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ABSTRACT

We report experimental and numerical results relevant to the dynamics in the vicinity of the implosion axis of a strong shock wave generated
by an underwater electrical explosion of a cylindrical array. Experiments were conducted using both sub-microsecond and microsecond
timescale pulsed generators with stored energy up to �5 kJ, delivering �420/350 kA with a 320/1000 ns rise time pulses to the array, respec-
tively. The backlighted images of the converging shock wave and the light emission around the cylindrical axis indicate strongly that the
shock wave front keeps its azimuthal uniformity as far as r�30lm. Also, images obtained almost simultaneously with the implosion suggest
symmetric convergence <2 ns prior to the shockwave’s arrival to the axis. In addition, the light emission obtained by a photo-multiplying
tube suggests the existence of a �200 ns long, almost constant, strong afterglow immediately following the light emission peak related to the
implosion.
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The physics of high energy density (HED) and warm dense mat-
ter (WDM)1 attracts considerable attention due to their importance
for planetary science and astrophysics, inertial confinement fusion,
and validation of equations of state (EOS) along with conductivity
models. Recent research of the underwater electrical explosion of wires
and wire arrays showed that this approach can be applied for HED
and WDM studies using moderate-pulsed power generators.2 It was
shown that an underwater electrical explosion of spherical/cylindrical
wire arrays results in the generation of a strong shock wave (SSW), the
convergence of which can lead to extreme parameters of the water in
the vicinity of the implosion axis/origin if the SSW keeps its symme-
try.3 While theoretical and simplified numerical simulations predicted
that an unconstrained pressure spike appears on the SSW’s conver-
gence axis/origin,3,4 how far can symmetry hold, or in other words,
how extreme one can get, is an open key question. In a recent paper,5

in an underwater electrical explosion of cylindrical wire arrays, a pres-
sure exceeding 1011 Pa was estimated as the SSW approached
r<10lm. The results of Yanuka et al.,6 employing a small pulse gen-
erator with the stored energy of <500 J, showed that the cylindrical
SSW self-repairs initial azimuthal non-symmetries and symmetry
holds down to r�30lm.

The question of the stability of the cylindrical shock wave over
the last few micrometers of the convergence is currently open because
of considerable difficulties with the experimental optical diagnostics.

The latter is related to the front smearing due to shock high velocity
and finite time of the frame exposure, the shock is likely to become
radiative, and optical alignment becomes a crucial issue and challenges
with time synchronization. The results of two-dimensional modeling7

coupled with EOS8 for water with artificially introduced corrugation
instability at a shock radius of 0.2mm did not show the development
of instability because the shock front self-repaired. Also, the linear the-
ory9 that considers quasi-stationary shock wave predicts corrugate
instability with an increment on a microsecond timescale.

In the present research, we study the dynamics of the imploding
SSW generated by an underwater electrical explosion of cylindrical Cu
wire arrays in the kJ range of the energy deposited into the array. We
use two different generators with the stored energy of �5 kJ operating
on sub-ls and ls-timescales. For both, the parameters of the wire
arrays were adjusted, so that the discharge was almost critically
damped generating the fastest SSW10 with the most efficient energy
and energy rate transfer from the exploding wires into the water flow.
In this research, we focus on measurements of the SSW parameters at
radii closest to the implosion axis and on time-resolved light emission
from the water at r<0.5mm. The results are compared with one-11

(1D) and two-dimensional7 (2D) hydrodynamic simulations (HDs)
coupled with the EOS8 for water and copper. The results of these sim-
ulations are used to estimate the thermodynamic parameters of water
in the vicinity (r<10lm) of the implosion axis, where measurements
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are challenging because of the demand of sub-ns-time and lm-space
resolution. In these simulations, we use the measured energy deposited
into the wires as an input parameter, while the efficiency of the energy
transfer into the internal energy of the exploding wires is used as a fit-
ting parameter, which is adjusted, so that the simulated SSW’s time-
of-flight (TOF) is almost equal to that measured.

The research was conducted on a ls-timescale generator12

(Gen1) with �5 kJ stored energy, which produces a current pulse of
�380 kA amplitude with �1.2 ls rise time on an �18 nH inductive
load. For sub-ls-timescale studies, we used a generator13 (Gen2) with
�5 kJ stored energy, supplying�480 kA with �450ns rise time on an
�18 nH inductive load. 40 wires, 40mm long, 114lm diameter each,
10mm and 20mm diameter cylindrical Cu wire arrays were used in
experiments using Gen1. For Gen2 experiments, we used 10mm
diameter arrays consisted of 60 wires each of 80lm diameter and
40mm length.

