
VOLUME 54, NUMBER 24 PHYSICAL REVIEW LETTERS 17 JUNE 1985

Hugoniot Measurements for Laser-Generated Shock Waves in Aluminum
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%e report on the first experimental measurement of principal Hugoniots in aluminum for shock
pressures of 0.3—12 Mbar generated by laser-driven ablation. These were derived from independ-
ent measurements of the shock speed, shock pressure, and shock-heated target temperature. The
results showed excellent agreement with LASNEX simulations and with calculations using SESAME

equation-of-state data, More importantly, the results indicated that the shock speed and tempera-
ture Hugoniot may provide useful equation-of-state studies in laser-generated shock-wave experi-
ments.

PACS numbers: 52.50.Jm, 52.35.Tc, 62.50.+p

The equation of state of matter at high pressure,
temperature, and density is of great importance to the
study of many phenomena in geophysics, planetary
physics, high-density plasmas, nuclear explosions, and
inertial fusion. At low temperatures, accurate equa-
tions of state for high-density matter can be derived
from band-structure calculations' 3 whereas at suffi-
ciently high pressures all statistical models (Thomas-
Fermi, 4 5 Thomas-Fermi-Dirac, 6 Thomas-Fermi-
Kirzhnitz, 9 and quantum-statistical model ") also
become accurate. However, in intermediate regimes
of pressure ( & 103 Mbar) and temperature ( ) 1 eV),
experimental measurements are needed to corroborate
theoretical predictions. Since dynamic pressures
exceeding multimegabars can be readily attained in
solids via shock waves, equation-of-state data are gen-
erally derived from Hugoniot measurements. '2 With
use of shocks generated by nuclear explosions, accu-
rate benchmark data have been obtained from the
measurement of an absolute Hugoniot point'3 as well
as from impedance-matching measurements. '~ On the
other hand, ultrahigh-pressure shock waves can also be
effectively produced in laboratory experiments by
laser-driven ablation. '5 '9 This has led to a strong in-
terest in obtaining Hugoniot measurements in laser-
target interactions.

Here, we report on the first experimental measure-
ment of principal Hugoniots in a laser-irradiated planar
aluminum target. These were derived from independ-
ent measurements of shock speed, shock pressure, and
the temperature of the shock-heated target. The
measured shock-speed and pressure and the shock-
speed and temperature Hugoniots both showed excel-
lent agreement with LASNEX simulations ' as well as
calculations using the SESAME equation of state. Ex-
perimental accuracy in determining the shock-speed
and pressure Hugoniot severely limits its use in
equation-of-state studies. However, because of its
much greater sensitivity to equation of state, the meas-
ured temperature and shock-speed Hugoniot showed
sufficient accuracy to be considered as an important
means for obtaining equation-of-state data in laser-
generated shock-wave experiments.

In this experiment, planar aluminum targets (typi-
cally 15 x 15 mm2 with thicknesses ranging from 10 to
50 p, m) were irradiated with a 0.53-tu, m, 2-ns (full
width at half maximum) laser pulse. The laser beam
was focused onto the target with f/1Q optics at an in-
cident angle of 10' off target normal. At focus, the in-
tensity distribution is nearly Gaussian with 900/0 of the
incident laser energy contained in a spot of 80 iM, m di-
ameter and 60'lo in a spot of 40 p, m diameter. Accord-
ingly, the irradiance averaged over the central region
containing 60'/o of the laser energy (46p) was higher
than that averaged over the 90'/o-energy area (49p) by
a factor of —2.7. Time-resolved (30 ps resolution)
measurements showed spatial intensity modulations (4
p, m resolution) of & 30'/o whereas time-integrated
measurements revealed modulations of & 10'/o. De-
tails of the experimental setup have been described
earlier. 23 Maximum absorbed irradiance was

49p 7x10 W/cm .
The shock speed in aluminum was determined from

the shock transit times through targets of various
thicknesses. The rear surface of the target was imaged
onto the slit of a Hamamatsu C1370 streak camera
with f/4 optics at an observation angle of 12' with
respect to target normal. The luminescence of the tar-
get rear surface due to the shock breakout was record-
ed as a function of time. In this measurement, the
luminescent intensity was observed through a 100-A
bandpass filter centered at 5700 A. The shock transit
time was obtained by comparison of the time for shock
breakout to the laser fiducial which was simultaneously
recorded by the streak camera. Details of these meas-
urements have been reported. 24 The shock was ob-
served to emerge at the target rear surface in a region
of —40 p, m diameter. This is consistent with the
higher intensity, central region of the focal spot which
contains 60P/p of the incident laser energy. The rise
time of the shock-induced luminescence varied from
1QO to 300 ps. No rear-surface luminescence was
detected prior to the shock arrival, this indicating the
absence of any significant target preheat. Figure 1

shows the measured shock transit time as a function of
target thickness for an absorbed irradiance of
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FIG. 1. Shock transit time as a function of target thick-
ness for an absorbed irradiance of 460= 1 x 10' %/cm: cir-
cles, measured data; dashed line, result of one-dimensional
simulations. Time zero corresponds to the time of peak
laser intensity.

