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ABSTRACT

We present results on underwater electrical explosions of thin aluminum and copper foils using a generator delivering ~200 kA current
amplitude, ~0.9 us rise time pulses. Time-resolved shadow imaging displays the generation of a strong planar shock wave in water in the
vicinity of the exploding foil. Using time-resolved spectroscopy, aluminum oxide (AlO) absorption bands were observed in a Planckian-like
spectrum, indicating that aluminum combustion starts when aluminum vaporizes. It is also shown that the strongest shock wave is obtained

for the largest linear energy deposition rate to the foil.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0171299

I. INTRODUCTION

Earlier research showed that underwater electrical wire explo-
sions can be used to study materials at extreme conditions'™* and
strong shock wave (SSW) generation.” For either cylindrical or
spherical wire arrays, converging shock waves (shocks) are formed,
resulting in the formation of extremely high pressures, tempera-
tures, and densities in the vicinity of shock implosion.’

Experiments of underwater electrical explosions of planar
wire arrays determined the energy transfer efficiency to the
waterflow behind the shock front,” the time jitter at the begin-
ning of the wire explosion” and aluminum (Al) wire combus-
tion™” which can deliver additional energy to the shock. In
experiments with a single Al wire explosion, it was shown that
the Planckian self-emission spectrum contains aluminum oxide
(AIO) absorption bands typical to aluminum combustion.
Decreasing the diameter of an Al wire from 250 to 50um
decreases the time delay, between the beginning of the discharge
and the appearance of the absorption bands, from ~30 to ~1 us.
Additional evidence of Al combustion was obtained in experi-
ments with underwater electrical explosion of a planar Al wire
array.” Generally, after an array explosion, the shock experiences
a rapid decrease in velocity with increasing distance from the
array. However, by decreasing the Al wire diameter from 127 um
(array of 40 wires) to 50 um (array of 50 wires), 6 us after the
initial current discharge, an increase in the shock velocity was

observed.” This was explained by the additional energy delivered
into the water flow by the combustion of Al

Early ignition of Al combustion with decreasing wire diameter
was explained qualitatively by faster, more efficient mixing and
diffusion between the water vapor and the bulk of the exploded alu-
minum. Thus, it was proposed to study underwater electrical explo-
sion of arrays with smaller diameter aluminum wires. However,
decreasing the wire diameter becomes challenging because it is
then necessary to significantly increase the number of wires in
order to keep the action integral unchanged.'"’

Planar strong shocks in water can be used in several studies.
For instance, for efficient acceleration of targetslz’13 for studies of
hydro-dynamic instabilities;'* for studies of rarefaction waves and
cavitation phenomenon in water.'” However, in a planar wire array
explosion, each individual wire generates a cylindrical shock. These
shocks overlap forming a shock which planarity depends on the
distance from the array and the initial distance between wires. To
obtain a planar shock in the vicinity of the array, where the
shock is most intense, one should use a large number of wires of
10-20 um diameter and sub-mm distance between neighboring
wires which becomes technically challenging. In this research, we
present results of underwater electrical explosions of aluminum
and copper foils aiming for studies of generation of planar shock
and the possible combustion of aluminum foils, which can result in
additional energy deposition in the generated water flow.
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Il. EXPERIMENTAL SETUP AND DIAGNOSTICS

The experimental setup is shown in Fig. 1. Experiments were
carried out using a us-timescale high-voltage (HV) generator'”
(C=10uF, 27 kV charging voltage, stored energy of 3.65kJ, 250 kA
maximal current amplitude with ~1.1us rise time on a short-
circuit load). The waveforms of the discharge current (I) and
voltage (V) were measured using a calibrated self-integrated
Rogowski coil (measurement error of ~5%) and a Tektronix
P6015A HV divider (measurement error of ~3%), respectively. The
inductive voltage L4 was subtracted from the measured value of V
to obtain the resistive voltage V,, where L is the inductance of the
foil determined in short circuit shots with non-exploding loads
imitating the foil.

