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Dynamics of Laser-Driven Shock Waves in Fused Silica
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The formation of laser-driven shocks in fused silica was observed from shock-trajectory measurements.
The result reveals an anomalously slow buildup of the strong shock which suggests a significant volume
change at pressures + 1 Mbar. Nonsteady propagation of the strong shock was also observed for a tran-
sient period immediately following its formation.

PACS numbers: 47.40.Nm, 52.35.Tc, 62.50.+p

In recent years, the use of high-power lasers to drive
strong shocks in solids has become a useful tool in high-
pressure research. ' Most of these experiments focused
on the shock when it has steepened into a steady wave.
The early stages of shock formation have not been stud-
ied in detail. During the rise of the laser pulse, the shock
accelerates from the acoustic speed to its asymptotic
value on the order of the pulse rise time. The thermo-
dynamic state of the material behind the accelerating
shock does not lie on the Hugoniot, but spans a region
from the principal isentrope to the principal Hugoniot.
As the ablation pressure must be transmitted through
this region to reach the shock front, a detailed measure-
ment of the shock trajectory will provide information
about the isentrope as well as the Hugoniot.

Here we report on measurements of the trajectories of
laser-driven shocks in fused silica. A double-wave struc-
ture was observed characteristic of the material, and
the asymptotic wave speed showed good agreement with
the principal Hugoniot. However, the formation of the
strong shock was anomalously slow for pressures exceed-
ing 1 Mbar, and a transient nonsteady propagation of
the strong shock was observed immediately following its
formation.

In the experiment, fused-silica targets (2.2 g/cm )
were irradiated with a 0.53-pm, -2-ns (FWHM) laser
pulse from a Nd-glass laser. The laser beam was focused
onto the 1-mm edge of the silica slab (1 mm x 2.5
cmx7. 5 cm) with f/10 optics at normal incidence. The
intensity distribution at focus was nearly Gaussian with
60% of the laser energy contained in a spot of 45 to 100
pm diameter (average irradiance @sp) and 90% energy
in a 75-170-pm-diameter spot (average irradiance 49p).
The shock trajectory inside the target was measured with
the use of streak shadowgraphy. A 0.57-pm dye-laser
probe beam illuminated the target in a direction perpen-
dicular to the 0.53-pm beam. The transmitted probe
light was imaged onto the entrance slit of a streak cam-
era (Hamamatsu C1370) such that the shock propaga-
tion was along the slit direction. To prevent the refrac-
tion of the probe light by the target corners from obscur-
ing its front surface, the surface was polished to a small
concave curvature. The optics viewed the first 100 pm

of the target with ~ 3 pm resolution. The target front
surface was measured with ~ 3 pm accuracy. By simul-
taneous display of a 0.53-pm laser fiducial on the cam-
era, timing reference was measured to + 100 ps accura-
cy. The laser pulse was also recorded with the use of a
photodiode. Some schlieren measurements were also
made.

Figure 1(a) shows a typical streak shadowgram. The
dark region indicates transmitted probe light, whereas
the bright region indicates that the probe light has either
been absorbed in the target or refracted out of the collec-
tion optics. At low shock strengths, the interpretation of
the boundary separating the dark and the bright regions
is complicated by the fact that fused silica remains trans-
parent at least up to the Hugoniot elastic limit of 100
kbar. Furthermore, for pressures (35 kbar, a density-
ramp precursor is known to propagate because of an
anomalous increase in the compressibility of the materi-
al. " Thus at early times when the shock is weak, the
leading front may not be visible in the shadowgram be-
cause of the relatively weak density discontinuity. Only
when the shock becomes sufficiently strong, and the ma-
terial sufficiently compressed and ionized, does the
opaque boundary in the shadowgram yield an accurate
detection of the shock front, as evident from Figs. 1(a)
and 1(b). The sharp boundary observed in Fig. 1(a) at
very early times is not clearly defined in the schlieren
picture. It appears that this was not coincident with the
shock front since the schlieren measurement revealed
disturbances at a greater depth [Fig. 1(b)l. Such distur-
bances could be attributed to the low-pressure elastic
wave. There may also be weak ionization due to early
transmission of the 0.53-pm laser radiation before the
formation of a plasma on the target surface. At later
times, both the shadowgraphy and schlieren measure-
ments are in clear agreement, yielding an accurate deter-
mination of the pressure front.

