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N

We compare the convergent shockwaves generated from underwatery¢ylindrical arrays of copper
rsv:\\q

wire exploded by multiple kilo-ampere current pulses on n 0‘\)0n d microsecond-scales. In

both cases the pulsed power devices used for the experiv@:: ::ame stored energy (~500 J)
and the wire mass was adjusted to optimize energy tr@fer t shockwave. Laser backlit framing
images of the shock front were achieved down to'sadii @f30 um. It was found, that even in the
case of initial azimuthal non-symmetry, thN\ ve self-repairs in the final stages of its
motion, leading to a highly uniform im 10s10mh these and previous experiments interference
fringes have been observed in stre an anhlg images as the shockwave approached the axis.

We have been able to accurate\th origin of the fringes, being due to the propagation of
e unifo

the laser beam diffracting converging shock front. The dynamics of the shockwave,

f‘:\‘
and its uniformity at small radii, indicate that even with only 500 J stored energies, this technique
£

should produce préssure b6</e 10'° Pa on axis, with temperatures and densities ideal for warm

dense matter scaich.
£

U
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Publishing  The subject of Warm Dense Matter (WDM) has been under intense investigation [1] for
several decades due to its importance for many fields of research such as Equations Of State (EOS),
conductivity models, astrophysics, geophysics and inertial confinement fusion [2, 3, 4]. There are
several methods of obtaining WDM including chemical and nuclear e)zdfosions [5], z-pinches [6],
high-power lasers [7, 8], light-gas guns [9], and high-energy (Ge ra?%e) ionbeams [10]. These
methods require special safety measures, large and expensive fach\% d stored energies above
10°J. S

-
The results of recent studies indicate that Wowressures above 100 GPa can be
obtained using strong converging Strong Shock Wa(eg(SSYV) generated by underwater electrical

L -
explosions of either cylindrical or spherical wite arrayg [11, 12]. Different methods (damage of

different targets, spectroscopy of the obl‘aiM\\m\:ter plasma created by the convergence of the
SSW) were applied to determine the Erf)qa\r‘a eters in the vicinity of implosion [13, 14, 15].
Also, the SSW’s time-of-flight to t&d{ lindrical wire array) or origin (spherical wire array)
of implosion leading to intense lighsion from compressed and heated water at those locations

was used for compariso%n e results of one dimensional (1D) and two dimensional (2D)
ulat

Hydrodynamic (H i )o s, coupled with the EOS of water and copper [16]. In these

simulations, w i(éio\q{ered symmetrical SSW convergence, only the energy deposition rate into
Ic

the wires, £a ed using the experimentally obtained resistive voltage and discharge current
£
S, Was

waveform; afl input parameter.

. Ig the D HD simulations, a symmetrically-propagating SSW is assumed, and in the 2D
H% tions, possible SSW instabilities are not typically taken into account. However, the issue
ﬁnsﬁabilities, which could lead to a non-uniform azimuthal implosion of the SSW, is of crucial

importance for the validity of these simulations, and consequently, for the values of the water


http://dx.doi.org/10.1063/1.5005174

E I P | This manuscript was accepted by Appl. Ph¥s. Lett. Click here to see the version of record. |

Publishipgameters in the vicinity of implosion. Despite the comprehensive research devoted to converging
shock wave instabilities [17, 18, 19], there is no complete understanding regarding the range of
applicability and the correctness of the existing models and simulations [20]. Shadowgraph images
of converging cylindrical SSWs generated by underwater electrical £xplosions of wire arrays
obtained in experiments carried out in Technion and Imperial Céllege London showed a near
circular shape of the SSW’s front down to a radius of 100 pm [I&K

In this paper, the results of cylindrical SSW cony ence<below 100 um radius are
described and analyzed. In addition, beam propagatii)n etho‘jl (BPM) simulations have been
applied to study the propagation of a laser beam t at(s.u.secﬂy backlight framing and streak images
of the implosion. The results of these siml\'ns S ‘v‘v-;d interference patterns which almost

perfectly fit the inference patterns obtainédif\eand previous experiments.

