the radius at 5 ls changes from 6 to 14 mm, a dif-

ference of a factor of two between both values. At this diam-

eter, the first stage of radial front of copper wires is very

similar for all the charging voltages, as shown in Fig. 4. It is

also visible in this figure that more time is required to

increase the radii as the charging voltages are reduced.

Radii of shock waves from copper wires with the diame-

ter of 100 lm are presented in Figure 5 (in contrast with the

previous case, only the last two stages are visible: the accel-

erated stage and the final one, roughly constant, the rate of

the radii increases due to the shortening of the deceleration

stage). As for the 50 lm diameter wires, the first accelerated

stage is very similar for all the charging voltages, as it is

shown in the figure. On the other hand, the final stage shows

a clear dependence on the initial charging voltage indicated

by a notorious change in the shock wave final radius. Using

the radial value at 5 ls after the beginning of the explosion, a

variation from 8 to 15 mm is observed when the charging

voltage is increased from 5 to 25 kV.

For the diameter of 250 lm, an expanded set of initial

energy was used. This increment has been made to explore

in more detail about the dependence of the radii of the shock

wave with the energy. Two distinct behaviors can be

deduced using all the radial data values from Figure 6. A sin-

gle stage expansion is observed with just an increase in the

constant rate of the radii. Therefore, a straight line trajectory

is visible for the lowest charging voltages as Figure 7 shows.

With the use of a linear approximation for the shock wave

radius, a change in the slope from 0.478 6 0.001 to

0.94 6 0.01 mm/ls is visible, whereas the charging voltage

increases from 5 to 7 kV. When the capacitors were charged

above 8 kV, it can be seen a radial increase in the shock

wave in two phases, which are found in similar behavior to

100 lm diameter wires. Furthermore, at the beginning of the

explosion, the acceleration of the shock wave is faster than

the final acceleration. Radii of the shock wave at 5 ls are

markedly different. For an initial charging voltage of 5 kV,

the radius is 2 mm and it reaches the 19 mm for the maxi-

mum charging voltage of 25 kV. In this case, a difference in

radius of 17 mm is achieved meaning a large deviation from

the values measured in previous experiments.

FIG. 5. Shock wave radii as a function of time at different voltages (100 lm

diameter): w 5 kV, � 10 kV, � 15 kV, D 20 kV, and q 25 kV.

FIG. 6. Shock wave radii as a function of time at different voltages (250 lm

diameter): � 5 kV, � 6 kV, � 7 kV, "8 kV, w 10 kV, � 12 kV, D 15 kV, *

18 kV, � 20 kV, and q 25 kV.

FIG. 7. Shock wave radii as a function of time at different voltages (250 lm

diameter): � 5 kV, � 6 kV, and w 7 kV.
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Due to the high data point dispersion, the observation of

the dynamic of the shock wave, when a wire of 500 lm

diameter is used, is more complicated, as it is seen in Figure 8.

In fact, when the minimum initial energy is used, the data dis-

persion causes only the general trend of increase in the final

constant rate of the radii to be visible. For the radial value

above 5 ls, a value of 2 mm is observed when the capacitors

are charged to 15 kV whereas it reaches 13 mm when the

capacitors are charged to 25 kV. The difference between these

two radii, 11 mm, is then larger than for wires of 50 and

100 lm diameters and in the same order of magnitude than the

value for the wires of 250 lm diameter.

From the Figures, it can be appreciated larger values for

the shock wave radius when the initial charging voltage

increases, as shown in Figures 3 to 8. In Figure 8, the mea-

sured final radii of the shock waves change from a value on

the order of 5 mm at 15 kV to a value of approximately

25 mm at the maximum charging voltage.

With the results obtained from this experiment, a mean

rate of the radii raise of the shock wave by means of the radii

curves can be estimated. The values calculated at 5 ls are

shown in Table I. For a wire diameter of 50 lm, the observed

change on slopes obtained—from Figure 3—increases from

1 to 1.4 mm/ls when the initial voltage charge is increased

from 5 to 25 kV, respectively. The same behavior is observed

with the wire diameters of 100 and 250 lm, as shown in

Figures 5 and 6. Thus, in the former case of the 100 lm wire,

estimations of the final shock wave rate of the radii raise for

a voltage charge of 5 and 25 kV go from 0.7 to 1.5 mm/ls,

respectively. On the other hand, the rate of the radii raise

varies from 0.4 to 2.2 mm/ls with the wire diameter of

250 lm on the same voltages. For wire diameter of 500 lm,

the rate of the radii raise varies from 0.4 to 1.9 mm/ls when

the voltage is between 15 kV and 25 kV.

A rude comparison with the experiment of Grinenko

et al. shows that, for similar wire section, they obtain a shock

wave velocity greater than those obtained here. Because the

medium used was water and the initial energy used here is

minor, to be precise in the comparison, a special attention

should be put to the manner in which the energy is delivered

to the wire (what is out of the scope of this work). The

observed decay rates of the radii with the time in Figures 3,

5, and 6 are related to the fact that the energy available for

the shock wave must be distributed in larger radius across

the time (geometric decay). Because of this, a slow down on

the rates of the radii at the final stage is measured.14

IV. CONCLUSIONS

We have studied the radial position of the shock wave

produced by a copper explosive wire surrounded by air at

atmospheric pressure in a broad range of energies and masses,

the latter through the use of different wire diameters. The

energy provided to the wire by the capacitors bank modifies

the radial position of the shock wave, as it is observed in this

work. A detailed record of the transition between them is

shown for the 250 lm diameter wire by means of an expanded

values set of initial energies on the system.

From the measured shock wave radii, estimations on the

mean rate of the radii raise value were obtained in this work.

Also, it was observed that for all the diameters studied, an

increase in the maximum radial expansion when the initial

capacitors voltage was increased. Such tendency is related

with the increase of energy delivered to the metallic wire.14
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250 25 2.2

500 15 0.4

500 20 1.5

500 25 1.9

FIG. 8. Shock wave radii as a function of time at different voltages (500 lm

diameter): � 15 kV, D 20 kV, and q 25 kV.
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