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Abstract

Production of high dynamic pressure using a strong shock wave is a topic of high relevance for high-energy-density
physics, inertial confinement fusion, and materials science. Although the pressures in the multi-Mbar range can be
produced by the shocks generated with a large variety of methods, the higher pressures, in the sub-Gbar or Gbar range,
are achievable only with nuclear explosions or laser-driven shocks. However, the laser-to-shock energy conversion
efficiency in the laser-based methods currently applied is low and, as a result, multi-kJ multi-beam lasers have to be
used to produce such extremely high pressures. In this paper, 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. A special 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 has been found that both in case of low-density and high-density solid
targets, the shock pressures in the sub-Gbar range can be produced in the LICPA-based 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.
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1. INTRODUCTION

The generation of strong shock waves in condensed media
has a long history, and for decades, high-pressure shocks
have been used in the study of dynamic properties of
matter under extreme conditions. Presently, the production
of high pressures using shocks is a hot topic developed in
various branches of research, in particular in high-energy-
density physics (HEDP) (Drake, 2006; Nellis, 2016), inertial
confinement fusion (ICF) (Atzeni and Meyer-ter-Vehn,
2004) or materials science (Kraus et al., 2016; Nellis,
2016). The shock-generated pressures in the multi-Mbar
range can be achieved by a large variety of methods employ-
ing chemical (Fortov, 1982) or nuclear explosions (Trunin,
1994), heavy ion beams (Tahir et al., 2010), direct irradiation
of a solid target by the laser beam (Veeser and Solem, 1978;
Batani et al., 2002, 2014; Ozaki et al., 2004; Atzeni and

Meyer-ter-Vehn, 2004; Guskov et al., 2007; Guskov,
2015), or the laser-produced X rays (Löwer et al., 1994;
Benuzzi et al., 1996; Atzeni and Meyer-ter-Vehn, 2004; Hur-
ricane et al., 2014) as well as the hyper-velocity impact, into
a dense target, of a projectile accelerated by a pulsed-power
machine (Lemke et al., 2005), a light-gas gun (Mitchell et al.,
1991; Nellis, 2016), or a laser driver (Obenschain et al., 1983;
Cauble et al., 1993; Ozaki et al., 2001; Karasik et al., 2010;
Frantaduono et al., 2012; Shui Min et al., 2015; Min Shui
et al., 2016). However, the pressures in the sub-Gbar or
Gbar range are attainable currently only with laser-based
methods (the nuclear explosions, which could also produce
such pressures, are forbidden). Unfortunately, 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, ƞls= Es/EL, which is below a few percent
(Cauble et al., 1993; Ozaki et al., 2001; Atzeni and
Meyer-ter-Vehn, 2004; Guskov et al., 2007; Guskov, 2015;
Shui Min et al., 2015) (Es is the shock energy and EL is
the energy of a laser beam which generates the shock or
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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 ƞls value is the low energetic
efficiency of projectile acceleration in the commonly used
ablative acceleration (AA) scheme (employing either the
laser or X-ray drive), which is ƞacc= Ep/EL∼0.5–5%
(Cauble et al., 1993; Ozaki et al., 2001; Karasik et al.,
2010; Frantaduono et al., 2012; Shui Min et al., 2015; Min
Shui et al., 2016) (Ep is the projectile kinetic energy). As a
result, for the generation of sub-Gbar or Gbar shocks of spa-
tial dimensions enabling their practical usefulness (e.g. stud-
ies of equations of state of various materials), multi-kJ laser
drivers are necessary. The experiment carried out in the Law-
rence Livermore National Laboratory, where for the genera-
tion of a quasi-planar, 0.4-mm, 750-Mbar shock in the gold
target by the hyper-velocity impact, the impacting projectile
(3-μm Au flyer foil) was accelerated in the AA scheme by
soft X rays produced by the ultraviolet beams of the NOVA
laser of the total energy of 25 kJ (Cauble et al., 1993) could
serve as an example. Higher shock pressures, in the multi-
Gbar range, are achievable presently only in spherical
shocks driven by many beams of large laser facilities (of
energy from tens to hundreds kJ) used for ICF research
(Atzeni and Meyer-ter Vehn, 2004; Hurricane et al., 2014).
Recently, a novel scheme of acceleration of dense plasma

