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Abstract. The generation of high-pressure shocks in the newly proposed collider in which the
projectile impacting a solid target is driven by the laser-induced cavity pressure acceleration
(LICPA) mechanism is investigated using two-dimensional hydrodynamic simulations. The
dependence of parameters of the shock generated in the target by the impact of a gold projectile
on the impacted target material and the laser driver energy is examined. It is found that both in
case of low-density (CH, Al) and high-density (Au, Cu) solid targets the shock pressures in the
sub-Gbar range can be produced in the LICPA-driven collider with the laser energy of only a
few hundreds of joules, and the laser-to-shock energy conversion efficiency can reach values of
10 — 20 %, by an order of magnitude higher than the conversion efficiencies achieved with
other laser-based methods used so far.

1. Introduction

The production of high dynamic pressures using shock waves is a hot topic developed in various
branches of research, in particular in high energy-density physics (HEDP) [1], material science [2,3]
or inertial confinement fusion (ICF) [4]. The pressures in the multi-Mbar range can be achieved by a
large variety of methods employing chemical [5] or nuclear explosions [6], irradiation of a solid target
by the laser beam [4,7-10] or the laser-produced X-rays [4,11] as well as the hyper-velocity impact,
into a dense target, of a projectile accelerated by a pulsed-power machine [12], a light-gas gun [2,13]
or a laser driver [14-19]. However, the pressures in the sub-Gbar or Gbar range are attainable only
with laser-based methods or the nuclear explosions (which are forbidden presently). A common
drawback of all laser-based methods of the shock generation used so far is the low efficiency of
energy conversion from a laser to the shock, nis = Es/E, which is below a few percent [4,9,15,18] (Es
is the shock energy and E. is the energy of a laser beam which generates the shock or produces X-rays
or accelerates the projectile). In case of the shock generation by the laser-driven hyper-velocity
impact, the main reason for the low ns value is the low energetic efficiency of projectile acceleration in
the commonly used ablative acceleration (AA) scheme, which is nacc = E//EL ~ 0.5 -5 % [15-19] (Ep
is the projectile kinetic energy). As a result, for the generation of sub-Gbar or Gbar shocks of spatial
dimensions enabling their practical usefulness (e.g. studies of equations of state of materials), multi-
kJ laser drivers are necessary [15]. Recently, a novel efficient scheme of generation of high-pressure
shocks - called the LICPA-driven collider - has been proposed [20,21] ( LICPA - laser-induced cavity
pressure acceleration [22,23]). In the collider, a projectile (e.g. a heavy disc covered by a low-Z
ablator) placed in a cavity is irradiated by a laser beam introduced into the cavity through a hole and
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then accelerated in a cylindrical or conical guiding channel by the pressure created in the cavity by the
laser-produced hot plasma expanding from the irradiated side of the projectile or by the photon
(radiation) pressure of the ultra-intense laser pulse trapped in the cavity. The projectile accelerated in
the channel impacts into a dense target placed at the channel exit. Due to the impact, the projectile
energy and momentum are rapidly transferred to the target and when the projectile velocity
significantly surpasses the sound velocity in the target, a high-pressure shock is generated in the target.
It has been demonstrated [20,21] that using the LICPA-driven collider, a high-pressure shock can be
generated in a solid target with the laser beam energy much lower than that required for producing
such a shock with other laser-based methods used so far.

In this paper, the process of shock generation in the LICPA-driven collider is investigated with the
use of numerical hydrodynamic simulations. A particular attention is paid to the dependence of shock
parameters and the laser-to-shock energy conversion efficiency on the impacted target material and the
laser driver energy. It is shown that both in case of low-density (CH, Al) and high-density (Cu, Au)
solid targets the shock pressure in the sub-Gbar range can be generated in the target with the laser
driver energy of only a few hundreds of joules and the laser-to-shock energy conversion efficiency can
reach values above 10 %.

