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The results of laser-driven shock wave experiments 
for equation-of-state studies in layered targets (15 μm 
polyvinyl alcohol + 5 μm aluminum foil) using optical 
streak camera and multi-frame optical shadowgraphy-
based diagnostics are presented. The experiment was 
performed on a 20 J, 300–800 ps Nd : glass laser system 
at the Bhabha Atomic Research Centre, Mumbai. The 
focused laser intensity on the targets was up to 5 × 
1014 W/cm2. Use of the impedance mismatch technique 
enabled a shock pressure multiplication to be achieved 
in a 5 μm thick aluminum foil target coated with 
15 μm thick polyvinyl alcohol ((C2H4O)n) compared to 
an uncoated 5 μm thick aluminum target. The pres-
sure amplification was independently measured using 
both an optical streak camera-based diagnostic and a 
multiframe optical shadowgraphy technique; the 
magnitude of the pressure amplification was deter-
mined to be 1.71–1.77X and 1.6–1.88X respectively. 
Supporting simulations were performed using the one-
dimensional radiation hydrodynamics modelling code 
HYADES. In these simulations, we observed shock 
pressure multiplication of 1.68–1.72X in 5 μm thick Al 
when coated with 15 μm PVA, compared to a similar 
uncoated Al target. 
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HIGH-power laser can shock materials up to Gbar pre-
ssure. Experiments conducted using direct/indirect laser 
irradiation of solid matter indicate that lasers are the most 
viable tools for generating extreme dynamic pressure 
loading. Cauble et al.1 have produced a pressure of 
0.75 Gbar using an X-ray-driven flyer to strike a station-
ary target. To simulate these experiments, which also  
exhibit features relevant to inertial confinement fusion 
(ICF)1–3, geophysics, astrophysics4,5, phase transforma-
tion studies6 and other areas of high energy density phys-
ics, requires knowledge of the equation-of-state (EOS) of 
the materials involved. The EOS defines the relationship 
between certain pairs of hydrodynamic quantities in a 
fluid, for instance between the pressure and density at a 
given entropy. From a knowledge of EOS it is possible to 

deduce a set of Rankine–Hugoniot curves. A Rankine–
Hugoniot curve is the locus of end conditions that may be 
reached by a single shock wave from a given initial state, 
and is important in understanding what conditions can be 
achieved by the passage of a single shock wave through a 
material. For high energy density physics studies, the 
relevant pressures that need to be accessed experimen-
tally in order to investigate the EOS are much greater 
than those attainable by gas-guns and explosives and only 
a few datapoints are available from underground nuclear 
tests. With direct laser illumination, the shock pressures 
produced scale with the laser intensity. However, the pla-
narity and the stability of the shock fronts as well as low 
preheating of the material ahead of the shock wave are 
essential to obtain accurate measurements of EOS. At 
higher laser intensity >5 × 1014 W/cm2, nonlinear proc-
esses such as the parametric decay instability, stimulated 
Raman scattering and two-plasmon decay produce hot 
electrons that cause pre-heat of the target material. This 
in turn inhibits any meaningful measurement of EOS. To 
mitigate these effects, targets incorporating a low Z abla-
tor are used to inhibit the generation of hard X-rays in 
experiments related to laser shock studies.  
 Interestingly, this also helps in producing high pre-
ssures (up to 50 Mbar) using a moderate intensity laser 
pulse in some multilayer targets. This is called the  
impedance mismatch technique. This technique enables 
shock pressures to be enhanced without the pitfalls asso-
ciated with increasing the incident laser intensity7–10. The 
technique has been applied to EOS measurements  
between 10 and 20 Mbar for Cu (ref. 10), Au (ref. 11) and 
low-density foams12. In fact, the EOS of many materials 
between 10 and 20 Mbar have been determined using this 
technique in an indirect drive configuration13. It is possi-
ble for errors less than ±3% to be achieved.  
 In this communication, we present shock pressure  
enhancement in aluminum (Al) targets coated with poly-
vinyl alcohol (PVA) plastic. In the experiments we have 
used a novel multi-frame optical shadowgraphy technique 
to measure the free-surface velocity and an optical streak 
camera to measure the shock velocity independently. The 
shock pressure amplification calculated using both tech-
niques independently in Al and PVA-coated Al is found 
to be similar and in agreement with numerical simula-
tions performed using the HYADES radiation hydrody-
namics code14. 
 The experiment was performed on a 20 J, 300–800 ps 
Nd : glass laser system at the Bhabha Atomic Research 
Centre, Mumbai15. This pulsed single-shot laser system 
consists of a commercial laser oscillator with an output 
energy of 100 mJ per pulse and a peak-to-background 
contrast of 105. A chain of amplifiers following the oscil-
lator increases the energy to 20 J and the focused laser  
intensity on the target ranges up to a few times 
1014 W/cm2. The laser beam was focused on the target (T) 
using an f/5 plano-convex lens to a focal spot diameter of 
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Figure 1. Schematic of the experimental set-up for shock velocity using an optical streak camera and free-surface velocity using two-
frame optical shadowgraphy. The laser beam was focused onto the target T with an f /5 plano-convex lens L1. Lenses L2 and L3 were used 
to image the target onto the CCDs for the shadowgraphy and optical streak camera diagnostics respectively. 