capable of accelerating a plasma projectile with the energetic
efficiency of tens of percent has been proposed (Badziak
et al., 2010, 2012). In this scheme – referred to as the laser-
induced cavity pressure acceleration (LICPA) – a projectile
placed in a cavity is irradiated by a laser beam introduced
into the cavity through a hole and then accelerated in a guiding
channel by the pressure created in the cavity by the laser-
produced hot plasma or by the photon pressure of the laser
pulse trapped in the cavity. It has been demonstrated (Badziak
et al., 2015b,c) that by the impact of the projectile driven by the
LICPAmechanism into the solid target, an ultra-high-pressure
shock can be generated in the target with the laser beam energy
much lower than that required for producing such a shock with
other laser-based methods used so far.
It should be emphasized that despite the apparent similar-

ities of the LICPA scheme to the cannonball-like acceleration
(CBA) scheme proposed in the early 80s (Azechi et al.,
1981; Yamada et al., 1982; Fujita et al., 1985) [also
known as the tamped ablation scheme (Ahlborn and Liese,
1981; Piriz and Tomasel, 1992)], these schemes are very dif-
ferent indeed. In the CBA scheme, the plasma energy is effi-
ciently accumulated in partially closed space – the cavity
(like in the LICPA accelerator cavity) and then is gradually
transferred to the target which closes the cavity. However,
in planar geometry, the energy transfer from the cavity to
the target is effective only in the preliminary stage of the ac-
celeration, that is, until the target closes the cavity. When the
target’s movement causes its separation from the cavity
(opening of the cavity), the energy stored in the cavity “es-
capes” in the free space (like the energy stored in the balloon
after pricking it with a pin). Moreover, since the target

(projectile) moves in the free space, the internal energy accu-
mulated in it (generated as a result of its heating with a shock
wave) leads to its spatial expansion both in the longitudinal
and radial direction. Consequently, there is a large increase
in the volume of the projectile and significant decrease of
its density. What even seems possible is the burst of the pro-
jectile into tiny pieces (in case when the energy transferred
from the cavity to the target is of significant amount). Due
to the low density of such a projectile, its large final thickness
and relatively low speed (limited by the short time of efficient
acceleration) and its possible considerable inhomogeneity its
application, for example, to generate shock waves by the pro-
jectile impact into a solid target is inefficient. Probably, due
to the above-mentioned disadvantages, the CBA scheme has
not found a wider application neither in the inertial fusion nor
in other branches of HEDP despite the fact that the energetic
efficiency of projectile acceleration in that scheme can be
higher than in the AA scheme (Azechi et al., 1981; Yamada
et al., 1982; Fujita et al., 1985). In the LICPA scheme, the sit-
uation is fundamentally different from the one in the CBA
scheme. Thanks to the existence of the guiding channel in
the LICPA accelerator; firstly, the process of acceleration
can last much longer than in case of CBA and almost all
energy accumulated in the cavity can be transferred to the pro-
jectile (accelerated target); secondly, the radial expansion of
the projectile does not take place, and the longitudinal expan-
sion is significantly reduced. As a result, the projectile in the
output of the LICPA accelerator channel has higher velocity,
considerably smaller thickness and much higher density and
kinetic energy fluence than in the CBA scheme. Consequent-
ly, for example, the shock wave generation by the projectile
impact into a solid target is much more efficient than in case
of CBA. The above-indicated differences between CBA and
LICPA were proved in our experiment at the kilojoule PALS
laser facility where we measured craters produced in the Al
massive target by the impact of the Al projectile accelerated
by LICPA or by CBA as well as plasma fluxes leaving the
LICPA and CBA accelerators using optical interferometry.
In this paper, the process of shock generation in a solid

target by the impact of projectile accelerated in the LICPA
scheme is investigated in detail with the use of numerical hy-
drodynamic 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 (Al, polystyrene-CH) and high-density (Cu, Au) solid
targets, the shock pressure in the sub-Gbar range can be gen-
erated in the LICPA-based collider 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. THE LICPA-BASED COLLIDER FOR SHOCK
GENERATION