The research was carried out u '\gjnqo econd and microsecond-scale pulse generators.

SO

Marx generator [23]. This generatow, at £33 kV charging voltage of the Marx generator (stored
energy of ~500 J), pro % ns duration pulse at a 1.5 € matched resistive load with voltage
and current ampli ({f 13;0 V and 50 kA, respectively. The microsecond-scale generator

consists of 4 lofv=inductance, high-voltage capacitors of 0.22 uF each, connected in parallel and a

The nanosecond-scale generath%Fd\o the discharge of a water forming line charged by a

.
V.

triggered spark gasswitch. This generator charged up to 35 kV (stored energy of ~540 J), produces
a puls@ti} rter of a period of ~1 us and an amplitude of 35 kA at a short-circuit load placed

wire array. Both nanosecond and microsecond-scale generators produced at theirs

1@:
Qu%p gh voltage pulses with negative polarity. The high-current pulses produced by the
~

nanosecond and microsecond-scale generators were applied to cylindrical wire arrays of 5 mm in

diameter, consisting of 20 copper wires, 3 cm in length, and each wire was 23 um and 50 pm in
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Publishidigineter for the nanosecond and microsecond timescales, respectively. Following the action

integral [24], this choice of wires should correspond to the wires’ explosion at ~0.8 of the maximal
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Fig. 1. E éﬁh%ltal setup with nanosecond timescale generator.

The experime lée'a;p 1S shown in Fig. 1 for the nanosecond timescale (the microsecond
timescale setu swa except for the generator used). A single mode 532 nm, 2.5 W,
continuous/waveJaser (by Roithner Lasertechnik GmbH) was used for the backlighting of the

£
conve;gj.ng W;/ The laser was coupled to a single mode fiber to spatially filter the beam,

()

V@Cing any speckle effect in subsequent images. The output from the fiber was
collimated to produce a ~3 mm radius beam that was directed through a fused silica window into
»%er-ﬁlled stainless steel chamber coaxial with the wire array (see Fig. 1). An imaging lens

was placed outside of the chamber to image the SSW’s front to either a XXRapidFrame framing
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Publishiegera (Stanford Computer Optics, Germany) allowing four time-independent frames with a

duration above 1 ns, ora SC-10 streak camera (Optronis GmbH, Germany). The discharge current

I through the wire was measured using a current view resistor, and the voltage drop ¢ across the

exploding wire was measured using a capacitive voltage divider.

Fig. 2.
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Waveforé the“measured current and resistive voltage for (a) nanosecond and (c)
micro COD?—SC wire array explosions. Calculated power and energy for (b) nanosecond
and igrosecond-scale wire array explosions.

£
Typieal curfent, resistive voltage ¢= ¢ — Ldl/dt (L is the load’s inductance), power, and

enégy waveforms are shown in Fig. 2 for the nanosecond and microsecond-scale

ex osio&. The deposited power and energy were calculated using the experimentally obtained

}&n and voltage waveforms. One can see that the selection of the wires’ parameters allowed us

to obtain almost critically damped discharges where most of the stored energy was deposited into
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Publishiihg wires during ~100 ns and ~1200 ns in the nanosecond and microsecond-scale explosions,
respectively. The maximal current densities realized in the exploding wires were below 6000
MA/cm? and 1600 MA/cm? for the nanosecond and microsecond-scale explosions, respectively.

For each timescale, shadowgraph images of the SSW’s fronit were obtained at low
magnification (~6 mm in diameter) with the exploding wires inc de@n the frame, and at high
magnification (<I mm in diameter) to obtain only the final st N W’s convergence.

Low magnification framing images from both na second and microsecond-scale
experiments showed that when the imploding shocli t W)S formed from the overlapping
explosions of adjacent wires, it was often not all‘)symmetrlc This can be related to a
technical problem of placing the wires uni 0 nd on a small diameter (with an equal
distance of 0.75 mm between them). A uch initial azimuthal deformation of the
shock front is shown in Fig. 3(a) whe Q\e lapping frames obtained by the XXRapidFrame
camera are shown for a micros c le explosion. Typical overlapping images of a nearly

circular azimuthal symmetry are sh n for comparison in Fig. 3 (b) and (c).

