VOLUME 79, NUMBER 25 PHYSICAL REVIEW LETTERS 22 BCEMBER 1997
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The physics of dense aluminum in transition between metallic and insulating states of the solid,
liquid, and plasma phases is probed in thermally equilibrated, inertially confined, laser heated targets.
Time resolved laser probes measure the reflectivity of thin aluminum layers embedded inside the target.
The electrical conductivity is inferred from the reflectivity with a free-electron Drude conduction model.

It is found to be sharply below liquid aluminum values and differs by at least an order of magnitude
from current theoretical predictions. [S0031-9007(97)04692-9]

PACS numbers: 72.15.Cz, 52.25.Fi, 71.30.+h, 78.20.Ci

For most nonalkali metals, measurements of the eleoarder of magnitude lower than where the short-pulse ex-
trical and thermal properties are limited to the low periments exhibit significant changes in reflectivity. Re-
temperature(<2000 K) near-solid densityN ~ Nyq)  cent theoretical predictions [3—5], based on generalized
condensed state or to the high temperatur@0000 K),  Ziman models and strongly coupled plasma theory, do not
low-density(N < Ny1i4) gas and plasma states. Calcula-match the data, differing by at least an order of magnitude.
tions in the ordered solid and liquid phases and the highlyrevious work with electrical discharges in metallic wires
disordered gas phase lend themselves to simplifying a$6] had shown reasonable agreement with liquid-metal the-
sumptions, whereas calculations in the transition betweeary below 0.4 eV but resistivity measurements above this
these phases are difficult. In this transitional regimepoint were not possible because the discharges became un-
dense hot matter is typically degenerate and stronglgtable and fully disrupted. Our work may explain these
coupled. Experimental data are limited. Most are dueisruptions, given the sharp fall in conductivity we observe
to high-intensity reflectivity experiments with short-pulse at temperatures coincident with the disruption point.
laser heating of solid targets. The laser pulse lengths were Solid aluminum at temperatures near or above 5000 K
typically shorter than 0.5 psec in order to prevent hydrogenerates very high pressures100 kbar which, if un-
dynamic expansion of the targets [1]. Unfortunately, theconfined, will very quickly decompress to low gas-phase
equilibration time between the solid lattice and the laserdensities. We use laser heating of special tamped targets
heated electrons was typically longer or of the same orddi7] to dynamically confine aluminum samples imbedded
as the laser pulse length, thus thermal equilibrium couldn the target interior. Figure 1 shows a typical target. A
not be assured and the thermal state of the solid latticthin layer of aluminum (0.1, 0.25, 0.5, and um) is de-
was not well known. posited on a fused silica substrate and tamped with a sec-

