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ABSTRACT

We present results exploring various methods of aluminum flyer acceleration. One method uses the shock wave generated by underwater
electrical explosions of thin foils supplied by a pulse generator with stored energy of ∼4.7 kJ. Utilizing the shock created by an exploding
foil, a maximal free flyer velocity of ∼2000 m/s is obtained. This acceleration method is compared to results exploiting only magnetic
pushing to accelerate flyers using a common strip-line configuration, resulting in much lower velocities of ∼300 m/s. We also present a
modified strip-line configuration, for which a significant increase in the flyer velocity to ∼1200 m/s is measured. Finally, a hybrid strip con-
figuration, incorporating both the effects of magnetic pushing and acceleration by exploding foil and its subsequent shock wave, results in
∼1400 m/s flyer velocity. These experimental results are analyzed by numerical simulations and analytical modeling of the conservation
equations of mass and momentum.

© 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/10.1063/5.0176294

I. INTRODUCTION

When studying matter under extreme conditions, it is common
practice to accelerate flyer plates to high velocities required in impact
experiments. This technique is used to generate upon impact, strong
shockwaves inside a material, allowing interpolation of the parame-
ters of its equations of state (EOS) (pressure, density, and tempera-
ture) together with the Rankine–Hugoniot conservation equations.1–3

Acceleration of flyers to high velocities (>103m/s) is performed by
using explosives,4 gas guns,5 focused laser beams,6,7 magnetic field
gradients,8 and underwater electrical explosions of wire arrays.9,10

The use of explosives and gas guns requires special safety measures
while laser launched flyer plates are typically of sub-mm dimensions
limited by the laser beam’s focal spot size.

The acceleration of flyer plates (flyers) using strong magnetic
field gradients utilizes the J � B force to exert high magnetic pres-
sure on current carrying electrodes, yielding high velocities of the
material. For this acceleration method, known as magnetic pushing,8

a strip-line configuration is utilized with two parallel electrodes in
which current flows in opposite directions and a thin dielectric sheet
between them. This design results in a very low-inductance load
with the magnetic field confined inside the interelectrode gap.
For high-current generators, such as the Z-machine,11 this setup is

held in vacuum with a small (<1mm) gap and current densities
>108A/cm2 so that explosive surface plasma is formed.12 The plasma
can destroy the dielectric sheet and shorten the gap between the elec-
trodes resulting in current losses at the load.

Recently, an alternative approach for launching flyer plates by
underwater electrical explosion of planar wire arrays using pulsed
high-current generators was presented.9,10 Here, the flyer is placed
above the exploding wire array, which is immersed in water, and is
accelerated by the strong shock generated by the array and the sub-
sequent waterflow behind the shock front. This method was dem-
onstrated as being very efficient in converting the energy stored in
the generator to the flyer kinetic energy (up to ∼20%). In addition,
the measurement of material flow, strain rate, and shock velocity
inside the flyer can be performed along Hugoniot curves.

For a wire array, the explosion of each wire is accompanied by
the generation of a cylindrical strong shock. The overlap between
adjacent shocks forms a planar shock at some distance from the
array depending on the inter-wire spacing. In order to obtain a
planar shock at a distance of <1 mm from the array, where shock
pressure is maximal, the inter-wire spacing should be <0.5 mm.
This requires increasing the number of wires (>60) and conse-
quently decreasing the wire diameter (<20 μm) to keep an almost
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critically damped discharge for maximum energy density deposi-
tion rate into the wires.13

The use of thin metal foils in electrical explosions was demon-
strated and studied in vacuum and air.14,15 In Ref. 15, the accelera-
tion of various materials to high velocities by the explosions of
aluminum foils has shown efficient energy transfer of up to ∼25%
into the kinetic energy of the flyer. Thus, a foil geometry can be
advantageous for generating planar shocks at small distances from
the exploding conductor.

