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Ultrahigh-Pressure Laser-Driven Shock-Wave Experiments in Aluminum
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We have measured the velocities of strong laser-driven shocks in aluminum. Pres-

sures of 0.6 and 1.8 TPa were produced by incident laser intensities of 8x10'3 and 3x1

014

W/em?. This is the first time that pressures this high have been inferred in a laboratory

experiment.

Present laboratory physics experiments are
limited to pressures below about 0.5 TPa (1 TPa
=10 Mbar). To explore higher-pressure regimes,
very large-scale experimental configurations,
such as those employing nuclear explosives,!’ 2
have been required in the past. Few experiments
of this type have ever been performed because of
their scale and cost. Since present theoretical
calculations are reliable only above 10-100 TPa,
there exists a large range of pressures over
which little is known about material properties.
Along the principal Hugoniot this pressure range
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is of interest because temperature and pressure
ionization effects, strongly controlled by atomic
shell structure, may dominate many physical
properties.

The capability of high-power lasers to produce
ultrahigh shock pressures has been predicted for
many years,® and the success of present laser fu-
sion research is indirect testimony to the validity
of these predictions. However, the pressures re-
ported in previous laser-driven shock studies* ®
have been much lower than those predicted theo-
retically. In this Letter we present the first di-
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rect experimental evidence that shock pressures
as high as those predicted by theory can be
achieved by laser ablation. These experiments
consist of measuring shock propagation velocities
in laser-irradiated aluminum disks. Experiments
were performed with the Janus laser,” which pro-
duces up to 100 J in each of its two arms in 300-
ps (full width at half maximum) pulses, with < 50-
K J prepulses.

The technique for measuring shock velocity is
shown in Fig. 1. A fast streaking camera records
the luminous history of the stepped rear surface
a thin metal slab. When the shock, traveling at a
velocity U, approaches to within a few skin depths
0 of a rear surface, the camera will record a rap-
idly rising signal produced by the intense thermal
radiation (T ~5 eV, typically) behind the shock
front. The rise time of this signal should roughly
equal 6/U,, which is less than 10 ps for most met-
als at pressures of 1-3 TPa and optical detection
frequencies. Thus, shock arrival times may be
measured with a resolution comparable to the ul-
timate time resolution of modern streaking cam-
eras. The shock velocity is found by measuring
the shock arrival times at two different levels on
the surface.

In the present experiments, the laser pulse is
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FIG. 1. Experimental configuration for measuring
shock velocities. Inset depicts the targets used in
these experiments.

focused at normal incidence onto the target with
anf/1 lens. Focal-spot diameters are varied be-
tween 300 and 700 um. An RG695 color-glass
filter is positioned between the chain output and
the target to prevent visible radiation from the
laser flashlamps from reaching the target imag-
ing system. The rear surface of the target is
imaged onto the slit of a streaking camera having
S20 spectral response and 10 ps time resolution.®
The target is viewed along the normal to its sur-
face, collinear with the laser beam axis. A band-
pass filter (either 500+ 5 or 532+ 5 nm) is posi-
tioned in front of the camera slit.

Aluminum targets for these experiments were
prepared by vapor deposition, using a masking
technique to produce one 10-pum-high step running
along the target diameter atop a 25-um-thick, 1-
mm-diam base (see Fig. 1). Target density was
about 2% below bulk density. Target dimensions
were chosen to satisfy several criteria. Laser
focal-spot diameter must be small enough to pro-
duce the required high intensity, yet be much
greater than target thickness ! to ensure a planar
shock. Since a rarefaction propagates into the
target after the pulse terminates, overtaking and
attenuating the shock, we must choose I sU T,
where 7 is the pulse length, in order to study a
steady shock. However, ! must be greater than
the range of suprathermal electrons to ensure
that the material ahead of the shock is not signifi-
cantly preheated. The LASNEX laser-fusion code®
used to study potential target designs and was par-
ticularly useful for estimating suprathermal elec-
tron effects. For the short pulse lengths produced
by Janus, it is impossible to satisfy all of the con-
straints. Consequently, the necessity of low pre-
heat in these experiments meant that we would
always be studying an eroding shock wave.