In experiments, underwater electrical explosions of Al and Cu
foils were studied. The dimensions of the foils (see Table I) were
chosen so as to obtain close to critically damped discharge, when
most of the energy is deposited into the foil during a time shorter
than a quarter period of an underdamped discharge. To achieve
this type of discharge, preliminary experiments were carried out
where the cross section of Al and Cu foils was estimated using
the action current integral'™'' §= (} [/ Iz(t)dt)o's. For Cu
h~2x 109% Double and Al h~ 0.9 X 109% for a current
density below 10®A/cm’. 7o is the time when the discharge
current approaches its maximal amplitude and starts to decrease
because of the sharp increase in wire resistivity. The length of
the Al and Cu foils was 40 mm which was sufficient to avoid
current re-strike accompanied by the formation of a low-resistivity
plasma.

Foils were stretched between the grounded (GND) cathode
and the high voltage (HV) anode electrodes inside the cylindrical
stainless-steel experimental chamber, filled with deionized water
[see Fig. 2(a)]. The chamber has two 25-mm-diameter windows
located 180° relative to each other and hermetically sealed by
20-mm-thick Perspex plates. A diode pumped continuous wave
single-mode laser (<1.5W, L =532nm) was used to backlight the
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FIG. 1. Experimental setup.
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TABLE I. Parameters of Al and Cu foils.

Thickness Width  Length Mass
Foil (um) (mm) (mm) (g) No. of atoms
Aluminum 10 50 40 0.054  1.2x10*
40 10 40 0.043  9.6x10%°
Copper 15 28 40 015  1.42x10%
35 8 40 0.1 9.48 x 10%°

exploding foils and the shocks generated in water. The shadow
images of the exploding foils and shocks were obtained using two
cameras. A streak Optronis Optoscope SC-10 camera (Optronis
GmbH), with 100 um-width entrance slit and a XXRapidFrame
(Stanford Computer Optics) camera producing four independent
images with a frame duration of 5 ns and with variable time delays
between frames. Frame images were obtained along two lines of
sight in the parallel and transverse directions relative to the direc-
tion of the current flowing through the foil [see Figs. 2(b)
and 2(c)]. To suppress self-emission of the exploding foil, two
532-nm interference filters (bandwidth of 1nm) and a polarizer
were used in front of the streak and 4QuikE cameras. The mea-
sured shock velocity obtained by the streak image is within an
error of +200 m/s. Self-emission radiation in the visible range of
light from the exploded foils was collected by a lens coupled to the
optical fiber placed at the top of the experimental chamber at a dis-
tance of ~30 cm from the foil [see Fig. 2(a)]. The light transferred
by the fiber was focused by lenses to the 100 um-width slit of the
Chromex500si spectrometer coupled at its output to the ICCD
4QuikE (Stanford Computer Optics) camera (see Fig. 1). The spec-
tral resolution of the spectrometer, equipped with grating of
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FIG. 2. Sketches of the experimental setup. (a) and (b) side and front, respec-
tively, view when the CW laser is perpendicular to the explosion current. (c) and
(d) top view when the CW laser is parallel and perpendicular to the explosion
current, respectively.

8€:65:01 ¥20Z IMdY L1

J. Appl. Phys. 134, 165902 (2023); doi: 10.1063/5.0171299
© Author(s) 2023

134, 165902-2


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

N () G 160 34(b)

=160 =) L6

=, o
— o — |
< 1201 N . =
s > Z -4 9
S L80 = N i
g 5 809 2 5 g
3 Z 51 Vaporization| , ©

5 404 +40 point

(3

I -

0 . : 0 0 I\{Ieltmg‘ 0
0 1 2 3 0 1 2 3
Time [ps] Time [us]

ARTICLE pubs.aip.org/aip/jap
—160]© Groo  34d) 6
) ~ 80
—_ [ —
j 50120' IIo 52_ e
== <160 o T =
= ] B0 )
S ~ 80 ~ 2 )
52 40 2 z
O .3) ml '200_
3 401 20
0 0 0 . . 0
0 1 2 3 0 1 2 3
Time [ps] Time [ps]

FIG. 3. Waveforms of the current, the resistive voltage and the foil resistance (a, c) together with the deposited power and energy and foil resistance (b, d) obtained in
explosions of 10 um-thick x50 mm-width (a, b) and 40 um-thick x10 mm-width (c, d) Al foils. The length of all foils was 40 mm.