@9p—4x10' W/cm2 or 46p= 1x10' W/crn The
linear trajectory indicates that the shock wave reached
a quasisteady state before it propagated 19 p, m into the
target, and remained steady and planar to 50 p, m. The
slope of this graph then yielded a steady-shock speed
of (2.2+0.2) x106 cm/s. The trajectory of the shock
front propagating in an aluminum target was also cal-
culated with a one-dimensional hydrodynamic code
MEDUSA. The result corresponding to an absorbed
irradiance, 4&6p= 1x10'4 W/cm2, is also included in
Fig. 2 which shows good agreement with the experi-
mental data. (46p is used because the shock broke out
in a region of —40 p, m diameter, as noted above. )
The measurement of shock speed was repeated for dif-
ferent absorbed irradiances with 46p ——3 x 10'—
2x 10' W/cm

The corresponding ablation pressures were inferred
from ion expansion measurements on the target front
side. Because of the finite transit time, the ablation
pressure may not be exactly the same as the pressure
at the shock front at any instant. In a long-pulse ex-
periment, however, the laser-driven ablation is nearly
steady state and the shock pressure is essentially equal
to the ablation pressure. 26 Details of the ion measure-
ment and the results have been reported previously.
By combination of these results with that from the
shock-speed measurements, a principal Hugoniot of
shock speed and pressure could be obtained. This is
presented in Fig. 2. Also shown are the experimental
results of Mitchell and Nellis, 28 results of LASNEx
simulations, and the results of shock calculations 9 us-
ing the ideal gas, Thomas-Fermi or the SESAME
equations of state for aluminum. In the lower pres-
sure range, our results are in good agreement with that
of Mitchell and Nellis where the shock waves were
generated using a two-stage gas gun. Our data also
showed excellent agreement with both LASNEX simula-
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tions and calculations using the SESAME equation of
state. Although the data clearly verified the well-
known inadequacy of the ideal-gas equation of state,
they could not discriminate against the also inadequate
Thomas-Fermi equation of state because of the limited
experimental accuracy.

It should be noted that the excellent agreement of
the measured Hugoniot of shock speed and pressure
with theory could be fortuitous since the shock speed
was determined from a spatially and temporally
resolved measurement whereas the shock pressure was
a global, time- and space-averaged quantity derived
from the kinetic energy and velocity of the ablatively
driven, expanding plasma ions. The difference might
have been smaller than the experimental accuracy
which also included the shot-to-shot fluctuations.
Although the measured Hugoniot provides an experi-
mental verification of the scaling of shock speed with
pressure, it does not appear to be suitable for
equation-of-state studies.

The temperature of the target due to shock heating
was obtained from measurements of the target rear-
surface luminescence. 3p Both the spectral (4200—6900
A) and the brightness (5700 A) temperatures were
obtained. Details of the diagnostics are described else-
where. 24 For spectral temperature measurements, the
target rear surface was imaged through a prism onto
the slit of the streak camera. This yielded the time-
resolved luminescent spectrum from 4200 to 6900 A.
To analyze the spectral data, an integration time of 200
ps was used because of the low signal intensity and this
set an effective temporal resolution. The spectral tem-
perature was then determined by comparison of the
spectrum to blackbody curves. Figure 3 shows a typi-
cal time history of the rear surface temperature. The
peak temperature was taken to be the shock-heated
temperature of the target. The rise time of the shock
heating was generally 100—3QO ps and the rear surface
temperature remained nearly constant for 100—60Q ps
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FIG. 2. Shock-speed and pressure Hugoniot for alumi-
num: solid circles, measured data; solid line, Mitchell and
%ellis; dashed line, sEsAME; dot-dashed line, Thomas-
Fermi; double-dot —dashed line, ideal gas; stars, LAsNEx
simulations.
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FIG. 3. Rear-surface temperature as a function of time
for a 38-p, m aluminum target at an absorbed irradiance of
460= 5x 10' W/cm . Time zero corresponds to the time of
peak laser intensity.
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before dropping off. The apparent persistence of the
temperature might be due to the finite surface rough-
ness (typically & 1 p, m) of the aluminum target or to
failure of the shock front to be perfectly parallel to the
target rear surface. The drop in the rear surface tem-
perature was caused by the shock-released and expand-
ing material which formed a cooler and optically thick
layer obscuring the shock-heated target. In fact, such
shock unloading could significantly affect the measure-
ment of the true shock-heated temperature of the tar-
get. This will be discussed later.