In this work, we present a direct comparison of flyer accelera-
tion by underwater electrical explosions in three configurations.
First, we present a strip-line configuration with de-ionized water as
the insulation medium between electrodes and perform flyer accel-
eration by magnetic pushing. In addition, a modification of this
configuration is presented, resulting in a considerable increase in
the magnetic field density. Second, we demonstrate that an under-
water explosion of thin metal foils can be used to launch flyers
floating on water to high velocities. Finally, we present a hybrid
configuration, which utilizes both the effect of magnetic pushing
and acceleration by the shock of an exploding foil in a strip-line
configuration. Experimental results are then compared and ana-
lyzed by numerical simulations, recreating the experimental
conditions.

II. EXPERIMENTAL SETUP, DIAGNOSTICS, AND
RESULTS

All experiments were carried out on the high-current
MAGEN16 pulse generator of 1:92 μF capacitance, operated at the
same a charging voltage of 70 kV (stored energy of 4.7 kJ). Current
and voltage waveforms, measured using a self-integrated Rogowski
coil and a P6015A Tektronix voltage divider, were acquired by a

Tektronix TDS 640A digitizing oscilloscope. In measurements
with exploding foils, the resistive voltage was calculated as
Vres ¼ V � Ll dI

dt

� �
, where V is the measured voltage, Ll is the load

inductance, and I is the measured current.
The surface velocity of accelerated flyers was obtained using a

self-assembled photonic Doppler velocimetry9,17 (PDV). The main
continuous wave (CW) laser beam (λ0 ¼ 1550:12 nm, 250 mW)
reflected from the moving flyer is interfered with a reference CW
laser (1550.132 nm, 0.5 mW) resulting in an initial heterodyne fre-
quency of �1:4GHz for stationary flyer. The maximal power of the
reflected beam was ∼0.4 mW. The interfered signal was recorded
using an Agilent Infiniium 54855A DSO digitizing oscilloscope
(6 GHz, 20 Gs/s). The collimated main laser beam was directed
toward the flyer using a fiber coupled lens with a focal length of
∼50 mm, which also detected the reflected light. The fiber lens was
mounted upon a 3D printed holder and positioned at a distance
equal to the focal point directly above the flyer to maximize the
power of the reflected signal. A spectrogram was extracted from the
interfered signal to determine the flyer velocity’s temporal evolu-
tion, which was calculated as v ¼ 0:5Δf λ0, where Δf is the change
in the signal frequency. The error in velocity was estimated as
δv ¼ +30m/s. A B-dot signal was used to synchronize between
the acquired waveforms of the discharge current and the signal reg-
istered from the PDV.

A. Strip-line configuration

The essential part of the strip-line configuration is seen in the
magnified region depicted in Fig. 1. The strip line consists of two,
30 mm long and W = 7mm wide, parallel rectangular aluminum
plates of 2 mm (upper plate) and 5 mm (lower plate) thickness.
The gap between the plates was set to d = 0.5 mm and filled with
de-ionized water. A 0.4 mm-thick Kapton foil filled the gap at the
input end of the strip line to avoid breakdown between the high
voltage (HV) and grounded (GND) electrodes. Finally, a circular
7 mm diameter and tf ¼ 1:5mm thick indentation was machined
into the middle of the upper electrode. This thin circular region is
the flyer toward which the PDV laser was directed (see Fig. 1).

Waveforms of the discharge current and voltage are shown in
Fig. 2(a) and the flyer velocity’s temporal evolution together with the
discharge current on a longer timescale are shown in Fig. 2(b). The
total inductance, including the inductance of the conducting cylinder
and the strip line, was estimated as L∼ 23 nH from the initial rapid
rise of the measured voltage. The current reached a maximal ampli-
tude of Imax∼ 460 kA with a rise time of ∼420 ns. Considering a
strip-line inductance of Lstr ¼ 4π � 10�7l(d/W) ¼ 2:7 nH, and an
inductive voltage at the input of the strip line ≤3 kV, a corresponding
average electric field of 60 kV/cm is realized. At maximal current, the
magnetic pressure, assuming uniform linear current density distribu-
tion, can reach P ¼ 2π � 10�7(Imax/W)2 ffi 2:7� 109 Pa . The flyer
velocity’s temporal evolution exhibited multiple acceleration steps [see
Fig. 2(b)], corresponding to the oscillating nature of the discharge
current, quadratically proportional to the magnetic pressure. The
initial rise of the flyer velocity was ∼150 m/s within 450 ns (maximal
acceleration of ∼3 × 108m/s2), reaching a maximal velocity of
∼300 m/s within ∼4 μs. Additionally, these experiments show that
water can be used as the insulator between the strip-line electrodes