The idea of a LICPA-driven collider in cylindrical (a) and
conical (b) geometry is presented in Figure 1. In the collider,
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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 then accelerated in a guid-
ing 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 gener-
ated in the target.
As compared to other laser-based schemes of shock gener-

ation, in particular those using the hyper-velocity impact for
the shock generation, the LICPA-driven collider has several
significant advantages, in particular:

(a) very high energetic efficiency of projectile accelera-
tion, ηacc= Ep/EL, which can reach tens of percent
both for a short-wavelength (<0.5 μm) and a long-
wavelength (∼1 μm) laser (Badziak et al., 2012);

(b) high density of the projectile at the moment of the
impact, which ensures the efficient transfer of the pro-
jectile energy to the impacted (dense) target and the
generated shock (Badziak et al., 2012, 2015c);

(c) capability of accelerating the projectile to very high
velocities; in the hydrodynamic acceleration regime

(driven by the hot plasma pressure) (Badziak et al.,
2012), the projectile velocity can be a few times
higher than in the conventional AA scheme (the tem-
perature of plasma in the cavity can be up to a factor
∼10 higher than that of the freely expanding
plasma) and can potentially reach the value well
above 1000 km/s, while in the photon-pressure accel-
eration regime, the projectile can be accelerated even
to sub-relativistic velocities (Badziak et al., 2012);

(d) existing of additional propelling of the projectile
during and after the collision by the pressure still
stored in the guiding channel;

(e) no significant pre-heating of the impacted target by X
rays or hot electrons (especially when they are pro-
duced from a low-Z ablator), since the high-density
projectile can effectively absorb them.

Taking into account the above-mentioned properties of the
LICPA-based collider, it could be expected that the
laser-to-shock energy conversion efficiency ηls in the collider
will be even by an order of magnitude higher than for other
schemes of shock generation used so far and, as a result, the
laser energies needed for generating the shocks of the re-
quired energy or pressure will be much lower than the ener-
gies needed in other schemes.

In this paper, we investigate the properties of shocks pro-
duced in the cylindrical LICPA-based collider (Fig. 1a)working
in the hydrodynamic regime. The shocks are generated in the
solid massive targets made of various materials by the impact
of a gold plasma projectile driven by the pressure of plasma pro-
duced in the collider cavity by a high-intensity (∼1015 W/cm2)
sub-nanosecond laser pulse of energy below 0.5 kJ.

3. RESULTS OF NUMERICAL SIMULATIONS AND
DISCUSSION

For numerical investigations of shock generation by a hyper-
velocity impact in the LICPA-based collider, we used the
two-dimensional (2D) hydrodynamic PALE (Prague Arbi-
trary Lagrangian Eurelian) code (Kapin et al., 2008; Liska
et al., 2011). The computations encompassed both the pro-
jectile acceleration phase and the phase of the projectile
impact into the solid massive target placed at the LICPA ac-
celerator channel exit. In particular, they included: the inter-
action 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 projec-
tile (by the plasma pressure) and its heating and acceleration
in the guiding channel, the interaction of the projectile with
the guiding channel wall during the projectile 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 car-
ried out in Lagrangian coordinates applying a mesh moving