The experimental setup using Gen1 is shown in Fig. 1. A single-
mode continuous-wave laser (2.7W, 532nm) coupled to a single-
mode fiber was used to backlight the SSW. Shadow images of the SSW
were captured by an intensified charge-coupled device (ICCD)
XXRapidFrame fast-framing camera (Stanford Computer Optics). The
microscope optical system was built employing 150mm and 750mm
focus lenses, and an objective inside the ICCD XXRapidFrame camera
to obtain a sharp focus at the mid-height of the array on each of four
cameras photocathode. The pixel size was �1.7lm and �0.8lm for
the setups in the experiments with Gen1 and Gen 2, respectively. A
photo-multiplying tube (PMT) Hamamatsu R7400U-04 collected the
light emitted from a region of r<0.5mm. To prevent saturation of the
PMT from the laser light, two notch filters (532 nm6 10nm) with a
total attenuation of �106 were used (see Fig. 1). The optical system’s
alignment was performed using two sets of two perpendicularly cross-
ing 20lm diameter Cu wires, one placed on the high voltage electrode
and the second on the ground electrode of the array. The alignment
procedure, performed with an additional optical system of �25 mag-
nification, was completed when the two crosses coincided on the
screen. However, the �60mm distance between the crosses does not
allow sharp focusing, which results in optical distortions estimated to
be significant for r<50lm.

When using Gen2, the waveforms of the discharge current and
voltage were measured using B-dot and D-dot probes, while with
Gen1, we used a Rogowski coil and a Tektronix voltage divider.
Waveforms of the deposited power and energy, calculated from the

measured discharge current Ic and the resistive voltage /R ¼ /
� LdIc=dt, where / is the measured voltage and L is the load induc-
tance, are shown in Fig. 2. One can see that the deposited power rise
time for Gen1 and Gen2 is �1260ns and �375ns, respectively. The
power/energy deposition rate between the two generators differs by a
factor of�3.4. However, for quasi-spherical arrays explosions (see Ref.
14), the TOF of the SSW, generated for identical conditions, was
almost the same. Moreover, for explosions using 10mm diameter
cylindrical wire arrays, the SSWs TOF using Gen2 (16006 5ns) and
the TOF Gen1 (16406 30ns)15 were almost identical. Here, the SSW
TOF was defined as the time delay between the beginning of the light
emission spike registered by the PMT and the maximum of the depos-
ited power. Such a close resemblance of TOFs is explained by that for
both, similar energy is deposited by the exploding wire array into the
water flow, during the period it takes for both SSWs to reach almost
identical radii, that is, when the SSWs become self-similar.3,4

In Figs. 3(a)–3(c), we present shadow images (frame exposure
time: 2 ns) of the SSW obtained in experiments for the explosion of
20mm diameter arrays, using Gen1. The time delay between the
frames in Figs. 3(a)–3(c) was set to 50 ns, and the observed radii are
�350lm, �200lm, and �40lm, respectively. These data allow the
calculation of the SSW’s average velocity, which is increasing from
�3000 m/s (radii range: 350–200lm) to �3300 m/s (radii range:
200–40lm). One can see that the SSW keeps its azimuthal symmetry
in all three frames, although the slight optical distortion stretches the
image in the vertical direction.

In Figs. 3(d)–3(f), we present the framing camera images (frame
exposure time: 1 ns) of the SSW obtained in experiments for the explo-
sion of 10mm diameter arrays, using Gen2. The time delay between
the images in Figs. 3(d) and 3(e) was 20ns and 15ns between Figs.
3(e) and 3(f), respectively. One should note that for Gen2, because of
its design, the alignment of the cylindrical array and the optical axis
are complicated. For example, an axial misalignment �10�2� results
in a radial distortion of �10lm. Taking into account that at larger
radii, the SSW front holds its symmetry,2,5,6 we assume that the optical
distortions seen in the frames seen in Figs. 3(d)–3(f) are the result of
this misalignment. Thus, despite these non-symmetric pictures, we
analyzed these images using circular sector fitting to estimate the

FIG. 1. Experimental setup for the experiments on Gen1.
FIG. 2. Waveforms of the deposited power (solid lines) and energy (dashed lines)
measured during array explosions using Gen1 (red) and Gen2 (black).
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SSW’s radius and velocity. Applying this fit, we obtained the SSW’s
average velocity, which is increasing from �4000 m/s (radii range:
180–100lm) to �4800 m/s (radii range: 100–30lm). Here, let us note
that these shock velocities, together with the finite frame exposure times,
smear the shock front. Therefore, possible azimuthal non-uniformities
with a typical size of �7lm for Gen1 at r¼ 40lm (exposure time of
2ns) and �5lm for Gen2 at r¼ 30lm (exposure time of 1ns) were
indistinguishable. The eccentricity e ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðb2=a2Þ

p
of the ellipses

seen in Figs. 3(a) and 3(d), where a and b the length of the semi-major
and minor axes respectively, is 0.35 (680/720lm) for Gen1 and 0.45
(380/340lm) for Gen2. Thus, one can estimate the alignment error of
the optical and cylindrical axes as a ¼ b� að Þ=L � 0:001� for both
Gen1 and Gen2, where L¼ 40mm is the length of the array. In Fig. 4,
we present the results of 1DHDmodeling for the experiments discussed
above. One can see that at r¼ 40lm (Gen 1) and r¼ 30lm (Gen 2),
the SSW velocities are 4600 m/s and 6000 m/s, respectively. These

velocities are in satisfactory agreement with the experimentally mea-
sured average SSW velocities. Indeed, using a self-similar approximation
for the SSW’s convergence,3 the SSW’s velocity can be estimated as:
D ¼ 2Dav r1=r2ð Þ0:333 1þ r1=r2ð Þ0:333

� ��1
; which results in 4200 m/s

(Gen 1) and 5800 m/s (Gen 2). Thus, assuming SSW convergence sym-
metry at r�10lm, the pressure behind the shock front reaches
�20GPa/30GPa, and the SSW velocity is �6000 m/s/7500 m/s for
Gen1/Gen2, respectively.

