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Shock-Induced Shifts in the Aluminum K Photoabsorption Edge
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We present results of studies on shock-induced shifts in the K photoabsorption edge of aluminum.
Time-resolved x-ray spectroscopic measurements indicated maximum red shifts of —7 eV for compres-
sions of —2.2 times the normal density. The results are interpreted using hydrodynamic simulations
which incorporated a new model for calculating the K-edge energy in a dense plasma.

PACS numbers: 52.35.Tc, 52.50.Jm, 62.50.+p, 78.70.Dm

In recent years, high-power lasers have been found to
have a growing use in research at high pressure and den-
sity. In particular, Hugoniot studies have focused on the
measurement of shock speed ' and temperature.
These, however, yielded little information on the ioniza-
tion state or electronic structure of the dense matter.
Most recently, Bradley et al. reported on the first exper-
iment to probe the electronic structure of radiatively-
heated and shock-compressed KC1 by measuring the
photoabsorption edge shift of chlorine in a multilayered
target. In this paper, we present measurements of
shock-induced shifts in the aluminum K edge in laser-
irradiated aluminum foils. Aluminum was chosen be-
cause its high-pressure equation of state is well estab-
lished. The use of a uniform target allows us to follow
the change in the K edge as the shock pressure is varied
during the laser pulse. Most importantly, shock propa-
gation will not be complicated by impedance mismatches
between different target layers and the shock can be
characterized by transit time measurements. Further-
more, using thick targets and long pulses, we can access
shock-compressed aluminum without radiative preheat.
A new model for calculating the K-edge energy was used
in coupled radiation-hydrodynamic simulations to deter-
mine the edge shift due to shock compression. The pre-
dictions showed good qualitative agreement with the
measurements.

In the experiment, aluminum foils were irradiated
with a 0.53-pm, 2.3-ns (FWHM) laser pulse. For the
absorption spectroscopy measurement, 25-pm aluminum
targets were chosen so that the shock would reach the
target rear surfaces at a time near peak laser intensity.
The laser beam was focused onto the target with f/5 op-
tics at normal incidence. The intensity distribution at
focus approximated a trapezoidal profile with 80% of the
laser energy contained in a spot of —80 pm diam. As
the shock wave was observed to emerge from the target-
free surface in a region of —80 pm diam, we considered

the effective irradiance to be the averaged absorbed irra-
diance in this focal spot region. This was —2.3x10'
W/cm . To determine the resulting shock trajectory,
shock transit times through 25-53-pm aluminum foils
were measured from observations of luminous emission
at target-rear surface. Details of this diagnostic have
been described previously. The results are presented in
Fig. 1. These show good agreement with one-dimen-
sional hydrodynamic simulations which included multi-
group radiation transport. Thus, a good estimate of the
pressure and density in the target as a function of time
could be made using a known equation of state. ' The
calculated peak shock pressure was 3.5 Mbar which
yielded a compression of 2.2.

To determine the K edge in the shocked material, x-
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FIG. l. Laser-driven shock wave in aluminum. Results
frotn transit time measurements (circles) and one-dimensional
simulations (solid curve). Also indicated is the calculated tra-
jectory of the target layer giving rise to the most red shifts in
the aluminum It edge (dashed curve). The zero corresponds to
the time of peak laser intensity.

1623



VOLUME 62, NUMBER 14 PHYSICAL REVIEW LETTERS 3 APRIL 1989

ray emission from the aluminum plasma on the target
front side was used to backlight the target. This provid-
ed a continuum source in the spectral region (1545-1570
eV) near the aluminum K edge. More importantly, it
eliminated the need for a layered target structure which
could modify the shock dynamics due to the impedance
mismatches between layers. X rays transmitted through
the target at 3 -7 off target normal were recorded by a
streaked spectrograph consisting of a curved (6-in. ra-
dius of curvature) penta erytritol (PET) crystal and an
x-ray streak camera. '' The crystal was used in a col-
limating mode to reduce chromatic aberrations. Spectral
resolution of this system was 1.5 eV (crystal limited) and
the temporal resolution was approximately 20 ps. The
location of the crystal directly behind the target preclud-
ed simultaneous observation of the shock-induced lumi-

nous emission at the target-rear surface.
Figure 2 shows a transmitted x-ray spectrum for a

