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Generation of cumulative jets during underwater explosion of copper wires

in the “X-pinch” configuration
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The results of experiments with underwater electrical explosion of 0.1 mm diameter copper wires
in X-pinch configuration are presented. A pulsed generator producing a ~30kA-amplitude current
with a ~65ns rise time was used for the explosion of the wires. Shadowgraph and shearing
interferometry techniques were applied for optical diagnostics. Evidence of fast-moving copper
jets, originating from the location of the intersection of the exploding wires, is reported.
Simultaneous measurement of the expansion of the wires, shock waves, and copper jets showed
that the dynamics of the jets strongly resemble the classic problem of a collision of two planes,
producing two consecutive cumulative jets. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4833553]

. INTRODUCTION

The research of electrical explosions of X-pinch configura-
tion of wires in vacuum is attracting much attention due to the
interesting physical phenomena involved in the formation of an
extremely hot (>1keV) and dense (~10"m™) plasma spot at
the location of the intersection of the wires, and the application
of that plasma spot as a source of intense soft (<10keV) x-ray
radiation, with a typical size of several microns and time dura-
tion <10~ s."~ The process of wire explosion is accompanied
by the ablation of the wire material, and its ionization and com-
pression toward the axis by the global gradient force j x B of
the magnetic field,® where B is the self-magnetic field of the
discharge current with current density j. This force is at its max-
imum at the location of the plasma spot, and decreases outside
the spot, along the angle bisectors in the triangle formed by the
wires. This configuration of the magnetic field causes the
ablated plasma to collapse onto the axis of the angle bisector,
forming jet-like structures as described by Zakharov et al.’
These two oppositely aligned jets are ejected in the directions
where the wires cross at acute angles.

Unlike wire explosions in vacuum, underwater electrical
wire explosion® (UEWE) is characterized by the confinement
of the exploding wire by the surrounding water, preventing
the fast radial expansion of the wire (radial expansion veloc-
ity V,,~10>m/s in water versus ~10°m/s in vacuum). In
addition, the process of parasitic plasma surface discharge,
typical for wire explosions in vacuum, does not take place in
UEWE due to the high (~3 x 107 V/m) threshold of the elec-
tric breakdown field in water, thus, keeping a large density
discharge current flowing through the wire. As a result, a
much larger energy density deposition (up to several hun-
dreds of eV/atom) is achieved.

This paper presents the experimental results of under-
water electrical explosion of wires in the X-pinch configura-
tion. The dynamics of the resulting jets in water is found to
be quite different from that in vacuum, because of the low
compressibility of water. In vacuum, the effect of the genera-
tion of cumulative jets is quite weak, as described in the
review by Sokolov.”
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Il. EXPERIMENTAL SETUP

The X-pinch was made of two crossed copper (Cu)
wires (~58° between the wires), each with a diameter of
0.1mm and length of 40 mm. The wires were stretched
between the cathode and anode electrodes, and immersed in
water in a stainless-steel chamber having quartz windows for
optical observation. The wires were exploded by a current
pulse with an amplitude of / <30KkA (j <3 x 10'? A/m?) and
rise time of ~65ns, produced by a high-current generator.®
The current, I(¢) and voltage, ¢(f) waveforms were measured
using a self-integrated Rogowski coil and capacitive voltage
divider, respectively (see Fig. 1).

The length and diameter of the wires were chosen such
that the resulting time-dependent resistance of the exploding
wires most closely matched the impedance of the generator.
This allows the deposition of almost all of the stored energy
(~3001J) into the exploding wires during the first t ~ 150 ns,
resulting in an energy density deposition of w,, <60 MJ/kg.
Here, the energy density deposition was calculated as w,,

= m,' [1(t)¢,(t)dt, where m,, is the mass of the copper wire,
0

¢,(t) = @(t) — L(dl/dt) is the resistive component of the
voltage, and L is the inductance of the load and the anode
and cathode holders between the location of the voltage di-
vider and grounded electrode.
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FIG. 1. Typical waveforms of the discharge voltage and current.
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FIG. 2. Optical scheme of shearing interferometry of underwater explosion
of X-pinch wires. 1: CW laser; 2, 3, 4, and 10: aluminized mirrors; 5: pulsed
laser detector; 6: pulsed laser; 7: beam-splitting plate; 8: diaphragm; 9: lens;
11,12: quartz windows; 13: X-pinch; 14-17: Mach-Zehnder micro-interfer-
ometer; 18: focusing objective lens Sigma APO DG; 19: interference filter
(532 nm); 20: Canon EOS 450D camera.