2. Results of numerical simulations
For numerical investigations of shock generation by a hyper-velocity impact in the LICPA-driven
collider we used the two-dimensional (2D) hydrodynamic PALE (Prague Arbitrary Lagrangian
Eurelian) code [24,25]. The numerical simulations comprised both the projectile acceleration phase
and the phase of the projectile impact into the solid massive target placed at the collider channel exit.
In particular, they included: the interaction of the laser beam with the projectile ablator and the
absorption of the laser radiation in the plasma produced and confined in the cavity, the shock
generation in the projectile (by the plasma pressure) and its heating and acceleration in the guiding
channel, the interaction of the projectile with the channel wall during the acceleration, the impact of
the projectile into the massive target and the generation of the shock in the target and, finally, heating
the target by the shock, melting and evaporating of the target material and, as a result, the formation of
a crater in the target. The simulations of the acceleration phase were carried out in Lagrangian
coordinates applying a mesh moving with the plasma. In turn, in the impact phase, the simulations
were performed in the Eulerian coordinates with a static computational mesh as the computational
domain in this phase does not change. In this phase, the computations had been conducted for a long
time (typically, for ~ 1000 ns) up to the moment when parameters (pressure, temperature, velocity) of
the shock, generated shortly after the impact and propagating in the target, became too low to melt the
target material, and the dimensions of the crater produced as a result of vaporization and melting of the
material stopped to increase. Both in the acceleration phase and the impact phase, the QEOS equations
of state [26] were applied to describe thermodynamic properties of materials used in the projectile and
the impacted targets. For both phases computations were performed in the cylindrical r, z geometry.
The simulations were performed for the same parameters of the LICPA-driven collider as the ones
used in the experiment carried out recently at the PALS laser facility [20]. The cavity and the guiding
channel walls were made of gold and the main collider dimensions were as follows: the cavity length
L. = 0.4 mm, the channel length Lch = 2 mm, the cavity diameter D, = 0.3 mm, and the channel
diameter Dch = 0.3 mm. As a projectile in its initial state we applied the gold disc of the thickness of
2.8 um and the diameter of 0.3 mm (the projectile mass m, ~ 4 ug), covered by the CH ablator of the
thickness of 5 um. The massive targets placed at the collider channel exit were made of Au, Cu, Al or
CH. The laser beam parameters on the target (CH ablator) were assumed to be relevant to the
parameters of the 3o PALS laser beam, in particular: the laser wavelength A = 0.438 um, the pulse
duration T = 0.3 ns, the transverse beam intensity distribution ~ exp(r/ro)® with r, = 170 um. For the
laser energy E. = 200 J, these parameters correspond to the beam peak intensity on the target ~ 10%°
W/cm?. The laser beam energy varied within the range 10 — 400 J.
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The correctness and accuracy of the PALE code used for the simulations was verified for various
laser-based schemes of shock generation [20,27,28], in particular for the LICPA-based collider [20].
Highly positive results of these verifications allow us to believe that numerical results obtained in this
paper are correct not only qualitatively but also quantitatively within a factor ~ 1.5 or smaller.

Using the PALE code we examined how parameters and the structure of the shock generated in a
massive target by the projectile impact are influenced by the properties of the target material and
especially by the material density. Figure 1 presents 2D spatial distributions of the density and the
pressure in the impacted target (z < 0) made of Au or CH at the moment t = tymax When the pressure in
the target attains the highest value. Although maximum values of these parameters in the generated
shock significantly depend on the kind of the material, for all target materials used the spatial shape of
the shock is similar — the shock is rather flat and homogeneous within 2r = 200 um The quasi-planar
shape of the shock is preserved up to ~ 1 ns after reaching by the shock the highest pressure, and after
this period a radial expansion of the shock begins to be significant.

o a. Au target b. CH target

60

z [um]
density, g/cm3

-40 50 100 150 200 - 100
B r[um] r [um]
c. Au target
60,

pressure, Mbar

-40
50 100 150 200 0

r [um] r [um]
Figure 1. 2D spatial profiles of density (a, b) and pressure (c, d) inside targets (z < 0) made of Au or
CH at the moment when the pressure in the target attains the highest value. The targets are impacted
by the gold projectile accelerated in the collider channel situated in the region z >0, r < 150 um. E, =
200 J.
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The highest value of pressure in the impacted target changes in time. The simulations showed that
the maximum pressure (in the target space) attains its peak value very fast (within ~ 0.2 ns)
independently of the target material. It indicates a very short time of energy transfer from the
projectile to the target, which is a consequence of the high velocity and compactness (small effective
thickness) of the projectile. However the “pressure pulse” duration depends on the target material and
for the gold target the duration (FWHM) is by a factor ~ 1.5 shorter than for the plastic target. In the
time period of At = 1 ns after the impact, when planarity of the shock is preserved, the maximum
shock pressure averaged in time is by a factor 1.5 — 2 lower than the peak pressure and lays in the
sub-Gbar range for all the targets used in the simulations. This period is by a factor ~ 2 longer than
that estimated for the sub-Gbar pressure range in the hyper-velocity impact experiment with the multi-
kJ Nova laser [15] and seems to be long enough to measure some parameters of the material
compressed by the shock, e.g. those required for the determination of equation of state of the material.