FIG. 1. Cross section of the experimental setup of the strip-line configuration.
The upper diagram is an enhanced view of the dashed red circle. The 3D
model depicts the conducting grounded (GND) cylinder and the holding arm on
which the strip line is attached. Arrows marked by I denote the direction of the
current flow.
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near the flyer with proper insulation elsewhere for electric fields not
exceeding 100 kV/cm.

B. Modified strip-line configuration

The essential part of the experimental arrangement seen in
Fig. 1 is held on a platform, which is a conducting arm attached to
the ground as seen in Fig. 3 (left). The linear current distribution
in the few mm wide strip line cannot be considered uniform
because of the significantly larger current density at the edges

where a very intense electric field is also present. In order to reduce
this effect, a modified shape of the holding arm was designed
[Fig. 3 (right)]. Here, the holding arm is machined to have a
reduced cross section shaped as an isosceles trapezoid. This design,
as it will be discussed below, results in a uniform linear current
density distribution with a substantial increase in the magnetic
field strength below the flyer.

The waveforms of the discharge current and voltage together
with the flyer velocity’s temporal evolution obtained in these exper-
iments are presented in Figs. 4(a) and 4(b), respectively. The wave-
forms of the current and voltage are almost the same as those in
Fig. 2(a) showing that the increase in the inductance of the strip
line is insignificant compared to the total load inductance.
However, due to the increase in the linear current density, the mag-
netic pressure increases up to ∼1.5 × 1010 Pa which results in
almost four times larger maximum flyer velocity [compare to
Fig. 2(b)]. The first jump in velocity reached ∼380 m/s within
330 ns (maximal acceleration of ∼109m/s2) with further increase
up to ∼1200 m/s within ∼4 μs.

The above modification of the strip-line configuration led to
the enhanced magnetic field in the gap between electrodes, result-
ing in higher flyer velocity. To verify this, simulations of the
current density and magnetic fields, at the cross section perpendic-
ular to the current flow, were performed using the COMSOL
Multiphysics software. To recreate the experimental conditions, the
peak current in the simulations was set to 450 kA with a frequency
of 625 kHz. Both geometrical configurations described in Sec. II A
(flat geometry) and above (trapezoid geometry) were simulated,
with results presented in Fig. 5.

Figures 5(a) and 5(b) depict the distribution of the magnetic
field in the gap between the strip-line electrodes for both configura-
tions. Figures 5(c) and 5(d) depict the magnitude of the magnetic
field in the inter-electrode gap at three different heights [see y axis
in (e) and (f )]. We note that the distribution of the magnetic field
in both configurations is uniform along the gap. Moreover, the
reduction in the width of the lower electrode increases the magnetic
field ∼1.5 times from ∼65 to ∼96 T, resulting in over twice the

FIG. 2. Waveforms of the discharge current and voltage (a) and the temporal evolution of the flyer velocity synchronized with the waveform of the discharge current (b).
Flyer holding arm as in Fig. 3 (left).

FIG. 3. 3D model of the conducting cylinder and holding arm for the strip-line
configuration. Left image is the original design while the right image depicts the
modified version. The red line denotes the position where below each model,
the cross section is depicted.
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magnetic pressure. This is also visible in Figs. 5(e) and 5(f ), where
the distribution of the current density shifts from the edge of the
electrodes in the flat geometry to being localized at the middle of
the upper electrode, where the flyer is located.

