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Abstract

In this paper, we perform an absolute equation of state (EOS) measurement on the principal Hugoniot of aluminum using a
near-symmetric impact method. The flyer plates are accelerated to high velocities using the laser-ramp-driven method. An
aluminum flyer plate of ~25 pm is accelerated to the velocity range from 4 to 12 km/s. Then the aluminum flyer plate
propagates across a vacuum gap and impacts with an aluminum step target. A line-imaging optical recording velocity
interferometer for any reflector (ORVIS) is used to measure the aluminum flyer plate and the shock velocity
simultaneously. Aluminum EOS data were measured with pressures range from 50 to 200 GPa. This absolute EOS
measurement method may be used for studying a variety of materials.
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1. INTRODUCTION

Equation of state (EOS) data of matter in high-pressure
regime is a subject of interest for many fields of modern
physics (Benuzzi et al., 1996; Gu et al., 1996; Celliers
et al., 1998; GODWAL et al., 2003; Batani et al., 2004,
Batani, 2016), including astrophysics and geophysics. In par-
ticular, in the ICF (inertial confinement fusion) (Hann et al.,
1995; Lindl, 1995; Koenig et al., 1998) researches, compres-
sion efficiency, and shock structure in fusion capsules criti-
cally depend on the EOS. In the past, TPa pressures can be
achieved by strong shock waves driven with high-energy
pulse powers such as nuclear explosions (Ragan, 1982; Vla-
dimirov, 1984; Mithcell et al., 1991). Recently, laser-driven
shock waves provided EOS data for a variety of materials
used in high-energy-density physics experiments at pressures
above 1 Mbar. Most of the EOS studies using laser drive
shocks rely on impedance matching to determine the behav-
ior of a sample by comparing it to a known standard. At very
high pressures (>5 Mbar), uncertainties in the EOS of that
standard material ultimately limit the accuracy of this tech-
nique. So far, very few absolute EOS (Silva ef al, 1997;
Cauble et al., 1998; Benuzzi-Mounaix et al., 2002) experi-
ments were reported using the laser-driven shock wave
method. In these experiments, two shock physical quantities
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of the shocked matter are determined simultaneously (the
shock speed and the particle speed). For the low Z materials,
the particle velocity can be measured using time-resolved
X-ray radiography (Silva et al., 1997; Cauble et al., 1998).
For the high Z materials, the particle velocity can be inferred
from the rear free surface velocity (Benuzzi-Mounaix et al.,
2002). Another absolute EOS experiment is the symmetric
impact method (Mitchell & Nellis, 1981; Knudson et al.,
2003; Nellis et al., 2003).

Flyer plates are a common experimental tool to perform ab-
solute EOS measurement in the gas-gun facilities (Mitchell &
Nellis, 1981; Nellis et al., 2003) and the Z machines Knudson
et al. (2003). The success of those studies relies heavily on the
condition of the flyer plate at impact. Gas-gun facilities have
long produced ideal flyer plates. The Z machines have also
achieved excellent results as well. Laser-driven flyer plate
techniques have been demonstrated in high-power laser facil-
ities for many years (Tanaka er al., 2000; Ozaki et al., 2001;
Takamatsu et al., 2003; Swift et al., 2005). Laser-driven
flyer techniques have distinct advantages. Such as laser-driven
flyers can obtain higher flyer velocities and hence generate
higher pressures. The sizes of the laser-driven flyer facilities
are smaller, the experiments are less destructive, and therefore
the corresponding experimental costs are lower. The laser
ramp wave loading technique (Fratanduono et al, 2012;
Smith er al., 2008) can accelerate a flyer plate to high velocity
with low temperature. This is a potential technique that may be
used to perform absolute EOS measurement in laser facility.
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In this paper, we performed an absolute EOS measurement
on the principal Hugoniot of aluminum using a laser-driven
flyer plate. An aluminum flyer plate of ~25 um thick was ac-
celerated to the velocity range from 4 to 12 km/s using the
quasi-isentropic driving method. The aluminum flyer plate
propagates across a vacuum gap and impacts with an alumi-
num step target. A line-imaging optical recording velocity in-
terferometer for any reflector (ORVIS) is used to measure the
velocities of the aluminum flyer plate and the shock wave si-
multaneously. Aluminum EOS data were measured with
pressures range from 50 to 200 GPa.