To verify the spectral temperature diagnostics,
brightness temperature measurements were also made
at 5700 A by use of a 100-A bandpass filter. The abso-
lute response of the complete optical system including
the imaging optics and streak camera was calibrated in
situ and dynamically (camera in streak mode) with a
tungsten light source. 24 The temperature of the
tungsten filament was measured with an optical py-
rometer. This allowed us to determine the absolute in-
tensity of the rear-surface luminescence and therefore
its brightness temperature. Accuracy in the brightness
temperature measurement was estimated to be + 50%.
This diagnostic is also affected by shock unloading of
the target rear surface.

Figure 4 shows the measured peak temperatures as a
function of shock speed in aluminum. Each datum
point for the brightness temperature corresponds to a
single measurement whereas that for the spectral tem-
perature represents the average of five or more meas-
urements. The brightness temperatures show reason-
able agreement with the spectral temperatures. Also
included in Fig. 4 are the Hugoniots obtained from
LASNEx simulations and from shock calculations us-
ing the ideal-gas, Thomas-Fermi, and SESAME equa-
tions of state. Before the data can be compared with
the calculated Hugoniots, one recalls that the effect of
the rear-surface released material needs to be taken
into account. A one-dimensional hydrodynamic code

FIG. 4. Open circles, spectral temperature; triangles,
brightness temperature. Shock-temperature and speed
Hugoniot for aluminum: solid circles, LAsNEx; dashed line,
SESAME; dot-dashed line, Thomas-Fermi; double-dot-
dashed line, ideal gas; triple-dot —dashed line, sEsAME
corrected for shock unloading of target rear surface using
the SESAME opacity; and solid line, SESAME corrected for
shock unloading using the bremsstrahlung absorption coeffi-
cient.

was developed including flux-corrected transport3' and
SESAME22 equation of state to model the hydrodynam-
ics and thermodynamics of the shocked target rear sur-
face. To treat the absorption of the shock-induced
luminous radiation by the unloading plasma, the plas-
ma opacity needs to be included in the simulations.
However, for a plasma of near solid density and low
temperature ( —1 eV), the only available data is the
frequency-averaged, Roseland mean opacity from the
SESAME library. 22 On the other hand, one can calculate
a frequency-dependent opacity using the brems-
strahlung absorption coefficient32 which is valid only
for an ideal-gas plasma. Both of these opacities were
used in the simulations while their limitations were
recognized. Details of the simulations will be pub-
lished elsewhere. Essentially, the density and tem-
perature profiles in the unloading wave were deter-
mined. On the assumption that the released material
radiated as a blackbody and with use of either the
SESAME opacity data or the bremsstrahlung absorption
coefficient, the spectral emission as observed by a
detector at the target rear side was then calculated. A
blackbody curve was fitted to this spectrum to yield a
spectral temperature, simulating the experimental
measurement. The effect of shock unloading can thus
be taken into account. The modified SESAME Hugoni-
ots are shown in Fig. 4. For temperatures & 1 eV, the
Hugoniots are almost identical. For higher tempera-
tures, the simulations using the bremsstrahlung ab-
sorption coefficient yielded higher spectral tempera-
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tures than those using the frequency-averaged SESAME
opacity. This is because of the lower opacity at all
wavelengths and the increased absorption with
wavelength according to the bremsstrahlung absorp-
tion calculation. In the regime of interest here, how-
ever, the differences in the calculated temperatures are
relatively small and both of the corrected SESAME
Hugoniots are in reasonble agreement with the data.
The Hugoniot from LASNEX simulations, being almost
identical to the uncorrected SESAME Hugoniot, is
therefore also in excellent agreement. The data clearly
reject the Hugoniots based on the ideal gas or
Thomas-Fermi equations of state.

The limited availability of theoretical Hugoniot data
in the literature has also restricted the comparison of
our results to ideal-gas and Thomas-Fermi models, as
well as SESAME data and LASNEx simulations. The ad-
vantage of using the shock-speed and temperature
Hugoniot for equation-of-state studies is evident.
Although the experimental accuracy achieved may not
be sufficient to generate benchmark equation-of-state
data, these measurements have demonstrated the
feasibility of obtaining useful Hugoniot curves in a
conventional laboratory experiment. The ultimate
utility of the shock-speed and temperature Hugoniot
will depend on the ability to improve further the accu-
racies of the temperature measurements as well as the
opacity data.
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