 
 

 
 

Figure 2. Shock velocity measurements. a, Synchronization of the main beam with the fiducial. b, Streak record of 
the fiducial and shock luminosity signals in 15 μm polyvinyl alcohol (PVA) + 5 μm aluminium (Al) foil at laser  
intensity of approximately 1 × 1014 W/cm2. 

 
 
approximately 100 μm. The pulse shape is approximately 
Gaussian, with a FWHM of around 520 ps and a rise time 
of 375 ps. The shock transit time is obtained by determin-
ing the time interval between the arrival of the main laser 
pulse on the target and the onset of the shock luminosity 
at the rear of the target. The arrival of the laser pulse at 
the target is recorded on every shot by illuminating a  
portion of the streak camera slit with light from the drive 
laser using a fibre optic. A schematic of the set-up for the 
measurement of the shock transit time (shock velocity) 
and free surface velocity of target foils is shown in  
Figure 1. The synchronization of the main beam with a 
fiducial is shown in Figure 2 a. The fiducial and the 
shock luminosity streak of the 5 μm Al is shown in  

Figure 2 b. Two-frame optical shadowgraphy is set up using 
a second harmonic backlighting probe beam. This probe 
is derived by extracting 1% of the laser light from the 
main beam at the final stage by introducing beam splitter 
BS2. An appropriate delay has to be introduced in its path 
using mirrors M6, M7 and a prism to record shadow-
grams at desired delay times with respect to the main  
laser beam. Further, this beam is split into two parts with 
BS4, for the two shadowgram frames at two different  
delays. A polarizing beam-splitter is used to recombine 
these two beams again after a delay of 3.47 ns in one of 
the arms. These probe pulses then pass through the KD*P 
crystal and are converted to second harmonic (532 nm) 
for the shadowgraphy. They are propagated along the 
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Figure 3. a, Shadowgraph recorded at t = 0 ns (unirradiated). b, c, Shadowgraph recorded at t = 4.82 ns for (b) 5 μm Al foil irradiated with 
9.37 J/500 ps laser and (c) 15 μm PVA + 5 μm Al foil irradiated with 9.32 J/500 ps laser on PVA side. The focal spot diameter is about 100 μm in 
both cases. 
 
 

Table 1. Values of constants a, b, and density of aluminum (Al) and  
  polyvinyl alcohol 

Material a b ρ0 (g/cm3) 
 

Al  0.5386 1.339 2.7 
PVA (CH) 0.246 1.565  1.26 

 
 
