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ABSTRACT

Two interacting supersonic water jets and collisions of a water jet with an aluminum target are studied experimentally and by hydrodynamic
simulations. Supersonic water jets form, when shocks generated by underwater electrical explosions of conical wire arrays converge. The
arrays are supplied by a �250 kA, �1 ls rise time current pulse. Underwater explosion of two conical arrays placed face to face produces jets
propagating in air with velocities of �2:5� 103 m/s leading to hot plasma formation at a temperature of �2200–3000K, pressure
�1:7� 1010 Pa, and density >1029 m�3. When a single array explodes underwater in front of an aluminum target, the collision of the jet
with the target produces a local pressure of �3� 1010 Pa on the surface of the target.

VC 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/10.1063/5.0135486

I. INTRODUCTION

Recent studies1–5 of underwater electrical wire explosions
(UEWE) of a single wire and wire array using ls- and sub-ls timescale
high-current generators (stored energy of several kJ) demonstrated the
applicability of this approach for research related to Warm Dense
Matter (WDM) and High Energy Density Physics6–10 (HEDP). An
UEWE is accompanied by rapid solid–liquid–vapor-plasma phase
transitions with energy density deposition of several tens of MJ/kg.
During the vapor–plasma phase transition, the wire temperature and
pressure reach several eV and �1010 Pa. This phase transition is
accompanied by fast radial wire expansion which leads to a rather effi-
cient (�24%) transfer of the deposited energy into the wire to the
water shock and the waterflow behind the shock front.11,12 In addition,
for explosions of cylindrical or spherical wire array geometries, the
converging shocks can produce extremely high pressures (�1011 Pa),
densities (�2� 103 kg/m3), and temperatures (�2 eV) at the vicinity
of the shock implosion.5,13

In our recent experiments,14–16 it was shown that ls- and sub-ls
timescale UEWE of either cylindrical or conical wire arrays can gener-
ate supersonic sub-millimeter diameter water jets at velocities reaching
up to�5� 103 m/s. It was demonstrated that the velocity of the jet in
air depends on the array geometry and the water layer’s thickness

above the edge of the array. Also, it was found that a higher energy
density deposition rate into the wires results in faster radial wire
expansion and a stronger converging shock, leading to higher jet
velocities. In Ref. 16, the generation of high velocity water jets was
studied using FLASH simulations where the converging shockwaves
produced by the explosion of wires in water were recreated to match
the experimental results. It was shown that the generation of water jets
is the result of two combined effects. The first effect is the strong shock
and the waterflow behind the shock front generated by the explosion
of cylindrical/conical wire array. Convergence of this shock and the
waterflow to the symmetry axis results in extreme parameters of the
water with pressure, water density, and waterflow velocity exceeding
3� 1010 Pa, 2� 103 kg/m3, and 3� 103 m/s, respectively. The sec-
ond effect is related to the edge effect at the array’s edge where the
shock propagates in a funnel shape, realizing a cumulation effect along
the non-simultaneous convergence of the funnel-shaped shock. Thus,
together with the extreme water parameters along the symmetry axis,
inducing a high-pressure gradient toward the array edge, a high veloc-
ity water jet is formed. This earlier research suggested that such super-
sonic jets can be used in HEDP studies, research on hydrodynamic
instabilities, and possibly the exploration of the low energy D–D reac-
tion cross section. For instance, interaction of supersonic water
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microjets can be considered as an attractive approach to study inter-
acting particle flows similarly to the studies of the plasma jets gener-
ated by the powerful OMEGA EP laser pulse’s interaction with tin
targets.17

In the present paper, we describe the results of two sets of experi-
ments as follows: (a) the interaction of counterstreaming jets generated
by the explosions of two conical arrays placed face to face and (b) the
interaction of supersonic jets with an aluminum target. The results
show that in both configurations, the generated supersonic water jets
can be used in the research of extreme states of matter.

II. EXPERIMENTAL SETUP AND DIAGNOSTICS

The experimental setup [see Fig. 1(a)], used in the present
research, is similar to that described in Ref. 15. Experiments were car-
ried out using a ls-timescale generator18 with C¼ 10 lF, 30 kV charg-
ing voltage, �250 kA current amplitude, and �1.1 ls rise time on a
short circuit load with an inductance similar to that of the load. The
waveforms of the discharge current (I) and voltage (V) along the load
were measured using a calibrated self-integrated Rogowski coil (mea-
surement error of 65%) and a Tektronix P6015A high-voltage (HV)
divider (measurement error of 63%). The inductive voltage LdI/dt
was subtracted from the measured value of V to obtain the resistive
voltage Vr, where L is the inductance of the array determined in short-
circuit shots with non-exploding loads imitating the array.