The summary of quantitative results of the simulation of shock generation by the projectile impact
in the targets made of different materials are shown in figures 2, 3 and 4. Figure 2a presents the
maximum (in space and time) pressures and velocities of the shocks attained in the targets and figure
2b the laser-to-shock energy conversion efficiency nis = E/E. for the time t = tpmax When the pressure
reaches the highest value and for t equal to 5ns after the impact. The shock energy Es is defined here as
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the energy of the target material which is flowing along the axis z into the target interior with the
velocity higher than % of the maximum flow velocity. The maximum shock velocity decreases with an
increase in the target material density while the maximum shock pressure increases with the material
density and it approaches 500 Mbar for Au and Cu and surpasses 300 Mbar for Al. So far, such high
values of the pressure could be produced with the laser-based methods only with the use of large
multi-kJ lasers. Here, the sub-Gbar shock pressures are achieved at laser energy of only 200 J.
Achieving such high pressures in the LICPA-driven collider at relatively small laser energy is
possible thanks to the very high efficiency of the projectile acceleration by the LICPA mechanism,
high efficiency of the energy transfer from the projectile to the target due to high projectile density and
a short interaction time between the projectile and the target (being the result of compactness and high
velocity of the projectile). The first two factors also determine the high value of the laser-to-shock
energy conversion efficiency which for low-density targets (CH, Al) approaches 20 % and is by an
order of magnitude higher than the efficiencies attained with laser-based methods so far.
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Figure 2. The maximum values of pressure and velocity of the shock generated inside the targets
made of various materials impacted by the gold projectile (a). The laser-to-shock energy conversion
efficiency for the targets made of various materials at the moment t = tymax When the shock pressure
achieves the highest value and at the moment of 5 ns after the gold projectile impact (b). EL =200 J.
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Figure 3. The maximum values of pressure (a) and velocity (b) of the shock generated inside the Au
(squares) and Al (circles) targets impacted by the gold projectile as a function of laser energy. The
diamonds corresponds to the case when the Al target is impacted by the aluminum projectile of the
mass equal to the mass of the gold projectile.

The dependencies of the maximum (in space and time) pressure and velocity of the shocks
generated in the Al and Au massive targets by the gold projectile accelerated in the LICPA-based
collider, for the energy range of 10 — 400 J accessible at the PALS facility, are presented in figure 3.
The shock pressure increases almost linearly with the laser energy for both targets and at E, = 400 J it
attains 0.7 Gbar for Al and near 1.2 Gbar for Au. The shock velocity increases approximately as E, 2
with an increase in the laser energy and for E. = 400 J it reaches 160 km/s for Al and about 80 km/s
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for Au. In the figure, there is also presented the maximum pressure and velocity of the shock
generated in the Al massive target by the Al projectile of the same mass (and areal density) as that of
the Au projectile and driven by the laser energy of 200 J. It can be seen that the maximum pressure
and the maximum velocity of the shock generated by the gold projectile are greater by a factor of ~ 2
and ~1.5, respectively, than those of the shock produced by the Al projectile. The main reasons for the
observed difference in the shock parameters are higher density (by a factor ~ 3 — 4) and smaller
thickness of the impacting gold projectile as compared to the Al projectile which allows for the
transfer of the gold projectile energy to the impacted target with higher efficiency and during a shorter
time than in the case of the Al target.
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Figure 4. The dependence of the laser-to-shock energy conversion efficiency in the Al target impacted
by the gold projectile on the laser energy for the moment when the shock pressure reaches the highest
value (open circles) and for the moment of 5 ns after the impact (full circles).

The laser-to-shock energy conversion efficiency, nis , as a function of the laser energy, for the Al
massive target and two moments after the gold projectile impact, is presented in figure 4. The
conversion efficiency decreases with an increase in the laser energy in the low energy range (below of
100 J) and then slightly increases. At E. = 400 J, the conversion efficiency reaches 10% at the early
phase of the shock formation (when the shock pressure reaches the maximum value) and 20% in the
late phase (at t = 5ns). Qualitatively similar dependence of the conversion efficiency on the laser
energy was observed for the Au target; however, in this case the conversion efficiency in the high
energy range was < 15%.

3. Conclusions

In conclusions, the production of high-pressure shocks in solid targets using the hyper-velocity impact
in the recently proposed LICPA-driven collider has been investigated using hydrodynamic
simulations. It has been found that with the laser driver energy of only a few hundred joules, sub-
Gbar-pressure shocks can be generated in the collider with the laser-to-shock energy conversion
efficiency by an order of magnitude higher than in other laser-based schemes used so far. The peak
pressure of the shock depends on both the projectile density and the impacted target density and it
increases with an increase in these densities. In the laser energy range of 10 — 400 J, the peak pressure
approximately linearly increases with the laser energy. The laser-to-shock energy conversion
efficiency relatively weakly depends on the laser energy; however, it significantly depends on the
target density — for a gold projectile driven by the laser pulse of energy of 200 J it reaches ~ 10 % for
the Au target and ~ 20 % for the CH target. For all the target applied (Au, Cu, Al, CH) the pressure in
the shock increases to its peak value very rapidly (within At < 0.3 ns for E. = 200 J) and for the time
period of At = 1 ns after the impact, when planarity of the shock is preserved, the maximum shock
pressure averaged in time lays in the sub-Gbar range both for the high-density and low-density targets
used in the simulations. The results presented in the paper suggest that the  LICPA-driven collider
can be an efficient tool for the shock generation both in case of laser energies higher than those
considered in the paper (~ 1 kJ or higher) and in case of low laser energies (~ 5 — 10 J) produced by
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commercial lasers. The last possibility would open a prospect for conducting research in high energy-
density science also in small, university-class laboratories.
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