In this Letter, we report on experiments with tampedond fused silica substrate. High quality tamping is insured
laser-heated aluminum which succeeded in preparing alby using a fluid gasket (distilled water) to completely fill
minum in the transitional regiméN ~ 0.5—-1.0Ny,5q; the space in a thin, well-defined g&p00 wm) between
T ~ 0.3-1.0 eV) 3500—11000 K) under conditions of the aluminum layer and the second substrate. A moder-
thermal equilibrium and at sufficiently high pressure to beate intensity laser beafd = 1.054 um,d = 1 mm,/ ~
well above the predicted critical point pressure and boil-10° - 10'© W /cnm?) is focused through the uncoated sub-
ing curve for aluminum. In contrast to the earlier short-strate, through the water, and on to the aluminum layer.
pulse experiments [1], thermal equilibrium is assured byThe laser is strongly absorbed in about the first skin
the long lifetime of the experimeitt = 1000 pseginre-  depth in the aluminum, heating it to temperatures in the
lation to typical lattice equilibration timeg., ~ 1 pse¢  1-4 eV range. Adjoining water layers also ionize and
and the state of the aluminum is determined by indepenbecome strongly heated by the laser. The hot aluminum
dent measurements of temperature and pressure. The elemd water generate a shock wave which pressurizes the
trical conductivity is measured by reflective probing. Wealuminum layer but does not substantially heat it at the
find that the conductivity falls sharply as the aluminum isSiO,-Al interface. The interface region sees substantial
heated above 0.4 eV, substantially deviating from extrapoheating (0.3—1.0 eV) only as a result of thermal conduc-
lations of liquid-metal theory and from the known behaviortions from the front surface.
of liquid aluminum near the melting point. The conduc- The heated aluminum is diagnosed with temporally
tivity falls to levels consistent with a state of “minimum and spatially resolved diagnostics which measure the
metallic conductivity” and the metal-insulator transition front (laser heating side) and rear temperatures, the tar-
[2]. This reduction is observed at temperatures at least aget pressure, and the reflectivity of the-8i0, interface.
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Temperature is determined from absolute emission med-10 ns) are much longer than the shock transit time
surements from the ASIO, interface and a measurement (0.25 ns) and no change in reflectivity is detected during
of the surface emissivitye(= 1 — R whereR is the tar- the time the interface is at high pressure but before
get reflectivity at the emission wavelength). Typically, heating by thermal conduction. We find that changes in
the measured rear side temperatures are in the 0.3—1.0 e®flectivity correlate with increases in the temperature of
range while the front surface, directly heated by the laserthe aluminum layer but not with increases of the internal
is in the range of 1.0-3.0 eV. The 0.3 eV limit cor- target pressure.
responds to limits in the detection sensitivity, while the Measurements of reflectivity as a function target tem-
high temperature limits are due to limits on the energyperature are displayed in Fig. 3. Upon heating, the re-
that can be deposited in the aluminum layer. Pressure iftectivity drops to about 20% of the original reflectivity.
the target is deduced from the relationship between th#&lost of the drop occurs in a narrow temperature range
particle velocity and the pressure behind a weak shocketween 0.3 to 0.5 eV, with little additional change at
front [8]. As shown in Fig. 1, a time-resolved laser inter- higher temperatures. Within experimental error, no dis-
ferometer is used to measure the position and velocity ofernible difference is observed in the reflectivity aafd
the Al-SiO, interface as the 8, is compressed in re- 45° between either thd or P polarization. For compari-
sponse to the pressure in the target. In all cases the mesen to theory it is convenient to infer an electrical conduc-
sured phase shift is corrected for changes in the index dfvity from the reflectivity. The Drude conduction model
refraction (roughly 10%) of $), as the result of compres- for the high-frequency conductivity = o¢(1 — iw7)™!
sion. For the conditions of this experiment the pressuréo, = Ne’r/m is the dc conductivityy is the collisional
is in the range of 30—100 kbar, well above the predictedelaxation time, and is the free electron density) is used
critical pressurg~7 kban for aluminum [9]. to relate the dc conductivity to the high-frequency con-
The reflectivity is measured with a set 6f527 um  ductivity, the complex index of refraction, and ultimately
laser probes which are focused and reflected from a targ#e reflectivity [10]. The curves in Fig. 3 show sample
at 6 and 45 with S and P polarizations. The rear calculations of the reflectivity from an A$iO, Fresnel in-
surface of the target is wedged to prevent interferencéerface, at constant aluminum density, as a function of the
from multiple reflections from the rear surface of therelaxation timer /75 stp), Where 7o stp) IS the relax-
SiO, substrate. The laser probes are pulsed and contaation time under standard conditions. Aluminum is as-
two temporally stacked pulses such that a reference pulsaimed to be a simple-free-electron Drude-metal with no
reflects from the target just before the target is heated. Anterband contributions to the conductivity. Previous ex-
probing pulse is then synchronized to reflect during thegeriments with liquid aluminum have verified this as-
time of heating. A set of fast photodiodes detects thesumption for visible wavelengths [11]. The Drude model
reflected probes. Figure 2 shows typical temperature anchnnot extend to arbitrary short relaxation times. For
reflectivity data for targets with thick and thin aluminum conduction electrons, degenerate, and moving with the
layers. The reflectivity falls sharply as the interfaceFermi energy, the “uncertainty principléAXAP = 7 /2)
temperature approaches 0.4 eV. For the thin-layer targets
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FIG. 2. The time history of the aluminum rear-side tempera-
ture and reflectivity for 0.1 and.0 wm thick aluminum layers.
FIG. 1. Schematic of tamped targets and diagnostics. Pulsethe rise in temperature and fall in reflectivity occurs at the time
laser probes at°6and 45 measure aluminum layer reflectivity of heating for thin layers while foil.0 um thick layers these
while an absolutely calibrated spectrometer is used to measuhanges are delayed by thermal conduction for about 10 nsec.
the target temperature. Target pressure is inferred from th€hanges in reflectivity correlate with increased temperature but
Al-SiO, interface velocity, measured by laser interferometry. not with increases in target pressure