In experiments with counterstreaming jets [see Fig. 1(b)], two
40mm long, truncated cone arrays, consisting of 27 copper wires,

100lm diameter each, generated supersonic water jets. Each array
with an apex angle of 3.57� has an HV and ground electrodes with 10
and 5mm diameter holes, respectively. The wires were soldered to the
external surfaces of the electrodes. The arrays were placed coaxially
face-to-face in a stainless-steel chamber filled with de-ionized water,
and optical observations were made through a Perspex window. A
6mmthick dielectric capsule was placed on the axis between the HV
electrodes. The capsule was separated from the array HV electrodes by
two 1mm thick aluminum diaphragms with 3mm diameter holes.
These diaphragms were used to decrease the intensity of the light
emission of the exploded wires. The capsule has two 4mm diameter
optical windows located opposite each other and an input hole for a
1mm diameter optical fiber [see “fiber holder” in Fig. 1(b)]. The fiber,
placed inside the hole, was collimated so that it collects light emission
from an air volume of�1.5mm diameter at the center of the dielectric
capsule. The fiber was connected to an R7400U-04 photo-multiplier
tube (PMT), registering the temporal evolution of the emitted jet light.

At the HV end of the array, each capsule was sealed by a
10lmthick aluminum foil which separates an air–water interface.
Thus, jets, generated by conical wire array electrical explosions, propa-
gated through a 2mmthick water layer, punched through the foils and
interacted inside an air-filled volume of the capsule. To study this
interaction, a continuous wave (CW) single mode laser (1.5W,
532 nm) was used to produce shadow images of the jets propagating in
air which were recorded using an XXRapidFrame ICCD multi-
channel framing camera (Stanford Computer Optics Inc.). In other

FIG. 1. (a) Experimental setup and diagnostics; (b) sketch of the two face-to-face wire arrays with a hermetically sealed capsule placed between them; and (c) sketch of the
setup of the water jet’s interaction with an aluminum target placed above the water and the target itself.
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experiments, we used the XXRapidFrame ICCD camera to obtain an
image sequence of light emitted by the jets inside the capsule prior and
after the interaction.

Research of water jets colliding with an aluminum target [see Fig.
1(c)] was performed using electrical explosions of a truncated 40mm
long, the same as in two cones array but with 40 copper wires of
114lm diameter. The array was placed in the same experimental
chamber, fully submerged in de-ionized water. Above the array, a
0.5mm thick target was placed �3mm above the water surface. In
these experiments, the water layer thickness above the 10mmdiameter
grounded electrode was �2mm. A sealed rectangular Perspex cube,
transparent for visible light and filled with water, was placed on the
upper surface of the target [see “Perspex cube” in Fig. 1(c)].
Interaction of the jet with the target leads to the formation of a shock
which, upon reaching the target’s upper boundary, generates a shock
in the water contained in this cube. In these experiments, the
grounded electrode, water, air, and the capsule were backlit by a CW
single mode laser (532 nm), to produce shadow images of the water jet
propagation in air and the shock in the cube water. These shadow
images were recorded using the XXRapidFrame ICCD camera. By
producing a sequence of images, with known time interval between
frames, we calculate the jet and shock velocity. Due to the smearing of
the jet and shock fronts, the error in the jet and shock velocity mea-
surement dv was calculated to be 6150 m/s. In several experiments,
laser backlighting was not used and framing images of the jet’s light
emission were registered. Additionally, we applied a Photonic Doppler
Velocimetry (PDV) (see Ref. 18) to measure the velocity of the target
acquired due to the interaction with the water jet and that of the subse-
quent waterflow.

The waveforms of the discharge current, voltage, PMT, and out-
put synchronization pulses of the framing camera were acquired using
a Tektronix TDS5104B digitizing oscilloscope. For the synchronization
of the pulse generator’s operation with the framing camera, a Systron
Donner 101 Pulse Generator was used.

III. EXPERIMENTAL RESULTS
A. Interaction of two counterstreaming jets

Typical waveforms of the discharge current, resistive voltage,
deposited power, and energy obtained in these experiments are shown
in Fig. 2. One can see that the wire arrays explosion is characterized by
an almost critically damped discharge where �75% of the energy

stored in the pulse generator was deposited into the wires during
�500ns.