In Fig. 5(a), we present a magnified image (200� 200 pixels) of
the central region seen in Fig. 3(c). To better understand this light pat-
tern, the background was subtracted and a moving average filter was
applied. The resulting light intensity distribution in the x and y direc-
tions is shown in Fig. 5(b), when x–y grid points represent spatial loca-
tions, and the z-axis indicates the normalized intensity. The radius was
estimated [see Fig. 5(c)] using the Full-Width-Half Maximum
(FWHM) of the integrated along y-direction normalized light

FIG. 3. Shadow framing images of the SSW front, obtained in experiments with Gen1 (a)–(c) and Gen2 (d)–(f) generators.

FIG. 4. The pressure behind the SSW front (a) and the SSW velocity (b) obtained from the 1D HD simulation.
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intensity’s dependence. A similar FWHM of the normalized light
intensity was obtained when it was integrated along the x-direction.
One can see in Fig. 5(c) that the distribution is almost Gaussian
(normalized v2� 0.8), an indication that the symmetry of the implod-
ing SSW is conserved as far as r � 40lm. An additional SSW front
symmetry indication is the satisfactory agreement between the SSW’s
velocity computed from these frames with the results of simulations,
which assume azimuthal and axial (1D) and axial (2D) symmetries. In
Fig. 5(d), we present the 2D HD simulated pressure distribution at the
time when the SSW reached r� 40lm, and the pressure reached
�8� 109 Pa. The results of 1D and 2D simulations showed that the
SSW TOF from this radius to the axis is �7ns, which probably limits
the development of HD instabilities.

In Fig. 6, one can see the light emission detected by the PMT in
an explosion using Gen2 generator. The first peak (“1”) seen in Fig. 6
is the light emission, produced during the wire array’s explosion,
which corresponds to the temporal evolution of the electrical power
deposited into the array. This correlation, together with the assump-
tion that the SSW implosion occurs when the light emission peak “3”
is maximal, allows a precise measurement of the SSW’s TOF. The light
emission peak “2” is seen �50ns prior to the onset of 3. We consider
that the increase in the light intensity seen in peak 2 is related to a
transition from Fresnel to Fraunhofer diffraction pattern due to a
decrease in the diameter of the converging SSW, and its falling part is
related to the shrinking of the cylindrical aperture. Peak 3 is the result
of light emitted from the plasma11,16 formed in the vicinity of the axis
and has a �10ns rise time, and it decays within �20ns. Peak 3 is fol-
lowed by a small dip in the light intensity, which is superseded by a
�230ns wide peak “4.” The results of 1D HD modeling suggest that
the light in peak 4 is emitted from the plasma layer expanding after

the SSW implosion and has a temperature of >1 eV on axis and
�2000K at r�10lm. The shape of 4 is characterized by its slow
intensity decrease over �200ns when the light intensity changes by
�20%, which could be the manifestation of the two competing pro-
cesses, namely, plasma cooling and expansion. The latter leads to an
increase in the solid angle seen by the optical fiber.

In Fig. 7(a), we present a 400� 400 pixel section from an image
obtained in an explosion of the 10mm array at Gen2 almost at the
SSW implosion as estimated from the camera trigger out and PMT
signals (to an accuracy of 61ns). Because the light emission oversatu-
rates the central pixels, we cannot compare intensities and cannot esti-
mate the FWHM. However, the pattern is close to circular, indicating
that the symmetry of the compressed region is most likely conserved
even within 61ns with respect to the implosion. In Fig. 7(b), we pre-
sent a noise-filtered image that supports this.

To summarize, cylindrical wire arrays electrical underwater
explosion experiments with a deposited energy of up to 5 kJ display
generally symmetrical convergence of the SSW down to r � 30lm.
Thus, one might expect the formation of extreme water parameters:
pressure up to �1011 Pa, water density of �3 g/cm3, and temperature
of �1 eV in the vicinity of the implosion axis using moderate pulse
power generators. Images taken within 61ns from the implosion

FIG. 5. (a) Magnified image of the central region of Fig. 3(c); (b) 3D noise-filtered
plot of the light pattern seen in (a); (c) y-integrated profile of (a); (d) 2D HD simu-
lated pressure distribution when the SSW reached r� 40lm.

FIG. 6. Typical signal registered by the PMT during experiments on Gen2.

FIG. 7. (a) Magnified section of the frame obtained close to implosion; (b) 3D plot
of the filtered intensity distribution of this region.
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provide supplementary support to this claim. This conclusion regard-
ing the shock symmetry is limited because of blurring of its front
caused by the finite frame exposure time and experimental evidence
only up to r�30lm. Hence, additional research is required regarding
the shock azimuthal symmetry in the vicinity of the implosion.
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