Fig. 1. Simplified scheme of the LICPA-based collider in cylindrical (a) and
conical (b) geometry. The shock wave is generated in the massive target due
to the impact of the projectile accelerated in the collider guiding channel into
the target.
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with the plasma. In turn, in the impact phase, the simulations
were performed in the Eulerian coordinates with a static com-
putational 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, veloc-
ity) of the shock, generated shortly after the impact and prop-
agating 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 quotidian equations of state (More et al., 1988)
were applied to describe thermodynamic properties of mate-
rials used in the projectile and the impacted targets. For both
phases, computations were performed in the cylindrical r, z
geometry [for more details about the code and the simula-
tions see (Kapin et al., 2008; Liska et al., 2011)].
The simulations were performed for the same LICPA ac-

celerator parameters as the ones used in the experiment car-
ried out recently at the PALS laser facility (Badziak et al.,
2015c). The accelerator walls were made of gold and the
main accelerator dimensions were as follows: the cavity
length Lc= 0.4 mm, the channel length LCh= 2 mm, the
cavity diameter Dc= 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 μm and the diameter of
0.3 mm (the projectile mass mp≈ 4 μg), covered by the CH
ablator of the thickness of 5 μm. The massive targets
placed at the accelerator channel exit were made of Au, Cu,
Al, or CH. The laser beam parameters on the target (CH abla-
tor) were assumed to be relevant to the parameters of the
3ω PALS laser beam, in particular: the laser wavelength
λ= 0.438 μm, the pulse duration τL= 0.3 ns, the transverse
beam intensity distribution∼ exp(r/ro)

6 with ro= 170 μm.
For the laser energy EL= 200 J, these parameters correspond
to the beam peak intensity on the target ∼1015 W/cm2. The
laser beam energy varied within the range 10–400 J.
The correctness and accuracy of the PALE code used for

the simulations was verified for various laser-based schemes

of shock generation, in particular for the LICPA-based col-
lider. In that case, the verification was made by the compar-
ison of parameters of craters produced in a massive Al target
by the impact of Al projectiles of various masses calculated
using the code with the ones obtained from measurements
performed at the PALS laser facility, and a very good quali-
tative and quantitative agreement between the numerical and
experimental results was found (Badziak et al., 2015c). The
code was also used to simulate the shock generation in a CH/
Cu target by the direct target irradiation by the PALS laser
beam and fairly good agreement (within ∼30%) between
the results of the PALE simulations and the results of mea-
surements was obtained as well (Koester et al., 2013; Bad-
ziak et al., 2015a). 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.
Figure 2 presents 2D spatial profiles of density (a), temper-

ature (b), pressure (c), and axial (along z) velocity (d) of
plasma inside the channel of the cylindrical LICPA-based
collider at a final stage of acceleration of the gold projectile,
that is, at the moment when the projectile starts to leave the
channel and begins to interact with the massive target
placed at the channel exit (at z=−2000 μm). It can be
seen that at this stage, the projectile is a fairly compact and
dense plasma object of the effective thickness below 10 μm
and the density averaged within this thickness ∼2–3 g/cm3.
The projectile moves with the mean velocity above
200 km/s and the majority of the projectile mass and kinetic
energy is accumulated in the region of Δz< 20 μm, Δr<
100 μm. The projectile surface is not ideally flat and homoge-
neous, so we can expect that also the shock produced in the
massive target by the projectile impact will not be ideally ho-
mogeneous in space. It is also worth noticing that there is still
a large amount of energy stored in the channel behind the pro-
jectile (mostly the energy of the ablating CH plasma) which
has not been transformed into the projectile yet (Fig. 2c). In
case of using a longer guiding channel (which ensures a
longer acceleration time) this energy could be converted

Fig. 2. Two-dimensional spatial profiles of density (a), temperature (b), pressure (c), and axial velocity (d) of plasma inside the end por-
tion of the collider channel at the moment when the gold projectile starts to leave the channel and begins to interact with the massive target
situated at the channel exit (z=−2000 μm). The CH/Au target placed at the beginning of the channel (z= 0) is irradiated by the laser
beam introduced into the collider cavity and directed along the channel axis (r= 0). EL= 200 J.