300 Gr/mm and calibrated by Oriel spectral lamps, was 1 nm/pixel,
with a spectral range of 430-670 nm obtained by the ICCD 4QuikE
camera. The frame duration of the camera was of 200 ns in order
to obtain reliable spectra.

Waveforms of the current and voltage were acquired by a
DPO5104B Tektronix digitizing oscilloscope (bandwidth of 1 GHz,
sample rate of 4 GS/s). To synchronize between the pulse power
generator and the triggering of the 4QuikE, XXRapid Frame and
Optronis streak cameras, a Systron Donner data pulse generator
and a DG645 Stanford digital delay generator were used (see
Fig. 1). In addition, a pulse NPL52B Thorlabs laser (532 nm, pulse
duration of 10 ns), with known time delay relative to the beginning
of the discharge current, was used to produce a marker on each
streak image. The laser light was transferred by an optical fiber con-
nected at the output of the laser to the input of the streak camera.

lll. EXPERIMENTAL RESULTS
A. General parameters of Al and Cu foils explosions

In Figs. 3 and 4, we present waveforms of the current and
resistive  voltage, obtained in explosions of 10um-thick
x50 mm-width and 50 um-thick x10 mm-width Al foils and
15 um-thick x28 mm-width and 35um-thick x8 mm-width Cu
foils. Additionally, the corresponding deposited power, energy, and
foil resistance for each explosion are shown. For the deposited

energy plots, the times corresponding for sufficient energy for
melting and vaporization are marked. The latter were calculated
using tabulated EOS data for these materials.''” One can see that
for 10 um-thick x50 mm-width Al foils, the energy sufficient for
vaporization is deposited earlier than all other explosions reported
here. Explosions of foils can be characterized as close to critically
damped discharges while producing a low-ionized plasma of rela-
tively large resistance of ~0.3 Q, similar to the resistance of the Cu
wire arrays in earlier research studies.”” Most of the energy, and
approximately the same amount, was deposited into Al and Cu
foils during ~700 ns. However, ~15% larger values of resistive
voltage and peak power were obtained for explosions of
10 um-thick x50 mm-width Al and 15 um-thick x28 mm-width Cu
foils. It was also observed that the Al foil resistance after peak
power decreases, less pronounced for 35um-thick x8 mm-width
Cu foils and not observed at all in explosions of 15um-thick
x28 mm-width Cu foil. The main parameters of these explosions
are summarized in Table II. The maximal foil resistance and
energy deposition per atom for Al and Cu are very similar.
However, the energy density deposition and energy density deposi-
tion rate were significantly larger for Al foils and for 35 um-thick
x8 mm-width Cu foils. This can lead to faster expansion and
higher ionization degree in Al foils and 35 um-thick x8 mm-width
Cu foils leading to a decrease in resistance, compared to
15 um-thick x28 mm-width Cu foil explosion. Let us note that the
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FIG. 4. Waveforms of the current, the resistive voltage and the foil resistance [(a) and (c)] together with the deposited power, energy, and foil resistance [(b) and (d)]
obtained in explosions of 15 um-thick x 28 mm-width (a) and (b) and 35 xm-thick x 8 mm-width (c) and (d) Cu foils. The length of foils was 40 mm.
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TABLE II. Main parameters of Al and Cu foil explosions.
Maximal energy density
Energy rate and maximal energy
Maximal Maximal Resistance at Maximal density density per unit width

Foil material, current resistive maximal Deposited power (kJ/g)/ (KJ/(gs)] x 107/
thickness/width (kA) voltage (kV) voltage (Q) energy (kJ) (GW) (eV/atom) [kJ/(gscm)] x 107
Al, 10 um/50 mm 172 +9 465+ 14 0.33£0.02 2.60£0.16 6.7+0.4 50.2/13.5 9.87/1.94
Al, 40 yum/10 mm 170 £9 39.0=x1.2 0.26 £0.02 2.83+£0.17 5804 68.5/18.4 10.4/1.04
Cu, 15um/28 mm 200+ 10 460+14 0.28 £ 0.02 2.66 £0.16 7.7+04 18.2/11.7 4.06/1.62
Cu, 35 um/8 mm 162+ 8 40.5+1.2 0.31 £0.02 2.44+0.15 54+03 25.0/16.1 4.2/5.25

maximal linear energy density deposition rate of the foil was
obtained for 35 gm-thick x8 mm-width Cu foils.