Shadow images of jets, obtained at different times, while propa-
gating toward each other in air inside the capsule, are shown in Fig. 3.
One can see that two counterstreaming jets approach each other [see
Figs. 3(a)–3(b)] forming eventually a water column [see Fig. 3(d)].
Using time-of-flight data, the velocity of each jet was estimated to be
ð2:456 0:15Þ � 103 m/s. Let us note that in Fig. 3, the jets have
slightly different radii (�0.17 and �0.2mm) and slightly non-coaxial
coinciding trajectories. It is difficult to align these counter collisions. In
some explosion experiments, the jet trajectories did not even overlap.
Nevertheless, the data obtained here are sufficient to make a rough
estimate of the possible pressures and temperatures when these jets do
interact with each other.

In Fig. 4, we present images of the light emitted by the jets propa-
gating in air inside the capsule at two different times. To obtain this
light emission, the frame duration was increased from 10 to 35ns and
the camera amplification from 820 to 990V resulting in an increase by
a factor of �28 of the camera sensitivity compared to shadow imaging
experiments. In Fig. 4(a), one can see two �0.5mm diameter light
sources which can be associated with the jets propagating in air which
become approximately a single light source near the center of the cap-
sule at 5.8 ls [Fig. 4(b)].

In Fig. 5, typical waveforms of the discharge current, resistive
voltage together with the framing camera synchronization pulses and
the light registered by the PMT are shown. The PMT signal has two
peaks corresponding to light emission. The first peak occurs long
before the appearance of frame (a) in Fig. 4, while the second peak
coincides with the jets collision in Fig. 4(b). Therefore, the first peak
may be the result of the implosion of the strong shock at the axis of
each cone which is accompanied by a strong light emission.19–21 The
later peak of light emission can be considered to correspond to the
time when the jets enter the capsule and interact with each other.

B. Interaction of a jet with an aluminum target

In this set of experiments, the electrical explosion of a single coni-
cal wire array is characterized by discharge current and voltage wave-
forms similar to those shown in Fig. 2. First, we used a PDV to
measure the velocity acquired by the target due to the interaction with
the water jet which is followed by a waterflow. These measurements
showed that target velocity can reach �300 m/s due to acceleration by

FIG. 2. Typical waveforms of the discharge current and resistive voltage (left) and deposited power and energy (right).
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the axial waterflow which follows the jet. However, because of the jet’s
submillimeter size, we could not separate the contribution of the inter-
action with the jet from that of the waterflow to the velocity of the tar-
get’s upper surface.

We first applied shadow imaging to obtain the jet velocity shown
in Fig. 6. Using time-of-flight data, the jet velocity was determined as
tj ffi ð2:86 0:15Þ � 103 m=s which decreased to tj ffi ð2:36 0:15Þ
�103 m=s at the distance where the target is placed. The velocity of
the water’s axial flow was determined as tf � 103 m=s.

Next, we obtained light self-emission of the jet during its propa-
gation in air and interaction with the target. In this set of experiments,
the amplification of the framing camera was set to 990V and the
frame duration was increased up to 200ns. In Fig. 7, one can see that
the interaction of the jet with the target placed at a distance of 3mm
above the water level is accompanied by a mushroom like formation
in the target’s vicinity. Visual inspection of the target showed a
�1mm diameter melting pattern with a 0.2mm diameter, �0.7mm
deep hole.

The recorded light emission from the jet allows rough estimates
of the jet surface temperature assuming Planckian radiation, namely,
we compared the jet’s light intensity with the intensity of the backlight-
ing laser and we found that they are the same for a laser power of
�50lW. Next, considering the duration of the frame, the camera’s
photocathode’s quantum efficiency for different wavelengths and the
geometrical factors of the optical system, a flux density of photons was
estimated by integrating the Planckian distribution in the visible range
of light. In our calculation, we compared the light intensity given by a
monochromatic laser, k ¼ 532 nm, to the intensity seen by the jet’s
self-emitted light. We found that a laser light (as described above) of

PL� 50 lW power yields a similar intensity on the camera as to that
obtained in experiments with water jets, given the same amplification
and frame duration. That is, we calculate the power density of the laser
as pL ¼ PL

Sl
¼ 0:16W=cm2, where PL is the laser power and Sl is the

effective area of the photocathode in the camera. Next, we calculate
the power density of the radiation emitted by the jet assuming Black
Body (BB) radiation as

PBB W=m2
� �

¼
ðX2

X1

dX
ðk2

k1

Bk Tð Þdk: (1)

FIG. 3. Shadow images of jets propagating toward each other in air inside the capsule. (a) t¼ 4.2, (b) t¼ 4.5, (c) t¼ 4.8, and (d) t¼ 5.2 ls. The frame duration is 10 ns.
t¼ 0 is defined at the beginning of the discharge current.