For laser irradiance (@sp) exceeding 10' W/cm, all
measurements, either shadowgraphy or schlieren, showed
a characteristic double-wave structure [e.g. , Figs. 1(a)
and 1(b)]. The kink in the trajectory indicated a coales-
cence of a high-pressure wave with the initial low-
pressure wave to form a single strong shock propagating

214 1987 The American Physical Society



VOLUME 58, NUMBER 3 PHYSICAL REVIEW LETTERS 19 JANUARY 1987

(a)
50-

40-

t/) 0
20-

10-

I I 1 I I I

0 10 20 30 40 50 60 70
POSI T) ON (pm &

4J

C)

D
D

-2-
Z

0

tj)
C 0

' ~

I

-3
I 1

-2 -1

T IME

I

0
(ns)

0 10 20 30 40 50 60 ?0
POS 1T lON (p m)

FIG. 1. x rstreak records: (-a) shadowgram and (b)
schlieren image. The dashed line in (b) corresponds to the op-
tical boundary in (a).

FIG. 2. Simulated trajectories: dot-dashed line represents
the elastic precursor (p 2.3 g/cm3); solid line represents the
high-pressure (stishovite) phase (p 4.0 g/cm ). Measured
trajectories: dashed lines. The dotted line in (a) is for estimat-

ing (D). The experimental conditions for the five measure-

ments (a)-(e) are laser pulse length (FWHM) 2.2, 2.0, 2.1,
2. 1, 1.8 ns; absorbed irradiance @ 3 x 10', 1.5 x 10'3,
4x10'~, 2x10'~, 7x10" W/cm; peak pressure 5.5, 3.2, 1.6,
1.0, 0.56 Mbar.

at a much higher speed. Prior to the coalescence, the
higher-pressure wave propagating behind the low-

pressure wave could not be seen because of the opacity of
the already compressed material. Another prominent
feature of the observed trajectories is that the speed of
the shock front reached transiently a peak value at the
coalescence, but rapidly decreased to a steady, lower
value.

Further interpretation of the data was made with the
use of one-dimensional hydrodynamic simulations based
on MEDUSA with inverse bremsstrahlung absorption,
Spitzer thermal conduction, and SESAME equation of
state. For the short-wavelength laser light and the mod-
est irradiance used here, these should accurately model
the laser absorption and ablation process which generat-

ed the shock. The exact laser pulse shape as recorded by
the photodiode (with dynamic range ) 100) was used in

the simulation.
Figure 2 shows the results of the simulations for dif-

ferent laser irradiances. The stishovite transition of sili-

ca ' is included in the SESAME equation of state. Thus,
the calculations all reveal a double-wave structure indi-
cative of a phase transition. By examination of the den-

sity and pressure profiles at various times in the simula-
tions, it is easily scen that an elastic wave is launched at
low pressures. When the elastic limit is exceeded at 100
kbar, the stishovite transformation starts to take place
and a second wave develops which propagates more slow-

ly than the elastic wave. This second wave begins to
catch the elastic wave when the driving prcssure exceeds
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-300 kbar. The position and time of the coalescence of
the high-pressure wave with the elastic wave depends on
the laser irradiance. For a higher irradiance, coalescence
occurs earlier. Following this the wave propagates as a
single strong shock which will accelerate if the driving
pressure continues to increase. During the process of
shock formation, the material up to a depth of —10 pm
inside the target is never compressed by a strong shock.
A strong shock is not formed until the various waves
have steepened at greater depths in the target.

Also presented in Fig. 2 are the measured shock tra-
jectories. The accuracy in the location of the measured
trajectory is ~ 3 pm and ~ 100 ps. At sufficiently low
irradiance [Fig. 2(e)] the experiment showed excellent
agreement with the simulation. For all irradiances, the
measured asymptotic shock speed was also in good
agreement with that predicted by the simulations. At
these late times the shock is located on the principal
Hugoniot, as indicated in Fig. 3.