B. Planarity of the shock generated by foil explosions

Shadow frame images of Al and Cu foil explosions and the
shocks in water obtained at different times measured from the
beginning of the discharge current, for transverse and parallel
lines of sight (see Sec. II) are shown in Figs. 5 and 6, respectively.
One can see that there is no visible perturbation of the shock
front at a distance of >1 mm from the foil origin (see Fig. 5).
Also, shadow images presented in Fig. 6 show that in spite of the
relatively small width (<10 mm) of the foil, the shock keeps its
planarity up to ~2 mm from the origin of the foil. For larger foil
widths, the shock planarity is reserved to longer distances, i.e., up

C DUy DIPTSR D 8

to ~6 mm. These results contradict Comsol frequency domain
simulations which show highly non-uniform current density dis-
tribution along the foil width with maxima at the edges (see
Fig. 7) where the electric field is maximal. This indicates that the
explosion should start at the foil edges. However, these simula-
tions do not consider the evolution of the conductivity of the
material during the explosion. Indeed, a larger current density at
the edges leads to faster heating and consequently to a decrease in
the edge conductivity. This leads to the redistribution of the
current density resulting in an almost simultaneous explosion of
the foil and generation of a uniform shock in water. Let us note
here that the intensity of light emission for Al foil explosions was
significantly stronger than that obtained for Cu foils the result of
intense combustion of Al

FIG. 5. Shadow images of 40 um-thick x 10 mm-width Al (a), (b), (c) and 35 um-thick x 8 mm-width Cu (d), (e), (f ) foil explosions. The line of sight is transverse relative
to the current direction in the foil. t=0 at the maximum of the resistive voltage. Each frame is 5 ns long and the magnification of the XXRapidFrame camera was the same

for Al and Cu foil explosions.
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FIG. 6. Shadow images of 40 um-thick x 10 mm-width Al (a), (b), (c) and 35 um-thick x 8 mm-width Cu (d), (e), (f) foil explosions. The line of sight is parallel relative to
the current direction in the foil. t=0 at the maximum of the resistive voltage. Each frame is 5 ns long and the magnification of the XXRapidFrame camera was the same
for Al and Cu foil explosions.

C. Velocity of strong shocks generated by Al and Cu
wire explosions

8€:6G:01 ¥20¢ Iudy L

Shadow streak images obtained during Al and Cu foil explo-
sions, synchronized with the current and resistive voltage are shown
in Fig. 8. The explosion of Al foils is accompanied by several us long
intense radiation compared to ~0.4 us for Cu. This significant differ-
ence is an indirect indication of the combustion of Al. Weak shock
generation prior to the maximal amplitude of the discharge current is
also observed. These weak shocks, generated due solid-liquid-vapor
phase transitions experienced by the foil, were also seen in earlier
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FIG. 8. Shadow streak images obtained for Al and Cu foils explosions and syn-
FIG. 7. Results of Comsol frequency domain simulations of the linear current chronized with current and resistive voltage. 10 um-thick x 50 mm-width (a) and
density distribution in Al and Cu foils for a current of 260 kA with a frequency of 40 um-thick x 10 mm-width (b) Al foils; 15um-thick x 28 mm-width (c) and
380 kHz. 35 um-thick x 8 mm-width (d) Cu foils.
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experiments.” A strong shock wave (SSW) is generated when the
main energy deposition occurs, associated with a fast decrease in the
current and increase in the foil resistance. Owing to the weak shock
and intense light emission screening at that time, the trajectory of the
SSW becomes resolved only after it overtakes the weak shock.