same optical path and illuminate the target edge such that 
the target foil is aligned at the centre of the field of view. 
After this, the two pulses are split again into two beams 
with the help of a polarizing beam-splitter and recorded 
with the cameras CCD1 and CCD2. Thus, in the present 
set-up, per laser shot, we can fix the time delay of each of 
the two frames independently. For the subsequent laser 
shots, a constant delay can be introduced in both the arms 
by introducing a delay of 1.9 ns in the main shadowgra-
phy beam arm. In this set-up, the accuracy in delay  
between the two frames of the optical shadowgrams is 
10 ps. Details of the development of multi-frame 
shadowgraphy systems and measurement of free surface 
velocities have been reported elsewhere16,17. Experiments 
have been performed wherein foil motion is recorded in 
two laser shots of similar energy. In the first shot, the 
probe beam (PB) delays are fixed at 2.92 and 6.39 ns with 
respect to the arrival of the main beam at the target and in 
the second shot the probe beam delays are changed to 
4.82 and 8.29 ns. All these delays are measured with the 
help of a vacuum biplanar photodiode (rise time 80 ps) 
and are verified with the optical streak camera (temporal 
resolution 20 ps). The temporal resolution of the set-up is 
limited to 500 ps by the probe pulse duration. The spatial 
resolution and image magnification of the shadowgraphy 
set up have been measured using a standard Air Force test 
target and are about 12 and 3.5 μm respectively. The  
ultimate spatial resolution of the experimental set up is 
limited by the CCD camera pixel size of 6.45 μm. Typi-
cal shadowgrams recorded for 5 μm thick Al and 15 μm 
PVA + 5 μm thick Al foil at a laser intensity of approxi-
mately 1 × 1014 W/cm2 are shown in Figure 3 a and b  
respectively, for a delay of 4.82 ns.  

 The simulations were performed using the one-
dimensional radiation hydrodynamics simulation code, 
HYADES14. HYADES is a three-temperature Lagrangian 
radiation hydrodynamics simulation code incorporating  
a flux-limited diffusion approximation for electron con-
duction and a multigroup diffusion treatment for radiation 
transport. In these simulations the flux limiter was set to 
a value of 0.05, as is appropriate for 1ω illumination. The 
multigroup radiation diffusion model incorporated 40 
groups, with group boundaries arranged logarithmically 
from 1 eV to 2 keV. Tabulated EOS data from the 
SESAME library were employed to describe the hydro-
dynamic properties of Al and plastic layers. 
 When a laser pulse is focused onto the target foil, the 
surface gets ablated and a hot plasma is created which 
expands away from the target surface and exerts pressure 
on the foil. This leads to the formation of a strong shock 
wave, moving into the interior of the target, which 
changes the density and internal energy. Knowledge of 
pressure in the materials can be attained by measuring the 
shock velocity and particle velocity. We have measured 
the shock velocity using an optical streak camera and the 
particle velocity using the multi-frame optical shadow-
graphy technique described earlier. Then we have calcu-
lated shock pressure independently from data provided by 
the streak camera record and shadowgraphy records. The 
Rankine–Hugoniot relations are used for shock velocity, 
particle velocity and shock pressure calculation as given 
below. 
 
 us = a + bup, (1) 
 
 P – P0 = ρ0usup, (2) 
 
where us, up, ρ0 and P are the shock velocity, particle ve-
locity, density of the material and pressure respectively, 
and both a and b are constants. The values of a, b and ρ0 
for Al and PVA are listed in Table 1. 
 In case of shock parameters measured using the optical 
streak camera, the shock transit times in 5 μm Al and 
15 μm PVA + 5 μm Al targets were 172 ps/175 ps and 
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Table 2. Values of shock velocity, particle velocity and shock pressure as inferred from the streak camera records 

 Shock transit time  Shock velocity Particle velocity Pressure 
Thickness/targets  (ps) (× 106 cm/s) (× 106 cm/s) (Mbar) 
 

5 μm Al 175  2.85  1.732  13.32 
5 μm Al 172 2.90 1.76  13.78 
15 μm PVA  289 5.19 3.15 20.5 
15 μm PVA + 5 μm Al 425 (transit time  3.698  2.359  23.55 
 in Al – 135 ps) 

 
 

Table 3. Values of free-surface velocity, particle velocity, shock velocity and pressure as inferred from shadowgraphic measurements 

 Free surface velocity  Particle velocity Shock velocity Pressure 
Thickness/targets (× 106 cm/s) (× 106 cm/s) (× 106 cm/s) (Mbar) 
 

5 μm Al 3.599 1.7995 2.95 14.33 
5 μm Al 3.75 1.875 3.04 15.36 
5 μm Al 3.47 1.735 2.855 13.34 
15 μm PVA  6.3 3.15 5.19 20.5 
(15 + 5 μm) PVA + Al 4.799 2.4 3.752 24.31 
(15 + 5 μm) PVA + Al 4.88 2.44 3.8057 25.1 

 
 