J. Badziak et al.622

https://doi.org/10.1017/S0263034617000660 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034617000660


into the kinetic energy of the projectile increasing its total
energy and, as a result, increasing the energy and pressure
of the generated shock. However, even if the energy stored
in the channel is not transformed completely into the projec-
tile energy during the projectile acceleration, a part of the re-
maining energy can still be converted into the shock energy
after the projectile impact. How much of the ablating
plasma energy is transformed into the projectile kinetic
energy depends on the time of projectile acceleration and
can be to some extend controlled by changing the channel’s
length. More detailed discussion of the process of projectile
acceleration in the LICPA scheme can be found in our previ-
ous papers (Badziak et al., 2012, 2015b,c).
Further, we will show 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. Figures 3–5 present
2D spatial distributions of the density, the pressure, and the
temperature in the impacted target (z< 0) made of Au, Cu,
Al, or CH at the moment t= tpmax 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
the spatial shape of the shock is similar – the shock is
rather flat and homogeneous within 2r= 200 μm (in spite
of the fact that the projectile surface is pleated). The quasi-
planar shape of the shock is preserved up to ∼1 ns by the
shock after reaching the highest pressure, and after this
period, a radial expansion of the shock begins to be signifi-
cant. The last effect can be seen in Figures 6 and 7 where
2D spatial distributions of the density and the pressure in
the targets 5 ns after the projectile impact are presented. In
this moment, the shock front is not flat, and the pressure

and density in the shock are distributed less homogenously
than at t= tpmax. Since during propagation of the shock in
the target the volume of the shock increases and the energy
of the shock is transferred to the target material, the density
in the shock and the shock pressure decrease. The material
heated by the shock is melted and evaporated, and as a
result, a crater is formed in the target. The crater volume is
proportional to the shock energy (Guskov et al., 2007) and
its shape reproduces the shape of the shock which in the
late propagation phase takes a quasi-spherical shape. It is
demonstrated in Figure 8, where 2D spatial distributions of
the temperature in the impacted targets at the moment t=
1000 ns after the impact is shown. The bright quasi-spherical
line in the figure represents the shape of the shock and, simul-
taneously, a border of the crater produced in the target.

The highest value of pressure in the impacted target chang-
es in time. Figure 9 shows how the maximum pressure in the
Au, Cu, Al, or CH target changes within the time period of
5 ns after the projectile impact. As can be seen, the maximum
pressure (in the target space) attains its peak value very fast
(within ∼0.2 ns) independently of the target material. It indi-
cates 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. The
highest peak pressure is achieved for the target of the highest
density (Au target); however, a difference between the high-
est pressures in Au and Cu is rather small despite a factor 2
higher density of Au. This is due to the fact that the shock
pressure depends not only on the impacted target density
but also on other target material properties, in particular the
pressure decreases with an increase in the material compress-
ibility, which is higher for Au than for Cu. In the time period
of Δt= 1 ns after the impact, when planarity of the shock is

Fig. 3. Two-dimensional spatial profiles of density inside targets (z≤ 0) made of various materials 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 μm. EL= 200 J.

Production of sub-gigabar pressures by a hyper-velocity impact 623

https://doi.org/10.1017/S0263034617000660 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034617000660


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 both for the high-density and low-density
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 (Cauble et al., 1993) and seems to be long enough to
measure some parameters of the material compressed by
the shock, for example, those required for the determination
of equation of state of the material.

Figure 10 presents spatial profiles of density and pressure
in the impacted Au, Cu, Al, or CH target along the shock
propagation axis (z) at r= 0 for the time t corresponding to
the peak pressure. For all the targets, the peak pressure is
reached at the point z where also the density attains the
peak value; however, the effective thickness of the shock de-
pends on the target density and is the largest for the CH
target. The target material in front of the shock is not dis-
turbed and no preheating of the target due to the projectile
impact is observed. It can be also expected that this material

Fig. 4. Two-dimensional spatial profiles of pressure inside targets (z≤ 0) made of various materials 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 μm. EL= 200 J.

