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ABSTRACT

The purpose of this three-year two-directorate LDRD-
ER project is to develop the use of optical properties as
a diagnostic tool to obtain materials information, includ-
ing inferred crystal structures, in real time from state-
of-the-art experiments at the LLNL light-gas gun and
other facilities that probe materials at extreme pressures
and temperatures. Characterizing the state of materials
at 10- to 100-picosecond time resolution is critical for dy-
namic experiments studying phenomena such as the time
evolution of phase transitions. Not only do real-time in
situ measurements of optical properties have the intrigu-
ing potential to address this important issue, but there
is also a general paucity of realistic alternatives. Dur-
ing the time this LDRD was funded, we measured accu-
rate optical quantities [e.g. complex dielectric constants
ε1,2(λ, T, P) and reflectivity R(λ, T, P)] in conjunction
with calculations of these same quantities. This direct
comparison between theory and experiment enables the
association of the observed optical properties with other
materials properties of interest (crystal structure, liquid-
versus-solid, etc.) by establishing spectroscopic finger-
prints for each crystalline phase as well as the liquid.

BACKGROUND

The development of functionally graded density im-
pactors (02-ERD-033) opened up new capabilities for tai-
loring the thermodynamic path (i.e. controlling T and P

FIG. 1: Incident plane in an ellipsometric experiment. Lin-
early polarized incoming light is elliptically polarized upon
reflection off the sample.

further.20 The peak is clearly visible for temperatures up to
750 K, though its position is shifted to lower energy slightly
asT is increased. The shift is also seen in the experimental
results at this temperature, shown in Fig. 3. We stress that
our peak positions are lower than the experimental ones by
roughly 0.25 eV. This is a consequence of our use of a simple

one-parameter fitsempty-core modeld EPM approach.sThe
LDA-RPA result for theT=0 peak position is considerably
closer to that inferred from experiment.9d The intensity of the
peak is reduced asT increasessfor the low-T resultsd a fact
also borne out by experiment. Note, however, that the reduc-
tion seems far more pronounced in the experimental data; in
addition, we find the 550 K peak to be higher in intensity
than the 400 K peak while it is lower in the experimental
results. This is likely a result of the artificially large
broadening20 in the calculation; if we had used a smaller
broadening, we would likely see the low-T peaks sharpen
quite a bit, while the higher-T peaks, already thermally
broadened, would not change by as much.22 Note also that
the dip in the spectra at around 1.0 eV fills in dramatically as
T increases in both our results and those of experiment.
Thus, we see that the temperature dependence exhibited in
our low-T results agrees with the detailed trends seen in the
low-T experimental data, lending further credence to our use
of the EPM.

At T=750 K, the peak ine2svd has become a shoulder,
and the calculated spectrum as a whole begins to look more
Drude-like. Just below the melt, at 900 K, we calculate a
spectrum that looks quite featureless, with just the suggestion
of the dip around 1.0 eV. For allT aboveTmelt, the calculated
spectra look Drude-like, with no signs of any of the structure
visible at low-T. We stress that all of the calculatedT depen-
dence arises from the disordered ions and their effect on the
electrons; the electrons are essentially atT=0 ssince the
Fermi temperature for Al is roughly two orders of magnitude
larger thanTmeltd. In other words, the thermal broadening at
these temperatures doesnot result from broadened electron
occupation numbersfthe f of Eq. s2dg, but rather from the
decoherence manifested in the one-electron wave functions
and energies themselves.

Our results forT.Tmelt are in agreement with the re-
sult of Miller5 on the absorption spectrum of liquid Al atT

FIG. 1. sad EPM-RPA andsbd LDA-RPA results for the imagi-
nary part of the long-wavelength dielectric function vs photon en-
ergy for fcc Al at 0 K, and for asinglesnapshot at 300 K. Both 0 K
and 300 K configurations are at a density corresponding to the
density at 300 K.