On the other hand, reasonable agreement between the
measured and the calculated coalescence points was
found only when the peak driving pressure was less than
1 Mbar. At higher peak pressures, the measured coales-
cence point occurred later and deeper in the target than
predicted. In the worst case the discrepancy was 2.5 ns
and 10 pm. This indicated that before the coalescence,
the speed of the high-pressure wave was significantly
lower than that predicted in the simulation. Although
the propagation of this wave behind the elastic precursor
could not be measured directly, its average speed (D)
was estimated from the slope D' of the straight line [dot-
ted line in Fig. 2(a)l connecting the calculated point of
initial formation of the stishovite compression (the
second wave) to the measured coalescence point as illus-
trated in Fig. 2(a). For the Lagrangian coordinate sys-
tem used, (D) =D'p;/p„where p; =2.2 g/cm is the ini-
tial target density and p, =2.6 g/cm is the density
behind the elastic precursor. The corresponding average
(pl was estimated from the simulation by

lg
(P) = (t~ —t |) ' J, Pg (t ')dt ',

1

where P~ is the pressure at the ablation front, ti the
time of formation of the second wave, and t~ the ob-
served coalescence time. As shown in Fig. 3, for pres-
sures ) 1 Mbar the values of (D) are much lower than
that given by the Hugoniot centered on the state behind
the elastic wave. This suggests that a significant volume
change occurs at —1 Mbar since the speed of the high-
pressure wave is given by (1/po) i ~/A V i

't .
A large volume collapse on the stishovite isentrope at

—1.25 Mbar has been reported by Pavlovskii et aI. "
and attributed to metallization of silica. ' ' At these
pressures the Hugoniots for fused or crystalline silica are
far from the principal isentrope, and such transition has
not been observed in other dynamic compression experi-
ments. ' As noted above, for the laser-driven shock, the
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FIG. 3. Wave speed as a function of pressure. Solid circles,
asymptotic speed; open circles, peak transient speed; open
squares, average propagation speed behind the elastic precursor
wave. Solid line, principal Hugoniot; dashed line, Hugoniot
centered on the state behind the elastic wave.

material near the target surface is compressed nearly
isentropically. It may therefore attain states close to
those reached by Pavlovskii et al. The reported volume
collapse would also be consistent with the present obser-
vation. However, there are strong arguments against
such a phase transition in silica. The observed density"
is in considerable disagreement with that calculated for
the liquid phase. ' Furthermore, no metallization was
observed in static compression up to 2 Mbar, ' although
it may be argued that the temperature of the compressed
material would be much lower than that obtained under
isentropic compression.

Other processes not included in the SEsAME data may
also be considered. Shock melting of stishovite was ob-
served' at —1 Mbar. However, it yielded a negligible
volume change. A multiphase equation of state includ-
ing the chemical dissociation of silica has been calculat-
ed's up to a density of -2.2 g/cm and a corresponding
pressure of —100 kbar. Even at such a low density, sig-
nificant dissociation results only at a relatively high tem-
perature of 1 eV. For the high-density stishovite state
with a temperature of (0.5 eV of interest here, it is not
clear if chemical dissociation would dominate. It was
suggested' that a large volume collapse may result from
the transformation of stishovite to a heterogeneous mix-
ture of oxygen and liquid metal silicon.

As noted earlier, the observed speed of the single
strong shock reaches a peak transient value immediately
following the coalescence of the high-pressure wave with
the elastic precursor. This transient speed lies much
above the principal Hugoniot (Fig. 3). It then relaxes to
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the Hugoniot value in a time scale of —1 ns and a dis-
tance of —10 pm. In view of the transformation process
conjectured, it is not surprising that the wave propaga-
tion following the coalescence is not steady. The tran-
sient may be due to a finite equilibration rate for the
transformation process occurring behind the shock front.
This effect is not seen in the simulations since a multi-
phase, nonequilibrium thermodynamic description would
be required.

In conclusion, the formation of laser-driven shocks in

fused silica has been examined from measurements of
shock trajectories and from one-dimensional hydro-
dynamic simulations. The results revealed anomalously
slow propagation of a high-pressure wave through the
nearly isentropically compressed material. A high-speed
transient was also observed which might provide infor-
mation on the relaxation rate of the nonequilibrium state
produced. It may also be noted that when the shock
wave becomes steady, the shock speed (and hence the
shock pressure) is in good agreement with predictions of
the simulations. This implies that the transient processes
occurring during shock formation should not cause de-
gradation in the implosion of laser-fusion targets. The
delay in the coalescence of the high-pressure and the
elastic waves may affect the timing of the converging
shocks depending on target design.
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