Two optical diagnostic techniques were used: shadow
imaging and shearing interferometry. For shadow imaging, a
CW laser (532 nm, ~100 mW) was used as a source of back-
light, and a 4QuikE intensified camera was used for captur-
ing the images with a frame time of 5ns at different time
delays t,; with respect to the beginning of the discharge cur-
rent. An objective lens (SIGMA APO DG) was used for
imaging the area where the wires were crossing each other,
providing a space resolution of ~40 um. The Mach-Zehnder
scheme was used for shearing interferometry, see Fig. 2. The
mirrors had an aperture of ~2.54 x 1072m, and the
beam-splitting cubes were 20 x 20 x 20 mm>. The width of
the field of visualization was ~1.8 x 10 °m. A Nd:YAG
laser (EXPLA NG301G, 532 nm, ~20mJ, 6 ns) with a spec-
tral width of the laser line of ~0.1 cm ™' was used as a coher-
ent source of illumination, and the same, i.e., SIGMA APO
DG, objective lens was used for focusing the image of the
wire intersection on the charge-coupled device of the Canon
EOS 450D camera, providing a space resolution of ~10 um.

lll. EXPERIMENTAL RESULTS

A series of shadow and shearing interferogram images
of an X-pinch in water (see Figs. 3-5) was recorded at differ-
ent time delays 7, Similar to the experiments performed in
vacuum, in the case of underwater X-pinches, the generation
of two jets lying along the acute angle bisectors was
observed. In this case, however, the generation of these jets
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can be described by a process of cumulation, similar to the
effect of jet formation in a weakly compressible medium.
The fast radial expansion of the wires begins at the location
of the intersection of the wires. This leads to the generation
of a quasi-spherical shock wave (SW). The front of this SW
is interacting, but is not overlapping, with the fronts of cylin-
drical SWs, which are generated by the radial expansion of
the wires. As a result, a region of a high pressure Py is cre-
ated behind the interacting fronts of these SWs [see Figs. 3
and 4 (in the plane of the wires, i.e., front view) and Fig. 5
(perpendicular to the plane of the wires, i.e., side view)].

At 7,<200ns, the generation of the jets can be deter-
mined by the dynamics of the highly pressurized metal
plasma, and by its interaction with the self-magnetic fields of
the discharge current. It is known from previous UEWE
experiments® that the strong density gradients realized at the
SW front in water result in a strong scattering of the light of
the backlighting laser. Therefore, the regions where high
compression of water is realized are seen in various degrees
of opaqueness. This phenomenon also explains why the SW
fronts look dark on both shadow and shearing interferogram
images. In the present experiments, until 7, < 600ns the for-
mation of the jets could not be observed, because the gener-
ated SWs during that time interval caused the backlight to be
deflected in way that obscured the view of what lay behind
the SW, including the expanding jets. Therefore, only at
74>600ns does the region behind expanding SW front
become transparent enough to allow the observation of the
two oppositely directed jets. The time-of-flight dependence
of these jets is shown in Fig. 6. These data show that, within
the time interval of the observation, the velocity of jet
propagation remains constant with the average value of
V; 2 2.5 x 10°cm/s.

IV. DISCUSSION

The experiments on underwater electrical explosion of
X-pinch showed the formation of jets, propagating in opposite
directions, with an average velocity of V; a2 2.5 x 10°cm/s.
Let us discuss the mechanism that can be responsible for this
phenomenon. First, let us note that at t,> 200 ns the discharge
current and, respectively, the self-magnetic field have almost
decayed, as well as the energy deposition into the exploding
wires (at that time, the amplitude of the discharge current
decreases to <7kA). Thus, another explanation for the

FIG. 3. Shadow image (left) obtained
at 7,~900ns (front view). The shock
wave fronts are marked by dashed
lines and the exploding wires are out-
lined by solid lines. The smaller image
on the right is zoom on the section of
the shadow image confined by the rec-
tangle. The copper jet is clearly seen
(marked by the arrow). Numeric
markings: (1) Undisturbed water; (2)
Compressed water behind the shock
wave front. (3) Exploding wire. (4)
“Hot spot” (marked by the arrow).
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FIG. 4. Shearing interferogram obtained at 7, ~ 900 ns (front view).

emergence of the jets, other than acceleration by the magnetic
pressure, is needed.

The pressure Py behind the front of the cylindrical SW
can be estimated using the SW velocity. The latter was
obtained by the time-of-flight data of the expansion of this
SW near the point of the intersection of the wires (see
Fig. 7). The resulting average velocity of the SW is
Dgyw=2.27 x 10°m/s. By using the polytrophic equation-
of-state (EOS) of water,lo one can estimate the pressure
behind the front of this SW as Py ~ 9 x 10%Pa, the density
as ~1.2py, and the sound velocity as cy ~ 1.8cy, where
po = 10°kg/m? and ¢y ~ 1.5 x 10°m/s are the density and
speed of sound in undisturbed water, respectively.