C. Floating flyer configuration

In this set of experiments, we used the floating flyer configura-
tion, which was similar to that studied in our earlier research,9,10

where flyers were accelerated by the underwater electrical explosion
of a planar wire array. The flyer in this configuration is an alumi-
num disk, which is not part of the electrode as in previous configu-
rations. To obtain a planar symmetric shock wave by wire array
explosions with minimal time jitter between individual exploding
wires,13 a large number (>60) of thin (tens of μm) wires separated
by sub-mm distances is required. In the present experiments, the
wire array is replaced by aluminum (Al) or copper (Cu) thin foils.
The cross section of these foils was adjusted to produce an almost
critically damped discharge with a current fall time less than the
quarter period of an oscillatory underdamped discharge. The essen-
tial part of this experimental setup is presented in Fig. 6. A
1.5 mm-thick and 3 mm-diameter aluminum flyer disk is placed on
a 0.2 mm-thick and 2.5 mm-diameter Perspex holder to float on
the water at a fixed position at a distance of ∼2 mm from the foil,
which is submerged in water. The bottom part of the flyer is in
contact with water while its upper surface with air and illuminated
by the PDV laser.

The waveforms of the discharge current, resistive voltage,
power, and deposited energy for Al foils are presented in Figs. 7(a)
and 7(b) and for Cu foil explosions in Figs. 7(c) and 7(d). Both Al
and Cu foils were 8 mm wide and 40 mm long. The foil thickness
was 50 μm for Al and 35 μm for Cu. The total cathode holder and
foil inductance was estimated as ∼44 nH. An almost critically
damped discharge current was obtained for both foils with current
amplitudes of ∼280 and ∼300 kA and rise times of ∼400 and
∼430 ns for Al and Cu foils, respectively. A significantly smaller
amplitude of the current, compared to the strip-line configuration
experiments, is explained by the energy deposited into the foil,

inducing solid–liquid–vapor phase transitions resulting in signifi-
cantly larger resistance of the exploding foils compared with the
strip-line resistance. This decrease in current, combined with the
increase in the gap to 2 mm, causes the effects of magnetic pushing
to be negligible. The energy density deposition rate, calculated at
full duration half maximum of the deposited power, was 2:27� 105

and 1:05� 105 MJ
g s, while the deposited energy density was ∼21 and

∼23 eV/atom for Al and Cu foils, respectively. These values of the
energy density deposition rates and deposited energy density are
similar to those obtained in our earlier research with planar wire
array explosions.10

The temporal evolution of the flyer velocities, obtained in this
set of experiments, is shown in Fig. 8. For both foils, a similar
initial velocity jump of up to ∼700 m/s is observed, the result of
the interaction of the strong shock generated by the exploding foils
with the flyer. This jump is followed by a velocity plateau, which
represents the waterflow pushing the flyer. This velocity plateau can
be qualitatively considered to be related to two competitive pro-
cesses. In particular, as the flyer accelerates, its distance from the
foil increases and the pressure of the waterflow decreases. However,
the foil expansion compensates for this effect. After ∼1.5 μs for Al
foil and ∼1.8 μs for Cu foil explosions, a second jump in velocity is
observed, reaching ∼1800 and 1100 m/s, respectively. The PDV
signal contained much more interference for Al foil explosions
than for Cu but the flyer velocity could still be reliably evaluated.
We relate this second increase in velocity with the interaction of
the expanding foil with the target. Indeed, the time delay in appear-
ance of the second jump in velocity is ∼2.7 μs relative to the
maximum of the discharge current when fast expansion of the foil
starts. Taking this time delay, relative to the maximal power and
considering target displacement, one obtains an average foil expan-
sion velocity of ∼1000 m/s. To verify this assumption, additional
experiments with the floating targets placed at 1 mm from the Al
foil were performed results of which are presented in Fig. 8(c). One
can see that due to the proximity of the flyer to the expanding Al
foil, the second increase in velocity occurs earlier, ∼0.9 μs relative
to the time of the first jump in velocity. This strengthens our expla-
nation for the second jump as being the result of foil–flyer

FIG. 4. Waveforms of the discharge current and voltage (a) and the temporal evolution of the flyer velocity synchronized with the waveform of the discharge current (b).
Flyer holding arm as in Fig. 3 (right).
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interaction. We also note that in this experiment, the second jump
in velocity is higher, i.e., ∼2000 m/s. Due to the fast rise in velocity,
a shock might be created inside the target following the interaction
with the exploded foil, inducing the rapid acceleration of the flyer
material at the free boundary. Considering a ∼2000 m/s free surface
velocity, corresponding to ∼1000 m/s material flow velocity, one
obtains ∼60 J kinetic energy of the flyer. To conclude, in these
floating flyer experiments, significantly higher flyer velocities are
achieved than with the strip-line configurations.