0.94 us (c)

|<— -=1.9 mm —» <+ ~1.7mm —» <+—~2.2 mm—»

Fig:i3. Three overlapping shadowgraph images of the SSW front with (a) azimuthal non-
uniformity; (b) and (c) nearly circular symmetry. (a) and (b) are for the microsecond
timescale, and (c) for the nanosecond timescale. The times are with respect to the beginning
of the discharge current and the time between each frame is 300 ns. Each frame duration is
2 ns. The cross in the images is because of wires placed at the front and back sides of the
array for optical alignment.
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Publishing  Experiments at high magnification were complicated by the need for extremely high
accuracy in aligning the laser with the axis of the array, i.e. better than 1° alignment is needed in
order to obtain images at radii below 0.1 mm, otherwise the perfectly cylindrical implosions are
obscured and appear to be elliptical. With improvements in the alignmeht technique, it was found
that even shockwaves that were initially highly asymmetric tend t%epair emselves as they
imploded towards the axis. Typical shadowgraph images of the conyerging SSW for nanosecond
and microsecond-scale are shown in Fig. 4. Here four separ'e_li ?dbw-graph images are presented,

obtained by the XXRapidFrame camera, for better accuracy ofye SSW imaging at higher SSW

velocity. One can see clearly the self-repairing Kyof'bye SSW’s evolution especially at the

final stage of implosion. In the first frame of tw ad timescale image (Fig. 4a), the radius
of the SSW front is ~190 um and the frént-i her azimuthally non-uniform. But by the third
frame (Fig. 4c), obtained with a dela :x\nwith respect to the first frame, there is almost
circular front. Finally, the fourth fn%\& . 4d), obtained with 20 ns with respect to the third
frame, showed no detectable instabilities at a radius of ~30 um. Similar self-repair of the
converging shock front @ined for the microsecond timescale experiments (Fig 4(e-h)),
where the shock wawe? I’c"ldil?l ~275 pum in the first frame (Fig. 4e) and reaches a radius of ~35
um by the fou héﬁ&@g. 4h) obtained with time delay of 150 ns with respect to the first frame.

at radiism hafi 30 um. The first difficulty was in the triggering of the framing camera when

Here let us/ote that there were difficulties related to obtaining shadowgraph images of the SSW
£
a t
the:SS arri\}d to a radius below 30 um, because it takes only several nanoseconds for the SSW

to rive}O the origin from that position. Also, taking shadowgraph images at radii smaller than

?uﬁ‘becomes challenging because the shockwave begins to radiate (due to high temperature and
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Publishidghsity of water behind the shock front) and generates a plasma layer with thickness of several

microns in front of the shockwave, thus smearing its front.

0.97 mm

1.11 mm

Fig. 4. Shadowgraph images of the SSWs obtdined with ti'rge magnification at different times for
the (a-d) nanosecond and (e-h) micresecond timescales wire array electrical explosions.

Each frame time duration is of 2 ns{ T,ws are relative to the beginning of the discharge
current. \
n

In these and previous exp&u& interference fringes are clearly visible in both high
magnification framing images (HaQb cklit streak photographs taken across the diameter of

the array. To explain the fringes, a 2D fast Fourier transform-based BPM simulation [25] was
%QKS the laser beam is considered as a wave propagating inside the

carried out. In these 1m1}1a

cylinder which els sﬁock front. The wave propagation is governed by the Helmholtz
equation in t pa%proximation, i.e. the amplitude of the wave is varying slowly outwards
from the axis (along'the x-axis in our case), and rapidly in the direction of propagation (along the

_—
Z axisiin our e)as ). The boundary conditions are the values of the refractive index n(x, z) and the

—
initial cq;x ition is the amplitude of the wave. Because the boundary of the SSW is highly
‘to-f}e&t\lve, the refractive index was set to be two orders of magnitude larger at the location of the

S and outwards than the refractive index of water inside the cylinder, which was set to 1.32.