425 ps respectively. Since the target thickness is known, 
we were able to calculate shock velocity in the 5 μm Al 
foil. The shock transit time in PVA using the optical 
shadowgraphy technique was calculated to be 289 ps. So, 
the transit time across 5 μm of Al in the layered target is 
136 ps. Hence, the shock velocity and shock pressure cal-
culated are 3.698 × 106 cm/s and 23.55 Mbar respecti-
vely. Details of shock velocity, particle velocity and 
pressure are listed in Table 2. From Table 2 it can be seen 
that a shock pressure multiplication between 1.71 and 
1.77 times is inferred in 5 μm Al when coated with a 
layer of 15 μm PVA. We have also performed pressure 
meaurement in pure 5 μm Al and 15 μm PVA + 5 μm Al 
targets using multi-frame optical shadowgraphy. The free 
surface velocity of 5 μm Al and 15 μm PVA + 5 μm Al 
targets was measured at four different delays with respect 
to start of the main laser pulse on the target. The particle 
velocity up was calculated using the relation up = ufs (free 
surface velocity)/2. The shock velocity and shock pres-
sure were calculated using eqs (1) and (2) and the values 
of a and b listed in Table 1. Details of the shock velocity, 
particle velocity and shock pressure for 5 μm Al and 
15 μm PVA + 5 μm Al are given in Table 3 at a fixed la-
ser energy of 9.62 J. From Table 3 it can also be seen that 
with this diagnostics, a shock pressure multiplication fac-
tor of 1.63–1.88 relative to the 5 μm Al foil is inferred 
when coated with a 15 μm thick layer of PVA. The shock 
pressure calculated by the optical shadowgraphy tech-
nique shows results about 7% higher than the pressure 
measured from the streak camera measurement in both 
5 μm Al and 15 μm PVA + 5 μm Al. This can be explai-
ned on the basis of work published by Benuzzi-Mounaix 
et al.18. The free surface velocity is related to the fluid 
velocity (particle velocity) by 

 
1/ 2

fs p p rw
0

(1/ ) d ,
P

u u P u u
P
ρ∂⎛ ⎞ ′= + = +⎜ ⎟′∂⎝ ⎠∫  (3) 

 
where urw is the release wave coming back into com-
pressed materials after the shock breaks out. In our case 
we have taken ufs = 2up, which is applicable only in case of 
weak shock wave [i.e. (1 – ρ0/ρ) ^ 1], where the entropy 
change is small, and urw = up. But for high pressure this 
value increases by 10–15% compared to SESAME data19 
as reported by Benuzzi-Mounaix et al.18.  
 Simulation results are shown in Figure 4. The simu-
lation was performed for a laser energy of 10 J in 500 ps 
pulse duration focused on the target in 200 μm spot size. 
From the simulation result also, we observed shock pres-
sure multiplication of 1.68–1.72X in 5 μm Al when 
coated by 15 μm PVA foil compared to pure 5 μm Al. 
 The shock multiplication technique has been demon-
strated in a PVA-coated Al target driven by a 10 J/500 ps 
laser pulse. Data were taken using an optical streak  
camera with a 20 ps resolution and multi-frame optical 
shadowgraphy with spatial and temporal resolution of 
12 μm and 500 ps respectively. The optical streak camera 
record shows that the multiplication in shock pressure in 
the layered PVA + Al target compared to a pure Al target 
is about 1.71–1.77 times. The shadowgraphy measure-
ment shows a shock pressure multiplication in the layered 
targets of 1.63–1.88 times compared to the pure Al tar-
gets, as shown in Table 1. The ratio of the shock pressure 
in the PVA-coated Al target compared to the uncoated Al 
target is similar for both diagnostics, but the individual 
reading from the optical shadowgraphy is about 7% 
higher than the streak camera measurement. Theoretical 
simulations have been performed for the layered as well 
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Figure 4. Theoretical simulation done using the HYADES radiation hydrodynamics simulation code at laser intensity of 6 × 1013 W/cm2 (10 J, 
500 ps, focal spot diameter –200 μm) for the shock pressure calculation in (a) 5 μm thick Al foil and (b) 15 μm thick PVA + 5 μm thick Al foil. 
 
 
as the pure targets. From the simulation of a 1.06 μm  
laser with laser energy 10 J and pulse duration of 500 ps, 
with an effective focal diameter of 200 μm at the target 
surface, the shock multiplication is observed to be 1.68–
1.7 times. 
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