Fig. 5. Two-dimensional spatial profiles of temperature inside targets (z≤ 0) made of various materials 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 μm. EL= 200 J.
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is not disturbed/preheated by X rays and hot electrons pro-
duced at the laser–plasma interaction inside the collider
cavity, since the high-density (of a high-density thickness
product ρl) projectile effectively absorbs both the X rays
and the hot electrons. In addition, low-Z ablator helps to
avoid the preheating by decreasing the efficiency of the X
rays and hot electrons production and lowering X ray and
electron energy. This is an additional advantage of the
LICPA-driven collider relative to the scheme with a direct
laser irradiation of a solid target and also in comparison
with the case when the target is impacted by a projectile
driven by AA in free space. In the last case – due to the lon-
gitudinal and transverse expansion of the projectile plasma
during acceleration – the value of ρl for the impacting projec-
tile is much lower than in the case of projectile driven by
LICPA, and as a result, the laser-produced X rays and hot
electrons are less effectively suppressed by the projectile.
The summary quantitative results of the simulation of

shock generation by the projectile impact in the targets
made of different materials are shown in Figure 11.
Figure 11a presents the maximum (in space and time) pres-
sures and velocities of the shocks attained in the targets
and Figure 11b the laser-to-shock energy conversion effi-
ciency ƞls= Es/EL for the time t= tpmax when the pressure

reaches the highest value and for t equal to 5 ns after the
impact. The shock energy Es is defined here as the energy
of the target material which is flowing along the axis z into
the target interior with the velocity higher than 1

4 of the max-
imum flow velocity. The maximum shock velocity decreases
with an increase in the target material density, while the max-
imum 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. Attain-
ing such high pressures in the LICPA-based collider at rela-
tively small laser energy is possible thanks to the very high
efficiency of the projectile acceleration by the LICPA mech-
anism, high efficiency of the energy transfer from the projec-
tile 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.

Fig. 6. As in Figure 3, but at the moment of 5 ns after the projectile impact.

Fig. 7. As in Figure 4, but at the moment of 5 ns after the projectile impact.
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The results presented in Figure 11 are in a qualitative
agreement with a simple steady-state model of the shock gen-
eration in a target of density ρt impacted by a projectile of
density ρp moving with velocity vp (Gehring, 1970). Accord-
ing to this model, the pressure of the shock generated in the
target is determined by the expression (Gehring, 1970):

p = γp + 1

2

( )
×

ρpn
2
p

(1+ β1/2)2 , (1)

where β= (γp+ 1) ρp /(γt+ 1) ρt and γt, γp are the adiabatic
exponents of the target and the projectile materials, respec-
tively. It can be shown from (1) that at a fixed projectile den-
sity, an increase in the target density results in an increase in
the shock pressure, in accordance with what we observe in
Figure 11a. On the other hand, when the target density is

fixed, the shock pressure increases with an increase in the
projectile density. Based on this model, the ratio α of the
energy transferred to the target by the projectile impact and
the projectile kinetic energy can be expressed by (Gehring,
1970; Guskov et al., 2009):

α = 2β1/2

1+ β
. (2)

The ratio α reaches a maximum value when β= 1, so when
the projectile density is close to the target density (at the as-
sumption that γt and γp do not differ considerably). In such a
case, half of the projectile energy is transferred to the shock
generated in the target. The expression (2) qualitatively ex-
plains the dependence of the laser-to-shock energy conver-
sion efficiency on the target density observed for t= 5 ns

Fig. 8. Two-dimensional spatial distributions of temperature inside targets (z≤ 0) made of various materials at the final stage of formation
of crater in the target (t= 1000 ns). The targets are impacted by the gold projectile accelerated in the collider channel situated in the region
z> 0, r< 150 μm. EL= 200 J.