The velocity of the SSW front was calculated using the experi-
mental front trajectories approximated as

0, if t < tq,
clt —to), if tg <t <t
R(t) = Fr o \® (1)
co(ty — ¢, , if t >,
o(th 0)(t1+61) ift>1n

where o, the weak shock front’s beginning, and #,, the time when
the SSW overtakes the weak shock, are determined manually from
the streak-image (Fig. 8) and ¢g;, are the constants calculated by
the least squares method to fit the SSW shadow image trajectory.
In the hydrodynamic simulations, only the SSW was considered
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and another function was used to fit the SSW trajectory,

0, if t <,
Rm:{qa—m{ @

where ¢y, ¢;, and ¢, are the constants, determined by the least
squares method. The trajectories of SSWs obtained in experiments
and by simulations (which are described below) were fitted by
functions (1) and (2) with an error of ~5% which results also in a
5% error in the SSW velocity (see Fig. 9).

A two-dimensional (2D) hydro-dynamic (HD) simulation
used in earlier research studies'®'” was applied to study the param-
eters of the SSW generated by the exploded foil. The experimentally
measured energy density deposition rate into the foil is used as an
input parameter. This simulation solves at each time step Euler’s
equation in a Lagrangian form, derived from conservation laws for
mass, momentum, and energy,

W o o
5 TV =0 3)
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FIG. 9. Time dependent SSW velocities in explosions of (a) 35 um-thick x 8 mm-width and (b) 15 um-thick x 28 mm-width Cu foils and (c) 50 um-thick x 10 mm-width and
(d) 10 um-thick x 50 mm-width Al foils. Colors: Red represents the experimental result [Eq. (1)], blue, the result of the simulations without considering Al combustion
[Eq. (2)] and black, the result of simulations considering Al combustion during 300 ns [Eq. (2)]. The experimental deposited power per unit foil width is drawn in black.
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Y G-+ VP =0, @)
%+V [(pe 4+ P)V] = 0. (5)

Here, p, &, ¥, and P are the density, internal energy, veloc-
ity, and pressure, respectively. Equations (3)-(5) are coupled to
the SESAME equation of state (EOS) tables®® for water, air,
copper, and aluminum, such that P = P(p,e)and T = T(p, €).
In the simulation, space is divided into a triangular mesh,
assigning each triangle the corresponding material property.
The vertices of each triangle are dislocated according to the
sum of forces acting on its edge, changing its area. The
density and internal energy are then calculated, enabling the
estimation of pressure and temperature in water and foil
according to the EOS tables.

In Fig. 9, we show experimental and 2D HD numerically
simulated velocities of SSWs generated by explosions of Cu
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and Al foils together with the experimentally deposited power
per unit width of the foils. One can see that the experimental
and simulated shock velocities agree for Cu foil explosions [see
Figs. 9(a) and 9(b)] which indicates that the EOS and the
experimentally measured energy density deposition rate into
the foils are correct. In Figs. 9(c) and 9(d), the SSW velocities
for Al foil explosion are presented, and one can see also simu-
lated SSW velocities when Al combustion is considered. At
present, we do not know the temporal evolution of Al combus-
tion for the conditions realized during foil explosion.
Therefore, following qualitative images of the light emission
[see Figs. 8(a) and 8(b)], it was assumed that the main part of
the combustion energy can probably be deposited into the foil
during <lpus starting at the maximum of the discharge
current. A combustion energy of ~700], for complete Al com-
bustion is ~16k]J/g, which was added artificially in the simula-
tions, to the electrical energy deposited into the Al foil'” and
distributed uniformly in time during 1, 0.6, 0.3, and 0.1us.
This inclusion resulted in satisfactory agreement between the
experimental and simulated SSW velocities only when this
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FIG. 10. Simulated temporal and spatial dependence of the pressure behind the shock front for (a) 35 um-thick x 8 mm-width and (b) 15 zm-thick x 28 mm-width Cu foils;
(c) 50 um-thick x 10 mm-width (d) 10 um-thick x 50 mm-width Al foils. For Al foils, the 700 J energy deposition into the foil during 300 ns after the maximum of the

discharge current is added in the simulation as explained.
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FIG. 11. Absorption spectrum obtained during 10 zm-thick x 50 mm-width Al foil
explosion. The frame duration is 200ns and the time delay relative to the
discharge current's beginning is 1.2 us.

additional energy is deposited into the foil during 300 ns [see
Figs. 9(c) and 9(d)]. The highest SSW velocity is obtained for
40 um-thick x10 mm-width Al foil explosion in spite that the
power density deposition per unit length is smaller than that
for 35um-thick x8 mm-width Cu foil explosion. This indicates
that the Al foil combustion which leads to additional energy
input into the water flow, is very fast (hundreds of ns). In
Fig. 9(c) we draw the SSW velocities obtained in experiment
(red curve) and the simulated values without (blue curve with
5% error shaded) and with Al combustion (black curve)
included shaded 5% error. One can see that only for
300-ns-duration Al combustion experimental and simulated
SSW velocities overlap.