FIG. 4. Self-emission images of jets prop-
agating toward each other in air inside the
capsule. (a) t¼ 4.8 and (b) t¼ 5.8 ls.
Frame duration is of 35 ns. t¼ 0 is the
beginning of the discharge current.

FIG. 5. Waveforms of the discharge current, resistive voltage together with the
framing camera synchronization pulses, and light emission registered by the PMT.
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Here, X1;2 are the solid angles determined by the optical setup used
in the experiment. Considering the quantum efficiency of the
camera photocathode in the range of k1 ¼ 350 ðnmÞ–k2 ¼ 800 ðnmÞ,
the value of PBB was calculated to be equal to the value of pL by fitting
the temperature. Thus, assuming that the water jet emits light as BB
radiation, the temperature of the jet surface should correspond to
�2200K.

Finally, using the experimental setup shown in Fig. 1(c), the
shock propagation in water above the aluminum target was studied. In
this experiment, the water layer thickness above the output of the array
was 2mm and the distance between the water surface and target was
�3mm. Using the shadow images of the resulting shock (Fig. 8), we
calculate the average shock velocity at the distance r1¼ 0.5mm from
the surface of the target as D � 2:26 0:15� 103 m=s:

IV. DISCUSSION

Experimental results show that the interaction of jets generated
by the underwater electrical explosion of two conical wire arrays leads
to the formation of an intense light emission water state and that inter-
action of the single jet with an aluminum target results in a hole for-
mation in the target and a subsequent shock in water. In order to
estimate the parameters of the water and the target material during
these processes, numerical simulations were carried out.

The simulations solve Euler’s equation in their Lagrangian form,
derived from mass, momentum, and energy conservation equations
for a compressible fluid,22,23

@q
@t
þ ~r 	 q~vð Þ ¼ 0; (2)

@q~v
@t
þ ~r q~v 	~vð Þ þ ~rP ¼ 0; (3)

@qe
@t
þ ~r 	 qeþ Pð Þ~v

� �
¼ 0; (4)

where q; e,~v , and P are the density, internal energy, velocity, and pres-
sure, respectively. These equations are coupled to the SESAME EOS24

database for Al, water, and air as P ¼ P q; eð Þ and T ¼ T q; eð Þ. The
simulation scheme used in this research was described in Refs. 22 and
23. This scheme considers division of the space into triangles with
characteristic size of �30 lm and assigns for each triangle a material
with its own EOS, depending on initial conditions. At each time step,
the simulation solves Eqs. (2)–(4) from which the 2D displacement of
each triangle vertex, along with the density and internal energy of each
triangle is calculated. Given the internal energy and density, the simu-
lation extrapolates, using SESAME EOS tables, the pressure and tem-
perature of each triangle.

FIG. 6. Shadow images of the water jet at t¼ 3.5 (a), 4 (b), 4.5 (c), and 5 ls (d). The frame duration is 10 ns. t¼ 0 is defined as the beginning of the discharge current. Initial
height of the water level is of 2 mm above the output of the conical array.

FIG. 7. Self-emission images of the water jet. (a) t¼ 5.1, (b) t¼ 5.5, (c) t¼ 6.1, and (d) t¼ 6.5 ls. The frame duration is 200 ns. Other parameters are the same as in Fig. 6.