Fig. 9. The temporal dependence of the maximum pressure inside targets made of various materials impacted by the gold projectile. EL=
200 J.
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in Figure 11b. Since the effective density of the projectile im-
pacting the target ρp ∼2–3 g/cm3 is rather close to the initial
density of CH and Al, the efficiency of the energy transfer
from the projectile to these targets is close to the maximal
one and higher than for Au and Cu, which densities are con-
siderably higher than the projectile density. As a result, also
values ƞs for CH and Al are higher than the ones for Au and
Cu. Although the expressions (1) and (2) explain qualitatively
dependencies of the shock parameters on the impacted target
density, the absolute values of these parameters calculated
from these expressions are far from those obtained from the
simulations. This is due to the fact that the process of shock
generation in the LICPA-based collider is muchmore complex
than that assumed in this very simple model. In particular, the
model does not take into account the fact that a significant in-
fluence on the shock parameters, especially in the later phases
of shock generation (t> 1 ns), has the energy of plasma stored
in the collider channel behind the projectile, which is still
transferred to the shock after the impact. This energy can be
comparable to the projectile energy and, as a result, its transfer
to the shock can be a factor, which remarkably increases the
shock energy.
The maximum (in space and time) pressure of the shock

and the laser-to-shock energy conversion efficiency, ηls, as
a function of the laser energy, for the Al massive target im-
pacted by the gold projectile, are presented in Figure 12.
The shock pressure increases almost linearly with the laser
energy at the energy range of 10–400 J accessible at the
PALS facility, and at EL= 400 J, it attains 0.7 Gbar. 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 EL= 400 J, the conversion effi-
ciency reaches 10% at the early phase of the shock formation
(when the shock pressure reaches the maximum value) and
approaches 20% in the late phase (at t= 5 ns) of the shock
propagation (not shown in the figure). The demonstrated con-
version efficiencies are by an order of magnitude higher than
those achieved with other laser-based methods used so far.

Like in other methods of shock generation also in the
method using the LICPA-based collider, there are a
number of factors that limit the achievable energy and pres-
sure of the generated shock. One of the most important fac-
tors is the attainable velocity of the projectile accelerated in
the collider. A natural barrier limiting this velocity is the
sound speed of plasma in the cavity of the LICPA accelera-
tor. Our numerical studies using the PALE code have shown
that the temperature of plasma in the cavity can be by an
order of magnitude higher than the temperature of plasma
in the free space, which means that the speed of sound in
the cavity plasma is∼3 times higher than in case of “free ab-
lation”. Thus, in the conditions examined the maximum ve-
locity of the projectile in the LICPA scheme can be three
times higher than in the AA scheme. The numerical value
of the velocity limit depends on the accelerator and the driv-
er’s parameters as well as the initial parameters of the projec-
tile and cannot be determined without knowing these
parameters.

A significant role in limiting the attainable pressure of the
shock produced by the projectile impact may play a spatial
expansion of the projectile plasma during the projectile accel-
eration. This effect is crucial in the AA scheme and the CBA
scheme where both the longitudinal and the transverse

Fig. 10. Spatial profiles of density and pressure in the impacted Au, Cu, Al, or CH target along the shock propagation axis (at r= 0) for
the time t corresponding to the peak pressure. EL= 200 J.
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expansions of the plasma occur, and as a consequence, the
projectile density decreases quickly during acceleration.
Due to the density decrease, despite the increase in velocity
and energy of the projectile, the energy fluence and energy
density of the projectile may not increase but decrease. More-
over, the time of interaction of the projectile with the impact-
ed target may increase due to the increase of the thickness of
the projectile during acceleration. As a result, the maximum
pressure of the shock wave is achieved at a certain optimal
distance/time of acceleration, and the value of this pressure
is determined by the projectile’s parameters attained at this
distance (density, kinetic energy fluence, thickness). In the
LICPA scheme, only the longitudinal expansion of the pro-
jectile occurs, and the projectile density decrease is much
slower than for AA and CBA, and the optimal time/distance
of acceleration can be much longer. As a result, the attainable
kinetic energy fluence of the projectile can be considerably
higher than for AA and CBA (due to both the higher density
and the higher velocity of the projectile) and the attainable
pressure of the shock generated by the projectile impact
can be considerably higher as well.
Other factors limiting parameters of the shock generated in