25-pm target. The spectral dispersion was calibrated us-

ing the Ka (Al +) line' at 1540 eV and the normal po-
sition of the aluminum K edge at 1560 eV. The K edge
at normal conditions was determined i'n situ by observing
x rays transmitted through a 5-pm target with a 9-pm
aluminum foil placed in front of the streak camera. The
measured dispersion at the camera cathode was 1.6
eV/mm. The spectra lines observed at late times during
target decompression' '" at —1575 and 1580 eV were
identified as Al' + satellites. Time zero corresponded to
the time of peak laser intensity. This timing reference
was obtained by measuring simultaneously the front-side
He a (1s2p-ls ) line at 1598 eV and the transmitted sa-
tellite line at 1575 eV. The He e emission was correlat-
ed with the laser pulse by adopting the —200-ps delay in

the emission peak relative to the laser pulse peak derived
from one-dimensional simulations which incorporated
nonlocal-thermodynamic-equilibrium atomic physics.

Because of the limited x-ray emission, the transmitted
spectrum could only be recorded on 20000 ASA Po-
laroid film. Thus, we could not measure its spectral in-

tensity. From observations of x rays through aluminum
filters placed in front of the streak camera, the dynamic
range of the film was estimated to be better than five.
Because of insufhcient x-ray intensity at the beginning of
the laser pulse, the initial unshifted position of the K
edge could not be observed. At later times, a clear red
shift of the EC edge was observed over a relatively long
period before the shock reached the target rear surface
(near time zero). The edge then shifted back towards its
normal position at 1560 eV as the target decom-
pressed. ' This red-shift feature of the E edge was high-
ly reproducible. The maximum red shift observed was
7 ~ 2 eV. Although we could not obtain a calibrated in-

tensity measurement from the Polaroid film, a semiquan-
titative assessment of the K-edge profile was made by di-
gitizing a photographic negative of the Polaroid record.
An example of the spectrum thus analyzed is presented
in Fig. 3. The edge is identified by its "top" and "bot-
tom" positions by A and 8, respectively.

To calculate the EC-edge energy in shocked aluminum,
we considered its average ionization state ' ' (Z). First,
we evaluated the E-shell ionization energy of an isolated
aluminum atom with charge (Z) based on a Hartree-
Fock model. ' This was then corrected by including the
effects of electron degeneracy (AEd, s) and the effects of
neighboring free electrons and ions on the bound energy
level (AE,1). AEd, s was given by the sum of the chemi-
cal potential of the electron gas and the contribution due
to e-e and e-i interactions, which was evaluated using

1

0
Ct'

m

2
lh

QJ 1

I—0

0-

0
LLJ 3

2
C3

1560
E (BY)

1580

FIG. 2. Single-shot x-ray spectrum transmitted through a
25-pm aluminum target.
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FIG. 3. Single-shot transmitted x-ray spectra at diff'erent
times obtained from digitizing a photographic negative of the
Polaroid record in Fig. 2: (a) —

1 to —0.5 ns, (b) 0.5 to 1.0 ns,
and (c) 1.5 to 2.0 ns.
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the prescription of the second-order pseudopotential
theory. ' hE, i was computed from the linearized-
mu5n-tin-orbital method ' assuming face-centered-
cubic structure and including angular momentum states
up to I =3. The shift in the bound K level in the dense
electron-ion system was approximated by the shift in the
energy of an atomic level when it became a band state.
For aluminum at normal density and temperature, this
model yielded a K edge of 1560.8 eV which compared
favorably with the accepted value of 1560 eV. The
small discrepancy may be an indication of the model ac-
curacy. Figure 4 shows the calculated shift in the K
edge along the principal Hugoniot. Comparable results
were obtained from a model similar to that used by
Bradley et al. ,

' which differed in the calculation of
AEdeg and hE, l. We have also used the HOPE and
INFERNO codes to evaluate the K-edge shift, which
treat the electronic structure of the bound and free elec-
trons in a fully self-consistent manner. At twofold shock
compression, HOPE yields a red shift of 1.7 eV, while that
calculated using INFERNO is less than 0.5 eV. These are
much less than the measured value. They also disagree
with the calculations using the model presented here and
a similar one of Bradley et al. These discrepancies are
being investigated, and the details will be published later.