2. EXPERIMENTAL SETUP

The experiments were performed using the “SG-II” Nd:
Glass laser (converted at A = 0.527 pm) of the National Lab-
oratory on High Power Laser and Physics in ShangHai. The
“SG-II” Laser facility provides one-dimensional (1D) com-
pression by smoothed laser beams with short wavelength
and high intensity. The temporal profile of the laser is
nearly square with a rise and fall time of ~300 ps and a full-
width at half-maximum (FWHM) of ~4 ns. Lens-array (LA)
(Deng et al., 1986; Fu et al., 1995) was used to eliminate the
large-scale spatial modulation and to obtain a flat-topped pro-
file in the focal plane. Characteristics of the optical system
(Lens + LA) were such that the focal spot had a flat region
of ~1.5% 1.0 mm® The focal spot image of the laser is
shown in Figure 1. The profile shows a flat top region of
1.5 mm with RMS non-uniformity <2%. Thanks to the
LA, a good flyer with large planetary region can be obtained.
The absorbed laser intensity in the focal spot is between ~1
and 3 x 10'> W/cm?. The experimental setup is shown in
Figure 2.

3. TARGET PRODUCTION

A double-cavity step target, with the structure sketched in
Figure 3, was used in our experiment. The target is made
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up of a polyimide plate, a long vacuum gap, an aluminum
flyer plate, a short vacuum gap, and an aluminum step. The
polyimide plate thickness is in the range from 120 to
160 um. The long vacuum gap distance is in the range
from 200 to 300 um. The aluminum flyer plate is about
25 pm. The short vacuum gap distance is in the range from
80 to 120 pm. The aluminum step is made of two thin
foils. Foils of polycrystalline aluminum of 99.99% purity
having nominal thickness of ~20 um were used in the exper-
iment. Samples were measured to be fully dense
(2.71 g/cm?) to within an accuracy of 1%. The foil thickness
uniformity is less than 0.5% d (d is the thickness of the foil).
A white-light interferometer was used to measure the step
thickness. Foils with surface roughness <100 nm were se-
lected to make the target.

4. DIAGNOSTIC INTRODUCTION

The principal diagnostic was a line-imaging ORVIS system
(Celliers et al., 2004; Shu et al., 2012). The schematic optical
setup of the system is shown in Figure 2. The first part of the
imaging relay system (L1 and L2) produces a magnified real
image at IP1. The magnification of this stage is 9.5x. L1 is
composed of four achromatic lenses. This combination has
142 mm focal length and focal ratio /3. L3 recollimates
the beam for the path segment leading from the intermediate
image (IP1) and through a periscope system onto the optical
table, where it reaches L4. A set of two-beam splitters and a
mirror are placed in the paths beyond lens L4.

The output images (IP2) are formed 1100 mm beyond lens
L4 and the M-Z interferometers are placed precisely such
that these images are simultaneously coincident with the
output beam splitter in the interferometer. LS recollimates
the beam for the path segment leading from IP2, and through
a Dove prism and reaches L6. At last, an output image is
formed on the slit of the streak camera. The slit width of
the streak camera is ~30 um. The Dove prism is used to
rotate the image to make the direction of the fringes align
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Fig. 1. The image of the laser focal spot: (a) two-dimensional image of the laser intensity on the focal plane; (b) one-dimensional laser

intensity distribution profile on the focal plane.
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Fig. 2. Schematic representation of the experiments setup: 1. Lens-arrays; 2. Focus lens; T, target; L1-L6, lens; IP1, IP2, image plane; M,

mirror; PBS, BS beam splitter.

with the silt of the visible streak camera. The total magnifi-
cation of the image system is about 12x. Figure 4 shows
the optical system alignment capability. A resolution pattern
was placed at the target chamber center (TCC) and the min-
imum scale of the resolution pattern is 7 pm.

The streak camera sweeping non-linearity and temporal
resolution are carefully calibrated using a Fabry—Pérot
etalon (FP) and a laser with the wavelength of 0.53 pm and
pulse width of ~1 ps. In the temporal resolution calibration
experiment, the distance of the FP etalon was decreased
continually until two adjacent signals cannot be distin-
guished, the double pass duration of the FP etalon [Fu
et al. (2007)] is just the time resolution. The Rayleigh crite-
rion is regarded as the judgment standard. Namely two adja-
cent signals cannot be distinguished when the superposition

Polyimide

Drive laser

Vacuum gap

Al flyer

intensity between them reaches 73.5% of the peak intensity
of the lower intensity one of them. The temporal resolution
of the streak camera is about 220 ps in the 100 ns time
window.