the LICPA-based collider are hydrodynamic instabilities
(Rayleigh–Taylor and possibly others) occurring during ac-
celeration of the projectile. They can produce a large inhomo-
geneity in the density distribution of the projectile, and as a
result, can be a source of large inhomogeneity in the shock
generated by the projectile impact. However, one can
expect that the destructive role of the hydro instabilities in
the LICPA scheme can be manifested in stages of projectile
acceleration latter than in the AA case because, due to much
higher energetic efficiency of the acceleration in the LICPA
scheme, we can use the accelerated target much thicker than
in the AA scheme. The problem of hydro instabilities in the
LICPA scheme has not been investigated by us in detail so
far and will be the subject of our future research.
Although the factors limiting the attainable parameters

of the projectile and the shock indicated above are generally
the same for LICPA, AA, and CBA, the upper limits for
these parameters are different for each of the schemes and,
at least for the laser energy range investigated so far
(<0.5 kJ), seem to be the highest for the LICPA scheme.

4. CONCLUSIONS

In conclusions, the generation of high-pressure shocks in
solid targets by the laser-driven hyper-velocity impact in
the recently proposed LICPA-based collider has been inves-
tigated using 2D hydrodynamic code. It has been shown that
with the laser driver energy of only a few hundred joules, ac-
cessible for many existing one-beam nanosecond or sub-
nanosecond laser facilities, sub-Gbar shock pressures can
be produced 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. In the laser
energy range of 10–400 J, the peak shock pressure

Fig. 11. The maximum values of pressure and velocity of the shock gener-
ated inside the targets made of various materials impacted by the gold pro-
jectile (a). The laser-to-shock energy conversion efficiency for the targets
made of various materials at the moment t= tpmax when the shock pressure
achieves the highest value and at the moment of 5 ns after the gold projectile
impact (b). EL= 200 J.

Fig. 12. The dependence of the maximum (in space and time) pressure of
the shock and the laser-to-shock energy conversion efficiency in the Al
target impacted by the gold projectile on the laser energy. The conversion
efficiency was calculated for the moment t= tpmax when the shock pressure
reaches the highest value.
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approximately linearly increases with the laser energy. The
pressure value depends on both the projectile density and
the impacted target density and it increases with an increase
in these densities. The laser-to-shock energy conversion effi-
ciency rather weakly depends on the laser energy; however, it
pretty much depends on the target density – for a gold projec-
tile 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 targets applied (Au, Cu, Al, CH), the pressure in the
shock increases to its peak value very rapidly (within Δt<
0.3 ns for EL= 200 J) and no precursor disturbing the
target material in front of the shock is observed.
The LICPA-based collider seems to be an efficient tool for

the shock generation also in case of laser energies higher than
those considered in this paper. In particular, it could be ex-
pected that with multi-kJ laser drivers, the generation of
strong shocks of multi-Gbar pressures will be feasible in
the collider. To proof the usefulness of the collider in this
laser energy range, more studies are needed including de-
tailed studies of hydrodynamic instabilities in the projectile
acceleration process. On the other hand, using low-energy
(∼5–10 J) commercial nanosecond lasers for driving the col-
lider, the shock pressures from several Mbar to several tens of
Mbar could be quite easily produced. The last possibility
would create the chance to conduct research in high-
energy-density science also in small, university-class
laboratories.
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