D. Hybrid configuration

Finally, we tested a hybrid configuration that incorporates
both the low-inductive structure of the strip line, taking advantage
of magnetic pushing, and the strong shock generation of the

exploding foil. In this configuration, the upper part of the strip line
containing the circular flyer is similar to that described in Sec. II A.
The lower electrode contains the exploding Al or Cu foils as in
Sec. II C. The gap between the foil and the strip line was filled with
a 1 mm-thick volume of de-ionized water separated from the lower
surface of the strip line. Additionally, a ∼0.3 mm-thick Kapton foil
was glued to the upper strip line to avoid electrical breakdown
initiated by the exploding foil (see Fig. 9). The gap between the
foil and the strip line was ∼1.3 mm, which is 2.6 times larger
than in the case of the strip-line configurations described in
Secs. II A and II B.

The waveforms of the discharge current, resistive voltage,
power, and deposited energy for Al foil explosions are presented in
Figs. 10(a) and 10(b). Similar waveforms for the Cu foil explosions
are presented in Figs. 10(c) and 10(d). In both explosions, the

FIG. 5. Simulated magnetic field spatial distribution [(a) and (b)], magnetic field in the inter-electrode gap along x at various positions y [(c) and (d)], and the spatial distri-
bution of the current density for the flat [(a), (c), and (e)] and trapezoid [(b), (d), and (f )] geometry, respectively. The circles in (a) and (b) mark the direction of current flow.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 134, 185902 (2023); doi: 10.1063/5.0176294 134, 185902-5

© Author(s) 2023

 17 April 2024 11:03:13

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


maximal amplitude of the current reached ∼320 kA within
∼340 ns, due to lower load inductance, estimated as ∼32 nH, com-
pared to the inductance of the floating target configuration. The
energy density deposition rate was 2:54� 105 and 1:17� 105 MJ

g s
while the deposited energy density to the foils was 22 eV/(Al atom)
and 24 eV/(Cu atom).

For each of the foils, the flyer temporal evolution of the veloc-
ity is presented in Fig. 11. An initial increase in velocity is visible,
corresponding to the magnetic pressure exerted on the flyer, reach-
ing almost the same values of ∼70 m/s for both Al and Cu foils.
Following this magnetic pushing, a strong shock generated by the
exploding foils accelerates the flyer to velocities of ∼800 m/s for
both foils. This initial jump value, compared to the floating flyer
configuration (Sec. II C), can be explained by the higher (∼1.3
times) energy density deposition rate into the foil, resulting in
increased shock velocity and, in turn, larger material flow velocity.
For Cu foil explosions, a second jump in the velocity is clearly seen
[Fig. 11(b)] associated with the expanding foil interacting with the
flyer. For Al foil explosions, the second jump in velocity is not dis-
cernible from the PDV signal. For all three experiments with Al foil
explosions, the second jump in velocity was not discernible from

FIG. 6. Cross section of the experimental setup of the floating flyer configu-
ration (lower diagram). The upper diagram is an enhanced view of the
dashed red circle. The arrow marked by I denotes the direction of the
current flow.

FIG. 7. Waveforms of the discharge current and resistive voltage [(a) and (c)], power, and deposited energy [(b) and (d)] for Al [(a) and (b)] and Cu [(c) and (d)] foils.
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the PDV signal. At present, we do not have an explanation for this.
We can only speculate that the absence of the second jump is the
result of the smaller density of Al than that of Cu or/and that Al
foil explosions are accompanied by much stronger radiation due to
Al combustion,18 which can melt the Kapton. Thus, it is possible
that this Kapton layer’s damping the Al foil–flyer interaction is sig-
nificantly stronger than for Cu foil explosions. Nevertheless, one
can see that the flyer velocity obtained in the first jump is ∼2.5
times larger than for the strip-line configuration [see Fig. 4(b)],
that is, a higher efficiency of the flyer acceleration by the hybrid
exploding foil strip-line method.