The ORVIS measures the aluminum flyer plate and the
shock velocity simultaneously. In most shots, the etalon
thickness is 45 mm corresponding to the velocity sensitivity
of 1.25 km/s per fringe. In one shot, the etalon thickness is
18 mm corresponding to the velocity sensitivity of 3.0 km/s
per fringe. The ORVIS data are analyzed with a FFT (fast
Fourier transform) method that establishes fringe position
to ~10% of a fringe. The probe laser for ORVIS is a
Q-switched laser operating at 660 nm with a pulse length
of 60 ns at FWHM. The reflected probe signal was recorded
by a visible streak camera.

»

— O

> > ORVIS

Al step sample

Fig. 3. Schematic representation of the target. The SG-II laser ablates a polyimide sample driving a strong shock. When the strong-shock
emergence from the rear surface, causing the polyimide to unload as plasma across a vacuum gap. The aluminum flyer plate is ramp ac-
celerated by the unloading plasma. The aluminum flyer plate propagates across a vacuum gap and impact with an aluminum step.
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Fig. 4. Resolution pattern image, the minimum scale of the resolution pattern is 7 pym.

5. DRIVE PLANARITY

The experiment consists of four distinct phases. First, a
strong shock is generated in the polyimide plate by the
laser. After the shock exits the rear side of the polyimide,
the plasma unloads toward the sample, expands along the
first vacuum gap. Then the plasma piles up against an alumi-
num flyer and smoothly accelerates it. In the final phase, the
aluminum flyer near-symmetrically impacts with the alumi-
num step target.

The planarity of the flyer is important for the measurement
of the EOS. The planarity of the flyer is affected by the shock
planarity in the polyimide, the planarity of the plasma piston
and the flight time of the flyer. In order to obtain a plane
shock wave, the beam smoothing technology of LA (Deng
etal., 1986; Fu et al., 1995) was used. The LA was composed
of an array of nearly 100 similar small lenses (see Fig. 2).
This combination focus system makes the driving laser inten-
sity uniformly distributed in space on the target. The LA is
located in front of a principal lens (see Fig. 2). Characteristics
of the optical system (Lens + LA) were such that the focal
spot had a flat region of ~1.5x 1.0 mm. Figure 5 shows
the shock break from a 35 pm Al foil. The root-mean-square

time ns

800 1000

0 200 400 600
space um

Fig. 5. Streak image of shock break out an Al flat target, the Al thickness is
30 pm.
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deviation (RMS) of shock breakout time on varied space was
used as an evaluation criterion of shock wave planarity. The
variation of the shock breakout time RMS = 10 ps.

The flyer is accelerated by the plasma piston, so the planar-
ity of the plasma will affect the flyer planarity. It is difficult to
directly observe the evolution of the planarity of the plasma
piston with time. However, it is easy to observe the evolution
of the planarity of the flyer with time. The flyer plate planar-
ity is observed using the ORVIS. Figure 6 shows the ORVIS
fringe image of a 25 um-thick aluminum flyer. The central
flat region of the flyer was larger than 600 um diameter,
with a variation in time RMS = 80 ps. The planarity of the
flyer will become worse as the propagation time increases.

Figure 7 shows the ORVIS measurement result of a
stepped aluminum target impacted by an aluminum flyer.
The variation of the shock breakout time is RMS = 130 ps.

6. EXPERIMENTAL RESULTS

Figure 8a shows a typical ORVIS image of the experiment.
The ORVIS views the aluminum flyer plate and step target
simultaneously. The flyer velocity is diagnosed with an
ORVIS and the shock velocity in the sample is determined
from the breakout time of the shock across the step. The hor-
izontal lines are the ORVIS fringes, and its vertical position
is proportional to the velocity. Before =28 ns, the fringes are
horizontal, that mean no velocity change. Then (#=28 ns) the
fringes begin to move, which represents the arrival of plasma
piston. At r=57 ns, the flyer plate is accelerated to a velocity
of ~4.22 km/s and then impacts with the aluminum step
target. At =59 ns, the shock emerges from the aluminum
“base”. At t=61 ns, the shock emerges from the aluminum
step. The shock and the flyer plate velocity can be clearly de-
termined. Figure 9a shows another ORVIS image of the ex-
periment. In this shot, the flyer plate is accelerated to a
velocity of ~7 km/s. The derived flyer plate velocity histo-
ries show that the flyer is accelerated smoothly and shock-
lessly. Five shots were fired, and the results are listed in
Table 1. Figure 10 shows all the flyers velocity profiles.
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Fig. 6. (a). ORVIS image of a 25 um-thick aluminum flyer; (b) velocity map, horizontal direction is the space, vertical direction is the

time, color code is the velocity.