FIG. 2. Calculated Al optical spectra forT=0 K, 100 K, 200 K,
300 K, 400 K, 550 K, 750 K, 900 K, 950 K, 1400 K, and 1800 K.
Bold solid curves indicateT=0 K, 750 K, and 950 K. For the pur-
pose of identifying the curves, note thate2s"v=1.0 eVd is mono-
tonically increasing withT.

FIG. 3. Measured Al optical spectra forT=198 K ssolid lined,
298 K slong-dashed lined, 404 K sshort-dashed lined, 552 K sdot-
dashed lined from Ref. 4, and 1550 K from Ref. 5sshaded dia-
mondsd and Ref. 6sopen circlesd. Data of Ref. 4 were originally
presented as individual points. All data were originally given as
s1svd vs photon energy. We have converted them using the relation:
e2svd=s4p /vds1svd.
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FIG. 2: Calculated optical spectra for aluminum at T = 0 K,
100 K, 200 K, 300 K, 400 K, 550 K, 750 K, 900 K, 950 K,
1400 K and 1800 K [6]. Above the melting temperature of
aluminum (938 K), the peak near 1 eV goes away.

in real time) of materials in a gas gun experiment [1, 2].
This new capability allows us to study the dynamics of
previously inaccessible materials properties such as the
time-scale and hysteresis of phase transitions. Addition-
ally, these new experiments emphasize our need to de-
velop a capability to characterize material properties in
real time. A velocimeter (such as VISAR) typically ful-
fills that role but it has its limits: VISAR essentially
measures the change in density, but yields no identi-
fying structural information about the material. Even
though many difficult and time-consuming challenges lie
ahead, the development of X-ray diffraction techniques
under dynamic compression is promising [3, 4], and it
should be noted that X-ray diffraction data will be com-
plementary to that proposed here. Optical measurements
will yield in situ inferred crystal structure and electronic
band structure data that will enhance our understand-
ing of materials under extreme conditions. In addition,
an optical diagnostic capability will not be limited to
any one experiment or experimental geometry—it will be
supremely portable, and thus can be equally well utilized
in high-power laser experiments at NIF, the Z-machine,
and other facilities, and in dynamic compression experi-
ments at gas guns including JASPER.
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FIG. 3: Calculated broadband optical properties, ε2(λ), for
the α and ε phases of Fe.

RESEARCH ACTIVITIES

There are two essential components to this effort: ex-
perimental and theoretical. The experimental set-up
mainly consists of a sub-nanosecond ellipsometer, ca-
pable of working with both laser as well as white-light
sources [5]. The input light source is linearly-polarized,
but the output light is elliptically polarized due to the op-
tical properties of the materials under study (see Fig. 1).
Spectrally-resolved data will help characterize materials
properties; time-resolved data will track changes in these
properties in real time. Both of these capabilities are
essential in tailored dynamic compression experiments.
In particular, the time-resolved capability is necessary to
characterize multiple phase transitions or to measure the
time scale of phase transitions themselves.

On the theoretical side, we developd the capabil-
ity to calculate the optical absorption and reflectivity
spectra of liquid metals and hot (partially disordered)
solids. This effort involves coupling electronic structure
methods with molecular dynamics simulations of high-
temperature atomic structure. Prominent features in the
absorption spectra of solids often involve transitions be-
tween delocalized electronic band states. Such states in-
volve many atoms and therefore the accurate computa-
tion of these spectral features is only possible by includ-
ing large numbers of atoms in the computation. The loss
of spatial periodicity in a liquid or hot solid makes these
calculations particularly difficult. However, it is precisely
this loss of periodicity that causes otherwise sharp spec-
tral features to broaden and change shape, giving the op-
tical spectra the structure- and temperature-dependence
we seek. (i.e. spectroscopic fingerprints, see figs. 2 & 3).

FIG. 4: Preliminary results for dielectric constants of α-Sn as
it is shocked into a liquid state. Window effects are being in-
vestigated and will be used to correct the dielectric constants
after shock-loading.