Figure 2 shows a streak photograph of the rear
surface of a target irradiated by a 8x10*-W/cm?
pulse (66-J/300-ps pulse, 600-pm-diam spot).
Time is measured with respect to the arrival of
the leading edge of the laser pulse at the target
(known to + 50 ps). At early times ((<1 ns), the
shadow of the target is clearly seen against an
intense backlighting source, which we have ob-
served in every experiment and which appears
around the target edges within ~100 ps after the
pulse arrival. At¢=1.1 ns a signal ascribed to
shock arrival at the thin level of the target is ob-
served, and at £= 1.6 ns, a second signal, due to
the shock breaking through the thick level, is
seen. Microdensitometry of the streak photo-
graphs shows that signal rise times are =~ 20 ps,
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FIG. 2. Streak-camera photograph of the rear sur-
face of an aluminum stepped-disk target irradiated by
an 8x10%-W/cm? pulse.

in agreement with other measurements,® implying
shock widths of no more than 0.4 um. This is
comparable to the surface roughness of our tar-
gets. After the initial rise of the signals, a rela-
tively slow decrease in intensity begins within
50-100 ps. This slow cooling is a consequence of
the irreversible nature of the shock heating/adia-
batic cooling sequence.

Figure 3 shows arrival time data for two ex-
periments. We simulated these experiments with
one-dimensional LASNEX calculations, making
no post-shot adjustments other than using the me
measured incident intensities and pulse lengths.
We assumed that 40% of the incident laser energy
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FIG. 3. Measured and calculated shock arrival times
at the two free surfaces on the rear of a stepped Al
target. Results are shown for intensities of 8x1013
(solid circles) and 3% 101 W/cm? (open circles). Cal-
culations for these intensities are shown as the solid
lines, with shaded regions representing the changes
produced by 10% changes in laser focal-spot area and
absorbed energy fraction. Also shown for comparison
is the curve for an 0.2-TPa steady shock.

was absorbed, in accordance with extensive meas-
urements.!® A suprathermal-electron spectrum
appropriate for these intensities in aluminum was
used. The calculated curves of shock position
versus time are the solid lines in Fig. 3.

Table I shows the average shock velocities U,
measured across the 25-um-thick base of the
target and the 10-pum-high step. Here U =Ax/At,
where Ax is the thickness of material traversed
in At. U, measured in the base is greater than
that measured in the step because the rarefaction
from the released front surface overtakes the

TABLE I. Mean shock velocities U, in aluminum, measured across the 15-pum-
thick base and the 10-um-high step atop the base for two laser intensities. U ,=Ax/At,
where Ax is the thickness of material traversed in At. Also listed are the average pres-
sures in the step obtained from the measured and calculated values of At.

P at 30 um P at 30 um

Incident U U from meas. At from cale. At
intensity across base across step across step across step
(W/cm) (mm/us) (mm/us) (T Pa) (TPa)
8x 1013 22+2 202 0.6%%3 0.7
3x 10 364 313 1.8%% 1.3
Present laboratory
maximum (Ref. 10) 12 0.2
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shock before it has reached the first surface on
the rear of the target. Well-characterized ex-
periments can only be performed in regions of the
target where the shock temperature T ; is much
greater than the preheat temperature T,. Accord-
ing to our calculations this is not satisfied in the
base. However, LASNEX predicts T, < 0.17; in
the step; here shock velocities as high as 30 mm/
1 s have been achieved, whereas velocities no
higher than 12 mm/is have been measured in any
previous laboratory shock-wave experiment.'!
The pressures corresponding to the shock veloci-
ties'® measured in the step are also listed in Ta-
ble I. It is seen that these experiments have
achieved pressures as high as 1.8 TPa in a low-
preheat region of the target. Other laboratory
techniques cannot produce pressures higher than
about 0.2 TPa in Al.™ The pressures obtained
from LASNEX-predicted values of U are also
given in Table I, and are close to those obtained
from the measurements.

The much lower pressures reported in early
laser-driven shock studies have been ascribed to
limitations imposed by the lower-power lasers
used.*® Very small focal spots were required to
produce high intensities, and effects such as lat-
eral spreading of energy in the thermal conduc-
tion zone and nonplanarity of the shock wave may
have strongly influenced the results. Much lower
pressures were also reported in recent experi-
ments® with focal-spot diameters and intensities
comparable to those used by us. The reasons for
this difference are not yet understood, but may
involve the different target geometries used in
the two experiments.'®

In summary, these experiments show for the
first time that high-power pulsed lasers may be
used to generate pressures well beyond those
achievable by any conventional laboratory tech-
nique, thus making a new regime of high energy
density accessible to the experimentalist. In ad-
dition, our shock velocity measurements provide
the first experimental support for the theory of
laser-generated shock waves.
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FIG. 2. Streak-camera photograph of the rear sur-

face of an aluminum stepped-disk target irradiated by
an 8x10%-W/cm? pulse.