In Fig. 10, simulated temporal and spatial distribution of the
pressure behind the SSW front for Cu and Al foil explosions are
presented. The highest pressure was obtained for 40um-thick
x10 mm-width Al foil explosions reaching 2.8 x 10° Pa at the dis-
tance of 02cm from the foil origin. For a 35um-thick
x8 mm-width Cu foil explosion, in spite of larger linear energy
density rate deposition, the pressure at that distance was
2.5 x 10° Pa. Additionally, the results of simulations showed that
the maximal temperature in foils is realized for explosions of
15 um-thick x28 mm-width for Cu and 10um x50 mm Al foils
reaching 20 kK and 30 kK, respectively.

Using the spectroscopic setup described in Sec. II, Planck-like
radiation with AlO absorption band spectra were obtained at differ-
ent time delays 7, relative to the beginning of the discharge current.
In Fig. 11, one can see an example of absorption spectral bands of
the AlO obtained during a 10 um-thick x50 mm-width Al foil explo-
sion. This spectrum is similar to that obtained in earlier research
studies” where explosions of single Al wires were studied and the
absorption bands are related to aluminum combustion accompanied
by AlO formation. Similar spectra but less intense were obtained for
a 40um-thick x8 mm-width Al foil explosion. This spectrum

ARTICLE pubs.aip.org/aip/jap

becomes resolvable at ;> 0.9 us when the discharge current reaches
its maximal amplitude and starts to decrease due to the formation of
a low-conductivity plasma. At 7;>2.5us, the absorption spectrum
becomes unresolvable. Thus, one can consider that the most intense
combustion occurs during 2.5us> 7;>09us. The best fit for
Planck-like radiation obtained at 7;=1.3+0.1us for 10um-thick
x50 mm-width and 40 um-thick x10 mm-width Al foils explosions
result in ~5500 + 300 K and ~4200 + 200 K, respectively. Results of
2D HD simulations without and with inclusion of the combustion
energy showed that at this time the temperatures of a 10 um-thick
x50 mm-width Al foil is 23kK and 30kK and for a 40um-thick
x10 mm-width Al foil are 30 kK and 34 kK, respectively. This contra-
diction can be related to the formation of a few um thick dense
plasma layer in the vicinity of the exploding foil the result of the
absorption of intense radiated UV from the foil."”

IV. SUMMARY

Experiments of underwater electrical explosions of Al and Cu
foils show that this approach can be successfully used to generate
planar strong shocks. The higher current density at the side edges
of the foil typical for this geometry is less pronounced due to faster
increase in the resistance at those locations leading to current
re-distribution. It was shown that the strongest shock is generated
for 40 um-thick Al foil explosions characterized by the largest
linear power density deposition and the largest energy density
deposited per atom. The results of 2D HD simulations and esti-
mates using polytropic EOS for water’' show that the pressure and
water density behind the shock front reaches ~2x10°Pa and 3
~1.34 x 10* kg/m>, respectively. Significantly stronger and longer
light emission is obtained for Al foil explosion compared to Cu foil
explosions. This observation together with the measured AlO spec-
tral absorption bands indicate that intense Al combustion starts
when the wire experiences vapor - high-resistivity plasma transi-
tion and fast expansion accompanied by its mixture with water. In
earlier studies,”””” it was found that ~10k]J/g is necessary for initi-
ating Al material combustion which results in ~15k]/g energy due
to the exothermic reaction 2Al + 3H,O — AlL,O3; + 3H,. In our
experiments with Al foil explosion, deposited energy of ~10kJ/g
was realized when the vaporization started, coinciding with the
maximum of the discharge current and appearance of intense light
emission.
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