When the shock velocities and the particle velocities are ob-
tained, the Hugoniot data of the sample can be determined.
The measured Hugoniot data of aluminum are listed in
Table 2.

The shock velocities measurement uncertainty comes from
errors in determining the time intervals and the step thick-
ness. In this experiment, the error in determining the time in-
terval plays a major role. The error of time intervals derives
mainly from the reading uncertainty. In our experiments, this
uncertainty is about 250-300 ps. The shock wave travel time

in the step is about 2-3 ns. Hence, the uncertainties in the
shock velocities are about 10%. Uncertainties in the flyer
plate velocities are decided by errors in ORVIS measure-
ment. The ORVIS measurement uncertainty comes from
errors in the probe laser wavelength, etalon thickness, and
image processing, among which the last item plays a major
role. The image-processing error is related to the rate of
signal to noise of the image. In these experiments, the relative
uncertainty for a fringe identification is about 10%. The
velocity-per-fringe (VPF) constants are 1.25 and 3.0 km/s,
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Fig. 7. Streaked ORVIS records of shock break out in a stepped aluminum targets.
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Fig. 8. (a) ORVIS fringe data for shot 25. Before ~28 ns, the fringes are horizontal and constant because the fly-plate has not moved.
After t~28 ns, the fringes begin to move, which means that the fly-plate is accelerated. At t=57 ns, the fly-plate is accelerated to a velocity
of ~4.22 km/s, and then impacts with the aluminum step target. At =59 ns, the shock emergence from the aluminum “base”. At t=~61 ns,

the shock emergence from the aluminum step.
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Fig. 9. (a) ORVIS fringe data for shot 26. Before t~20 ns, the fringes are horizontal and constant because the flyer plate has not moved.
After t~20 ns, the fringes begin to move, which means that the flyer plate is accelerated. At t~54 ns, the flyer plate is accelerated to a
velocity of ~7 km/s, and then impacts with the aluminum step target. At r=56 ns, the shock emergence from the aluminum “base”.

At =58 ns, the shock emergence from the aluminum step.

Table 1. Aluminum principal Hugoniot results

Shock

Shot Step thickness ~ Transit time velocity Flyer velocity
no. (um) (ns) (km/s) (km/s)

25 2040 +0.06 243+027 840+093 422+0.11
26 21.30 £ 0.07 214027 995+1.40 6.99 £0.18
28 20.50 £0.062  2.25+0.28 9.10+1.13 5.50+0.14
29 20.30 = 0.06 1.62+026 125320 11.58 £0.29
30 30.00 £0.072 337029 8.90*0.77 5.08 £0.13

Measured shock velocity and flyer plate velocity.

suggesting a 4-5 fringes shift corresponding to the 12 km/s
flyer velocity. The velocity uncertainties of the flyer plate are
about 2-3%. The detailed experimental uncertainties analy-
sis method is same as the literature (Fu er al., 2007).

As a common interesting material, aluminum has been
studied extensively by a lot of authors with various tech-
niques (McQueen et al., 1970; Marsh, 1980; Mitchell &
Nellis, 1981; Knudson et al., 2003). A summary of the
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Fig. 10. The velocity profiles for all the flyers.
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shock velocity D and particle velocity u# of aluminum with
pressures range from 50 to 200 GPa from this work and
other work is shown in Figure 11. Figure 12 shows the ob-
tained shock pressure and shock density along with the Hu-
goniot data in the literature (McQueen et al., 1970; Marsh,
1980; Mitchell & Nellis, 1981; Knudson et al., 2003). The
results of this work are in agreement with previously reported
data within the experimental errors (Appendix).

7. DISCUSSION

It is an attempt to perform absolute Hugoniot measurement
using near-symmetric impact method using a laser-
accelerated flyer plate. The uncertainty of the shock velocity
is large. Uncertainties in the shock velocities come from
errors in determining the time intervals and the step thick-
ness. In this experiment, the error in determining the time in-
terval plays a major role. In our experiment, only one streak
camera was used. In order to observe the whole acceleration
process of the flyer (~30 ns), a long-time window (~100 ns)
is used in the experiment. The temporal resolution of the
streak camera is about 220 ps at this sweep range. However,
the shock across time in the step is about 2—3 ns. The uncer-
tainty of the shock velocity can be reduced by using two
streak cameras. One camera works in a long-time window
(100 ns) to observe the whole acceleration process of the
flyer. Another streak camera works in a short-time window
(5 ns) to determine the shock across time in the step. The
temporal resolution is about 20 ps at 5ns sweep range.
Hence, very rough estimation, the shock velocity uncertainty
can scale down in the ratio of one to ten.