Using our model in a one-dimensional, radiation and
hydrodynamic code, a temporal history of the K-edge
energy can be calculated. Because of the time-varying
nature of the ablation process, laser-driven shocks are
not steady waves particularly during the rising portion of
the laser pulse when the ablation pressure is rapidly in-

creasing. Consequently, the state of the shocked target
is inhomogeneous. The material behind the shock front

is compressed more isentropically as it experiences an in-

creasing pressure pulse. On the other hand, radiation
transport produces a region of dense material ahead of
the ablation zone with temperatures above the Hugoniot
values. Fortunately, in the pressure regime of interest,
the shift in the K edge is predominantly a density effect.
Moreover, the absorption spectroscopy is sensitive to the
material causing the most red shift. This is due to the
large opacity change (—400 vs 4000 cm /g) across the
K edge, which for a 5-pm region implies 2 orders of
magnitude difference in x-ray transmission. The K-edge
measurement thus probes the layer of material behind
the shock front, where the maximum density occurs (Fig.
1). For a 25-pm target at an absorbed irradiance of
-2.3&&10' W/cm, the temporal change in the It edge
is indicated in Fig. 5 by following the 10% and 90% nor-
malized transmission contours (normalized to peak
transmission across the edge). The calculation was made
with 0.3-eV resolution but did not include any edge
broadening mechanism. Before shock breakout the
growing shock pressure causes the K edge to be increas-
ingly red shifted. The small step near —2 ns represents
the effect of ionization in the ablation process. As the
target decompresses following shock breakout, the K
edge begins to shift back towards its normal position.
This shows good qualitative agreement with the observa-
tion.

To assess the inAuence of two-dimensional hydro-
dynamic effects on the experiment, we have performed a
ray-tracing calculation in a two-dimensional, Auid code
SHYLAC2, which has been augmented with the SESAME
equation of state. This code did not treat the process of
laser-matter interaction. Instead, it assumed an applied
pressure pulse on the target-front surface. Using the re-
sulting density profiles, x-ray transmission through the
target in various directions could be determined. The
transmitted x-ray spectra viewed at 5' (diffraction angle
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FIG. 4. Shifts in the K photoabsorption edge as a function
of shock pressure and compression derived from the present
model (solid line) and a model similar to that of Bradley et al.
(triangles). V is the specific volume and Vo is that under nor-
mal conditions.

ENERGY (eV)

FIG. 5. Temporal evolutions in the aluminum K-edge ener-
gy. Results from measurements (hatched area with the upper
and lower bounds in the shifts corresponding to the A and 8
positions in Fig. 3}.
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for 1560 eV) were calculated for a spatially trapezoidal
(80 pm FWHM) and temporal Gaussian (2.3 ns
FWHM) pressure pulse with a peak pressure of 3.5
Mbar. The result is included in Fig. 5. The slightly
slower shifting of the E edge back towards its normal po-
sition (1560 eV) following shock breakout could be attri-
buted to the absence of ablation and radiation transport
processes in SH YLAC2. Apparently, two-dimensional
effects can cause the edge to appear broadened. Results
of this calculation gave better agreement with observa-
tion.

We have also observed red shifts in the aluminum E
edge in 9- and 16-pm targets. At the time of peak laser
intensity, these were 3+ 2 and 4+ 2 eV, respectively,
which compared favorably with the one-dimensional
simulation results of 3 ~ 1 and 5 ~ 1 eV. The agreement

may be fortuitous in view of the unknown two-
dimensional effects of shock release at the target-rear
side for these thinner targets. The observation nonethe-
less corroborates our findings in the 25-pm targets.

In conclusion, shock-induced shifts in the aluminum K
edge have been measured using a well-characterized
shock produced in laser-irradiated foils. The observation
showed good qualitative agreement with model predic-
tions. Since calibrated intensity measurements across
the absorption edge could not be made, the observations
could be interpreted as a broadening of the edge rather
than a shift. Lacking any theoretical assessments of the
process and effects of broadening, this question remains
open. The temporal evolution in the It: edge, as indicated
in both experiment and simulations, further suggests that
it may provide an interesting diagnostic for tracking
laser-driven shock compression in an opaque target. The
diagnostics may also be viable for inferring shock pres-
sures up to -2 Mbar, where the K-edge energy remains
a relatively sensitive function of pressure.

We wish to thank Dr. David Liberman for his enlight-
ening discussions.
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