FIG. 8. Shadow images of shocks generated in water above the aluminum target. (a) t¼ 5.1, (b) t¼ 5.3, and (c) t¼ 5.5 ls. The frame duration is 10 ns. t¼ 0 is defined at the
beginning of the discharge current.
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The initial simulation setup for investigating the jet–target inter-
action is presented in Fig. 9(a). In these simulations, the initial condi-
tion of the jet velocity was 2:2� 103 m/s, within the measured error
in experiments when the jet propagated in air. As fitting parameters,
we used the initial pressure, density, internal energy and temperature
of the water jet in the vicinity of the bottom surface of the target to
obtain a shock velocity of 2:2� 103 m/s in water at the distance of
0.5mm from the target upper surface. The best fit was obtained for a
jet initial pressure of 109 Pa, a density of 1:1� 103 kg/m3, an internal
energy of 106 J/kg, and a temperature of �1200K. The latter is �1.8
times lower than the temperature estimated by BB radiation. At pre-
sent, we do not know reason(s) for this disagreement. One can specu-
late that the higher temperature derived from the BB estimate could be
related to heating of the jet due to air viscosity which was not consid-
ered in the numerical simulations. Also, it could be that the jet radiates
as gray body and in this case its temperature TGB ¼

ffiffiffiffiffi
a4
p

TBB; where
a Tð Þ < 1 is the gray body absorbance capacity which depends on the
density of the body. Further research on the jet structure is strongly
required and we are planning to use in this study radiographic images
obtained at the European Synchrotron Radiation Facility (ESRF),
Grenoble, France.

Figure 9(c) shows the maximal water and target parameters
reached in numerical simulations for this configuration, obtained
�1ns after jet impact with the target. The results of these simplified
simulations show that in order to obtain the best fit with experimental
data, upon impact with the jet, the pressure at the target surface should
reach �3� 1010 Pa, and the density and temperature of the target
should be increased to �3:35� 103 kg/m3 and �1000K, respectively.

Additionally, after several tens of ns, the pressure and density in
the water pushing against the target reached �8� 109 Pa and
�1:6� 103 kg/m3.

To estimate the pressure P1 behind the shock front propagating
in water, the polytropic Equation of State for water25 P1 � P0
ffi 3� 108 d7:15 � 1ð Þ and the Hugoniot relation for the shock velocity

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P1�P0ð Þd
d�1ð Þq0

q
are used. Here, d ¼ q=q0 is the compression of water

and q0 and q are the normal and compressed water densities, respec-
tively. For a measured shock velocity of �2:2� 103 m/s, one obtains
d � 1:2 and P1 � 8� 108 Pa. Now, considering that the size of the
shock source is point-like with radius r0 � 0:1mm and that the pres-
sure’s radial distribution is P1 ¼ Pr0 r0=r1ð Þ2; one can estimate the
energy in the half-sphere between radii r0 and r1 ¼ 1mm as w
¼ 2pP0r20 r1 � r0ð Þ � 45� 10�3 J, which corresponds to a pressure of
�1:1� 1010 Pa in this volume.

Simulation of colliding water jets [Fig. 9(b)] has been carried to
estimate the pressure, density, and temperature at the interface where
the jets collide. Here, the initial velocity for each jet was 2:5� 103 m/s
as measured in experiments to estimate the water parameters when
jets collision occurs. In Fig. 9(d), we present simulation results for the
maximal water parameters obtained at �2ns after jets collision. The
results of these simulations show that the water pressure, density, and
temperature reach �1:7� 1010 Pa, �1:7� 103 kg/m3, and �2200K,
respectively. Here, let us note that a rough estimate of the pressure
using Bernoulli’s equation for an incompressible flow, considering
an initial density of 1:36� 103 kg/m3 yields the same pressure of
1:7� 1010 Pa.

FIG. 9. Initial simulation setup for (a) water
jet–aluminum target interaction and (b) jet
collision. The dark blue represents normal
air density, light blue—normal water den-
sity, and red—normal aluminum density.
Panels (c) water jet target interaction and
(d) colliding water jets show distribution of
water density and pressure when maximal
values of these parameters were obtained
in simulations. The dashed blue line in
(c) marks the initial water–target interface.
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V. SUMMARY

In experiments where two counterstreaming jets collide, we find
that densities and pressures reach values at which water is in an
extreme state. The results of our simplified simulations show that pres-
sures of �2:2� 1011 Pa, densities of �2:93� 103 kg/m3, and a tem-
perature �48 700K can be achieved in a submillimeter volume for
more powerful pulse generators where the initial jet velocities can
reach 104 m/s. These water parameters become suitable in the research
of light nuclei fusion cross sections at low energies.26,27 For the same
type of generators, in situation with a single water jet interaction with
an aluminum target, an initial jet velocity of 104 m/s yields pressures
of�3:1� 1011 Pa, water density of�5:32� 103 kg/m3, and tempera-
tures of �15 200K. These parameters are suitable for WDM and
HEDP experiments.
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