In order to obtain more accurate EOS data in the high-
pressure range, we need to think about these issues, such
as improving the flyer planarity and preventing the flyer
preheat. The flyer planarity can be improved by improving
the laser beam smoothing technique or using multi-laser
beams. The main mechanism of preheating is the shock heat-
ing during the acceleration process and the thermal conduc-
tion heating by the plasma piston collide with the flyer. By
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Table 2. Aluminum principal Hugoniot results

Shot no

Flyer velocity (km/s)

Shock velocity (km/s)

Particle velocity (km/s)

Shock pressure (GPa)

Shock density (g/cm?)

25
26
28
29
30

422 +0.11
6.99 = 0.18
5.50+0.14
11.58 £0.29
5.08+0.13

8.40 +0.93
9.95 +1.40
9.10+1.13
1253 +£2.0
8.90 = 0.77

2.11+£0.11 48.0 6.0 3602
3.45+0.18 942 + 14.1 42+03
2.75+0.14 67.8+9.1 39+0.2
5.79 +£0.29 196.6 +33.0 5.0+0.7
2.54+0.13 61.3+63 3.8+0.2

Inferred shock pressure and shock density.

= data from literature[16,18,30,31]
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Fig. 11. Comparison of the shock velocity and particle velocity of aluminum
determined from this work and literature (McQueen et al., 1970; Marsh,
1980; Mitchell & Nellis, 1981; Knudson et al., 2003).

optimizing design, the flyer can be accelerated smoothly.
Thermal conduction heating may be reduced by adding a
plastic preheating shield in front of the flyer. By optimizing,
high-quality and high-speed flyer plate may be obtained to
perform high-pressure absolute EOS studies using high-
power laser facility.
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Fig. 12. The obtained shock pressure and shock density along with the Hu-
goniot data in the literature (McQueen et al., 1970; Marsh, 1980; Mitchell &
Nellis, 1981; Knudson et al., 2003).
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8. CONCLUSION

In conclusion, we have performed an absolute EOS measure-
ment on the principal Hugoniot of aluminum using a near-
symmetric impact method. An aluminum flyer plate of
~25 um was accelerated to the velocity range from 4 to
12 km/s using the quasi-isentropic driving method. Then
the aluminum flyer plate propagates across a vacuum gap
and impacts with an aluminum step target. A line-imaging
ORVIS is used to measure the aluminum flyer plate velocity
and the shock velocity simultaneously. Aluminum EOS data
were measured with pressures from 50 to 200 GPa. The re-
sults of this work are in agreement with the previously report-
ed data in a comparable pressure regime with various
techniques. This absolute EOS measurement method may
be used for studying a variety of materials.
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APPENDIX: UNCERTAINTY ANALYSIS
The shock velocity D is obtained by
D =d/t, (1)

where d is the sample step thickness, and ¢ is the transit time
of the shock wave in the step. Obviously, the uncertainty 6D
depends on the uncertainties d and ¢. Using the error transfer
rule and Eq. (1), 6D is given as

8d\?> [&\?
8D =D <7> +(7> . @

In this experiment, the error in determining the time interval
plays a major role. The error of time intervals derives mainly
from the reading uncertainty. In our experiments, this uncer-
tainty is about 250-300 ps. The shock wave travel time in the
step is about 2-3 ns. Hence, the uncertainties in the shock ve-
locities are about 10%. If the streak camera works in a fast
sweep rate (5 ns time window), then the transit time deter-
mining error can be decreased.
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The shock pressure is inferred by
P = pyDu, 3)

where py is the sample initial density, D is the shock velocity,
u is the particle velocity, and P is the shock pressure. The
shock velocity and particle velocity are measured indepen-
dently. The uncertainty 8P depends on the uncertainties D
and u. Using the error transfer rule and Eq. (3), 8P is given as

2 2
8D=D (%) +<?> . “4)
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The shock density is inferred by

V(DX 8u)’ + (ux 8D)*
- D x (D — u)

oP

®

where py is the sample initial density, D is the shock velocity,
u is the particle velocity, and p is the shock density. Using the
error transfer rule and Eq. (5), 8p is given as

D x 8u)? 8D)?
Sp = p\/( XD 1) (D+—(uu;< ) . (6)
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