Let us make an estimation of the parameters of the
expanding wire at t,~900ns, i.e., the averaged density,
temperature, and radial velocity (see Fig. 3). The density
of the copper can be estimated as pc, = pc,,(do /d)*,
where dy = 10~*m is the initial diameter of the wire and
P, =9 X 10*kg/m? is the normal density of copper. At
that time, i.e., 7,~900ns, the diameter of the expanding
wire is d ~ 107> m, and, therefore, the density of the copper
is pc, =~ 10? kg/m?, which results in a density of the copper
atoms of n¢, ~ 5.6 x 10 m—3. The radial expansion veloc-
ity of the exploding wire can be calculated using the experi-
mentally obtained temporal dependence of the wire radius,

FIG. 5. Shearing interferogram obtained perpendicular to the X-pinch plane
(side view) in the vicinity of the intersection of the wires. The time delay is
t472 1 us. (1) Shockwave fronts. (2) Interacting shockwave fronts. (3) Point
of the intersection of the wires (“hot spot”). (4) Undisturbed water (5)
Plasma channels (radially expanding wire material).
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FIG. 6. Temporal dependence of the length of the cumulative jets.

which is shown in Fig. 7. One can see that the radial expan-
sion of the wire is significantly slower than the SW radial
expansion, which is almost constant. The latter is a rather sur-
prising result. Indeed, in order to keep the SW velocity con-
stant, the energy should be continuously deposited into the
exploding wire, which acts as a cylindrical piston. However,
the energy deposition into the wire has almost terminated at
74> 200ns (see Fig. 1). In this case, the trajectory of the SW
at 74>200ns (see solid line in Fig. 7), simulated by the
Witham model,11 shows a radial velocity of the SW that is
significantly slower than the measured constant velocity of
the SW. Thus, in order to explain the constant velocity of the
SW expansion, one has to assume the existence of an addi-
tional energy flux, which is delivered to the layer of water
between the front of the SW and the boundary of the expand-
ing wire, after the energy deposition into the wires has been
terminated. One can assume that the appropriate source of
this energy flux can be the quasi-spherically expanding SW,
originating from the plasma spot formed at the location of the
intersection of the wires, due to temperature and density gra-
dients existing in this location. This expanding “hot spot”
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FIG. 7. Temporal dependencies of the radii of the expanding plasma channel
(circles) and of the cylindrical SW (squares). The solid line is the simulated
trajectory of the SW, following Whitham’s approach."!
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generates hydrodynamic flows along the cylindrical channels
formed between the expanding boundaries of wires and
the SWs front. These additional hydrodynamic flows keep the
velocity of the SWs almost constant. In this case, the pressure
at the boundary of the expanding wire should be approxi-
mately equal to the pressure behind the SW front, i.e.,
Pcy &~ Py ~ 9 x 108 Pa. At 74~ 900 ns, the density of atoms
in the expanding wire decreases by ~10? times, which allows
one to estimate the sound velocity roughly as ccy
= \/YPcu/pcy = 4 x 10°m/s. This value of the sound ve-
locity is significantly larger than the expansion velocities of
the wire (Vo =~ 6 x 10°m /). The latter allows the collision
of the two expanding wires to be considered as the collision
of two weakly compressible flows.

Now, let us apply the model of cumulation based on the
collision of two planar slabs'? generating a pair of oppositely
directed planar jets. This model considers the collision of two
identical flat slabs with tangent velocities V) at angle o. In the
laboratory coordinate system, one obtains that a fast and a
slow jet are generated co-moving along the bisector of the
angle o, the fast one with a velocity Vi; = Victg(o/4) and the
slow one with a velocity Vs; = Votg(o/4). The total mass of
the ejected material, my = m; + my, is divided between the
fast (m;) and the slow jet (m,). This model also predicts the
ratio between these masses, (m; /my) = tg*(2/4), and the ra-
tio between their cross-sections, (S1/Sz) = (m;/my). The
fast jet has a much smaller cross-section, but it carries the
main part of the kinetic energy of the colliding slabs. In order
to explain these cumulative jets, this theory assumes an infi-
nite width of the slabs, so that the expansion of the material at
the edges of these slabs will not influence the location of the
slabs’ collision. In the case of a collision of two cylinders in a
similar configuration, this theory is invalid. In the present
experiment, however, the collision of two cylindrically
expanding wires produces the jets that are similar to those
produced in the case of colliding flat slabs. Indeed, the expan-
sion of these wires is limited by the pressure of the surround-
ing water in the direction perpendicular to the direction of
propagation of the jets. By taking the experimental values of
the angle between the wires o~ 58° and of the velocity of the
cylindrical SWs Vj ~ 6 x 10> m/s, one obtains the value of
the velocity of the fast jet of Vg ~ 2.34 x 10°m/s, which
agrees satisfactory well with the experimentally obtained
value of the velocity of the jets, V; ~ 2.5 x 103m/s.
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V. CONCLUSION

In conclusion, the collision of the exploding wires gen-
erated by underwater electrical explosion in the X-pinch con-
figuration creates fast-moving cumulative jets similar to
those generated by the collision of metal slabs, accelerated
by the chemical explosion. The properties of these jets are
determined by the parameters of the electrical explosion and
their interaction with the water, compressed by the SW gen-
erated by the exploded wires. This method of generation of
cumulative jets and their interaction with low-compressible
media is significantly simpler than common methods, and
allows the application of optical diagnostics for the observa-
tion of the dynamics of the jets.
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