Table I contains a summary of the maximal velocity obtained
in each configuration. Additionally, the efficiency of the energy
conversion from the stored energy into the load, the stored energy
into the flyer kinetic energy, and the load energy conversion into
the flyer kinetic energy are presented. We note that for foil explo-
sions, the deposited energy into the foil is taken at times when the

power reaches its maximum value. For the strip-line configuration,
the energy is taken as Eload ¼ 0:5LI2, where Lstr = 2.7 nH is the
strip-line inductance and I≈ 450 kA is the maximal amplitude of
the discharge current. Also, the flyer area in the free flyer configu-
ration was 5.4 times smaller than the area of the flyer in the
strip-line configuration, which scales linearly with energy conver-
sion into the flyer kinetic energy.10 Thus, in Table I, the energy
conversion efficiencies for the free flyer obtained in the experi-
ments were multiplied by the factor 5.4. The highest velocity and
stored energy conversion efficiency into flyer kinetic energy was
obtained for the free flyer but the highest load energy conversion
efficiency was realized for the modified strip-line configuration.

III. DISCUSSION

Two-dimensional (2D) HD simulation using a self-developed
code19,20 was performed to study the parameters of the exploding
foil and waterflow parameters as well as the shock velocity. The
simulation solves at each time step Euler’s equation in Lagrangian
form, derived from the conservation laws for mass, momentum,
and energy,

@ρ

@t
þ ~∇ � (ρ~v) ¼ 0, (1)

@ρ~v
@t

þ ~∇(ρ~v �~v)þ ~∇P ¼ 0, (2)

@ρε

@t
þ ~∇ � [(ρεþ P)~v] ¼ 0: (3)

Here, ρ, ε, ~v, and P are the density, internal energy, velocity,
and pressure, respectively. Equations (1)–(3) are coupled to the
SESAME equations of state (EOS) tables for water, air, Al, and Cu
so that P ¼ P(ρ, ε) and T ¼ T(ρ, ε). In the simulation, a triangular
mesh is generated, recreating the experimental setup. The charac-
teristic triangle size is of ∼50 μm (the elements representing the Cu
foil were set to ∼35 μm), where each triangle is assigned with the
corresponding material property. The vertices of each triangle are
dislocated according to the sum of forces acting on its edge,

FIG. 8. Flyer velocity temporal evolution synchronized with the discharge current for Al (a) and Cu (b) foil explosions in floating flyer configuration with 2 mm foil–flyer gap
and (c) for an exploding Al foil with the flyer situated a gap of 1 and 2 mm from the foil.

FIG. 9. Cross section of the experimental setup for the hybrid configuration
(lower diagram). The upper diagram is an enhanced view of the dashed red
circle. The arrows marked by I denote the direction of the current flow.
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changing the area. The density and internal energy are then calcu-
lated, enabling the estimation of pressure and temperature accord-
ing to the EOS tables. The input to the simulation is the
experimentally measured deposited power. Since no optical

diagnostics of the shock front was available, the simulation is used
to estimate the shock velocity before impacting the target. In the
simulation, the shock front is defined to be 90% of the peak density
behind the shock front. This simulated shock trajectory was fitted

FIG. 10. Waveforms of the discharge current and resistive voltage [(a) and (c)], power, and deposited energy [(b) and (d)] for Al [(a) and (b)] and Cu [(c) and (d)] foils
explosions.

FIG. 11. Flyer velocity temporal evolution synchronized with the discharge current for Al (a) and Cu (b) foils in hybrid configuration.
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to a solution of the modified propagating blast wave21 of the form,

R(t) ¼ a � (t � b)c, (4)

where a, b, and c are fitting parameters. The shock velocity was
calculated using the fitted Eq. (4). Results of the simulated and
fitted trajectory, together with the shock velocity, are presented in
Fig. 12 for Al and Cu foils.