These simulations do not account for the acceleration of the SSW during its convergence towards
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AllP

Publishithg axis, i.e. the decrease of the cylinder’s radius versus time was considered linear, which is

applicable to the majority of the implosion.
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and (b) streak shadowgraph

ify in ﬁ'dle of the cylinder obtained by (a) BPM simulation
% ingof the converging SSW.

The plot in Fig. 5a represents.the results of BMP simulations of the light intensity, which
one can obtain in the ié@e cylinder for different SSW radii, i.e. at different times of the
SSW’s converge(rye{@r&ents with the SC-10 streak camera (the width of the input slit is of
0.1 mm and t fscNhe camera was at the middle of the array) were carried out to obtain a
shadowgraph itr image of the converging SSW and compare to the simulation results. One can
see a edgsin/ent between the fringes obtained in the experiments and simulations. The slopes
0 the‘gg@(kental and simulated fringes are almost linear and coincide during the first ~300 ns
an orréspond to ~1.75x10° cm/s of SSW velocity. Later, the slop of experimental fringes
1 cre.%es due to the SSW’s acceleration towards the axis during the final stage of implosion. The

coincidence between the simulated and experimentally obtained fringes during around 300 ns of
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Publishithg shockwave’s propagation indicates on azimuthal and longitudinal uniformity of the converging
shockwave. In addition, in Fig. 5(b) one can see a strong light emission which indicates on high
water temperature and density in the vicinity of implosion. The duration of this light emission is
~100 ns and the time difference between the end of the resolvable streak image of the converging
SSW front and the beginning of this light emission is less than 15 n Tﬁ) time delay can be related
to a small misaligning the slit of the streak camera and the axis of theconverging SSW. The SSW’s

>

velocity at radii below 50 um, estimated by the streak ima e of'the SSW, is larger than 3x10° cm/s.
This allows one to estimate the minimal radius where the.SSWiwas obtained at ~45 um. Let us
note that in order to obtain the SSW’s converge cgfsr‘r.l:a\ner radii, the alignment of the optical
system should be better than 1.5x107 deg@e BPM simulations and experimentally
obtained streak shadowgraph images configm the<uniformity of the SSW convergence up to a

compression factor of ~60. \ S N
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)

S he present experimental results show an implosion down to at least 60 um in diameter.
~
The pressure of water at that location was calculated using a 2D HD simulation coupled with EOSs

of water and copper. These simulations, based on the cell-centered finite volume method and three
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Publishieghservation laws (mass, momentum, and energy) are described in detail by Kozlov et al. [16].
The results of these simulations are shown in Fig. 6. One can see that in both nanosecond and
microsecond-scale array explosions at 7 < 30 um, one should obtain pressure above 1.2x10'° Pa.
Considering self-similarity [26] of the SSW implosion and assuming azimuthal uniformity of the
SSW during the last 15 ns of convergence, one can expect to obtai r%her than 4x10'° Pa
atr <5 pm. \

In summary, we carried out research on the convergenc ‘)f?hbckwaves generated by both
nanosecond and microsecond-scale underwater electrica xpl&ions of cylindrical copper wire

arrays. Experiments demonstrated that even in e(aise 63 an initially azimuthally asymmetric
| -

implosion, the SSW self-repairs as it appro@ is. The interference fringes observed in
both framing and streak images of the i%&_‘were found to agree with the results of BPM

simulations. The framing shadowgraph %es\s owed the absence of detectable instabilities of

the SSW front down to radii o 3(&\@ s, this research indicated that using a pulsed power

U

generator with stored energy of only ~500 J, one can produce pressures above 10'° Pa in the

vicinity of the implosi &%S W. Such a compact and mobile setup can be easily adjusted for
£

the diagnostics o?ﬁaquwnsymatter density distribution using either synchrotron radiation or x-

ray fluxes pro csji by pewerful lasers.
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