RESULTS AND TECHNICAL OUTCOME

We have employed this ellipsometer to measure
nanosecond-resolution optical properties of Fe, Al, Bi
and Sn at extreme conditions at λ = 532 nm (Fig. 4),
and nanosecond-resolution broadband optical properties
of Au and Al at ambient conditions (Fig. 6). The Fe
samples were shocked to pressures exceeding 20 GPa. At
these pressures, the Fe samples underwent the α → ε
phase transition. The observed changes in the optical
properties of Fe at λ = 532 nm are in agreement with
theoretical calculations (Fig. 3). We also shock-melt Bi
and Sn samples from their ambient solid states to observe
the change in their optical properties upon phase transi-
tions. The resulting changes in the dielectric constants
for Bi and β-Sn (fig. 4) are consistent with calculations.
Similar shock experiments on Al exhibit no change in
optical properties at λ = 532 nm. These results are con-
sistent with calculations at that wave length (fig. 2) [6].
The aluminum experiments also provided us a null result
that we can use to contrast with results from the Fe, Bi
and Sn experiments.

In the experiments described above, we demonstrated
that our miniaturized ellipsometer [5] can be used to mea-
sure the optical constants of Fe, Bi, and Sn (at λ = 532
nm) as they transform under shock loading (α → ε in
Fe, solid → liquid in Bi and Sn) with sub-nanosecond
temporal resolution. However, the ultimate goals are
to characterize the phases these materials transformed
into. This requires measurement of optical properties at
multiple wavelengths. To this end, we have measured
the broadband optical properties of Au and Al with
nanosecond resolution at ambient conditions (Fig. 6). In



3

FIG. 5: Intensity of transmitted polarized light. Shock front
arrives at near t=0. Intensity decreases due to light-scattering
off newly formed ice particles [7]. Sinusoidal variations can
be attributed to pressure-induced birefringence of ice [5].

addition, we employed the single-wavelength technique
on a much more complicated tailored dynamic compres-
sion experiment [1]. We have for the first time ever ob-
served pressure-induced birefringence as water is being
converted to ice VII under quasi-isentropic compression
(Fig. 5). On the theoretical side, we completed calcula-
tions of optical absorption across the solid-liquid transi-
tion in Al [6], as well as the various phases of Bi and Fe
(fig. 3). The deliverables that we have accomplished can
be summarized as follows:

1. Real-time observation of phase transitions in metals
(Fe, Bi, Sn) under shock-loading (Fig. 4).

2. Calculations of band structures of various phases of
Fe (Fig. 3) and Bi.

3. Real-time observation of water solidification under
quasi-isentropic compression (Fig. 5).

4. Measured broadband optical properties of Au and Al
with nanosecond resolution at ambient conditions
(Fig. 6).

5. Publication of calculated optical absorption across the
solid-liquid transition in Al [6]. Publications of
other results are being prepared.

EXIT STRATEGY

The primary deliverable associated with this LDRD
is a diagnostic capability for analyzing and measuring in
situ and real time structures of materials as they are sub-
jected to extreme temperatures and pressures in exper-
iments such as those at JASPER. The real-time nature

FIG. 6: (Top) Raw streak camera data for Al optical proper-
ties. Wavelength (nanosecond resolution time) in the vertical
(horizontal) direction. (Bottom) Broadband optical property
of Al taken from a slice of the above data. It shows a similar
trend to that exhibited by calculations (Fig. 2).

of this diagnostic enables us to infer structural quantities
as they are changing. This information is not only
essential for the understanding of experiments done on
very disparate time scales (from sub-ns laser shocks to
minutes or hours in a diamond-anvil cell), but is cru-
cial to developing a theory of dynamic phase transitions
for incorporation into existing hydrodynamic simulation
codes. We are planning to improve and port this technol-
ogy to various experimental platforms including JASPER
and NIF. We hope to employ the diagnostics to probe the
temporal aspects of phase transitions at extreme condi-
tions.
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