The experimentally observed flyer velocity during the first
jump, associated with the shock leaving the flyer and inducing
material flow, was similar for both Al and Cu foils. The latter
depends on the shock velocity inside the target, determined by the
incoming shock velocity in water. Simulation results indicate that
at the water–target interface, the velocity of the shock generated by
the Al foil explosion was slightly (∼5%) smaller than for Cu foil
explosion. Here, we note that the simulations do not take into
account Al combustion,22 which can add energy input into the
shock, yielding a higher shock velocity. The simulated pressures
and water density behind the shock front were ∼3 × 109 Pa and
∼1.33 × 103 kg/m3 for Al foil and ∼4 × 109 Pa and∼1.4 × 103 kg/m3

for Cu foil.
Estimation of the flyer velocity, for the floating target configu-

ration, given the shock generated by the exploding foil was

considered in previous research.23 In the analytical model,
described in detail in Ref. 23, the compression of a copper target by
a water shock wave was analyzed, yielding a material velocity of a
factor of two smaller than the flyer velocity at the free boundary.
Solving the set of Eqs. (6)–(11) of Ref. 23, coupled with the Tait
EOS,24,25 for copper and water, resulting in the waterflow velocity
and pressure behind the shock front at the water-flyer boundary
presented in Fig. 13(a). The dependence of the flyer velocity and
the corresponding pressure in the aluminum flyer on the incoming
shock velocity is presented in Fig. 13(b).

For the given experimental conditions, combined with results
from the 2D HD simulations, we can estimate that for a shock
impacting the target with velocities of ∼3500 m/s, the correspond-
ing material flow velocity and pressure reach ∼1000 m/s and
∼8 GPa. Here, we note that this model does not account for shock
attenuation in the target, which in our case was of ∼1.5 mm,
meaning that this result is an overestimation. Nevertheless, this
simplified analytical model yields values that are close to those
obtained in experiments.

Given our experimental results with ∼2000 m/s Al flyers
hitting an Al target, 18 GPa pressure will be realized for
D = 5.38 + 1.35Up (units are in km/s)25 generating a shock velocity
of 6730 m/s, where D is the shock velocity and Up is the particle

TABLE I. Maximal velocity and energy conversion in all studied configurations.

Maximal
velocity (m/s)

Stored energy conversion
into the load (%)

Stored energy conversion into
flyer kinetic energy (%)

Load energy conversion into
flyer kinetic energy (%)

Strip line 300 6 0.15 2.6
Modified strip line 1200 6 2.4 42
Exploding foil/ free flyer 2000 42a 6.5 16.2
Hybrid strip-foil/exploding
lower foil electrode 1400 42a 3.7 7.8

aDeposited energy considered at maximum power.

FIG. 12. Simulated shock trajectory (blue), fitted trajectory (red), and shock velocity (black) for Al (a) and Cu (b) foils. t = 0 is the time at the maximum of the deposited
power.
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velocity of the flyer. Increasing the incoming shock velocity to 6000
m/s can result in 2000 m/s particle velocity, yielding higher pres-
sure in an Al target upon flyer impact, realizing pressures of over
40 GPa.

IV. SUMMARY

We have presented several methods for flyer acceleration, uti-
lizing water both as an insulator and as a medium, which transfers
kinetic energy from the exploding foil to accelerated flyers. We
demonstrated that a simple change in the geometry of the strip-line
configuration can significantly increase magnetic pushing, resulting
in higher flyer velocity. The acceleration of flyers using underwater
explosions of Al and Cu foils was demonstrated, producing sharp
rises in velocity with the addition of a second flyer velocity jump,
possibly caused by the expansion of the foil. A design of a hybrid
configuration was suggested in which both effects of the strip line
and the exploding foil are combined. Thus, this approach can be
considered to be useful for studies of high stress material proper-
ties26,27 and as a useful tool for probing the Richtmyer–Meshkov
instability similar to that demonstrated in recent research.28 Finally,
with more powerful pulse generators, which would allow larger
energy density deposition rates on the ∼10−7 s timescale, signifi-
cantly stronger shock waves would be generated in water leading to
higher flyer velocities than those realized in the present research.
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