Fast Photodiodes
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o ] FIG. 4. Electrical conductivity of heated aluminum as a
FIG. 3. Measured reflectivity (S Pol @°)6as a function  function of temperature and density. It is inverted from the
of target temperature. Each data point corresponds to afeflectivity of the heated aluminum as per Fig. 3. Above 0.3 eV
average over several shots (3—5) and the error bars are dgge conductivity falls sharply and enters a region associated
to the standard deviation of the mean. Measurements agith the metal-insulator transiton and “minimum metallic
room temperature (diamond data point) agree with calculategonductivity.” Solid data points are inverted with= 3 while
reflectivity values for aluminum. Curves due to calculationsthe open circles correspond = 1.
of the Al-SiO, interface reflectivity as a function of relaxation
time for aluminum with three free electrons. The Drude free-
electron model is used to model the conductivity. applicability of the Fresnel assumption for this experi-

ment, where the reflecting surface is tamped, was checked

limits the interaction time of elastic collisions W87 = by solving the wave equation for the class of index-of-
h/(BEr) = 0.0017A1sTP). As a result, the very lowest refraction gradients that could be expected in our targets.
reflectivity data may not be well modeled by the Drudeln the aluminum layer the state of the material and the re-
model. fraction index varies primarily as a result of the tempera-

In practice, the target density is not constant and a sepadre gradient. For a constant thermal diffusivity (average
rate reflectivity curve is calculated for each density in thevalue measured in experiment) and an electrical conduc-
experiment. The reflectivity curves are inverted, resultingivity dependence as in liquid aluminum [13] the change
in Fig. 4 where the dc conductivity is displayed (solid in reflectivity is less than a few percent as a result of
points) as a function of target temperature and densitythese gradients. The true gradients in temperature and
For simplicity, only the more accurate® Geflectivity  refractive index of the aluminum at the interface should
data are used in this analysis. The Sesame equatiobe flatter than is calculated because the thermal diffusiv-
of-state tables [12] are used to determine the aluminunty is, in fact, strongly dependent on temperature, falling
ion density from the measured temperature and pressumders of magnitude as solid aluminum transitions to the
(P = 60 = 20 kbar for data in Fig. 4). The number of liquid and plasma states in the laser heated regions. On
free electrons is set to three-per-ion as per the valendde S0, side, the refractive index is almost completely
of aluminum metal. This is done becauge= 3 is the real. As an insulator, 8, has negligible free electrons
expected valence of aluminum at densities above those &iut a small number of electrons can be produced by ther-
the metal-insulator transition. This choice permits easymal ionization (calculations give ionizations of less than
comparison of the data to the different theoretical models).1% at 0.5 eV). This ionization produces a gradient in
most of which differ in calculations of the average the SD, refractive index which is of the same order as
ionization. The reflectivity-to-conductivity conversions the thermal diffusion scale length into theCgi Using
are not particularly sensitive to this choice as evidencedhyered targets, the average thermal diffusivity oOSi
by the second data set (open circles) which is invertedvas also measured in these experiments. We find that the
with only one free electron per ion. The error bars includethermal diffusivity is sufficiently low(~0.025 cn?/seq
the uncertainty of the reflectivity measurement as welkuch that the $), refractive index gradient has a scale
as the uncertainty of the target density. Typically, thelength of less tha).1 um and the reflectivity from the
uncertainty in the temperature measurement is less thahl -SiO, interface is not modified by more than a few per-
+0.05 eV. cent. It is unlikely that the sharp drop in reflectivity re-

The Fresnel interface assumption is very demandingsults from gradients at the interface but instead is due to
As was found in earlier short-pulse experiments with freethe conductivity properties of aluminum at these elevated
surface solid targets, finite gradients in the index of retemperatures.
fraction quickly produce deviations from the reflectivity At low temperatureg~0.35 eV), the measured con-
given by the sharp Fresnel interface solutions [1]. Theductivity is in agreement with “standard liquid metal”

5096



VOLUME 79, NUMBER 25 PHYSICAL REVIEW LETTERS 22 BCEMBER 1997

Ziman type calculations [14] and lies on the curve (solidcoupling strength0.05 < I' < 43.4) than are found in
line, Fig. 4) extrapolated from tabulated conductivitiesthis experiment60 < I' < 250). If the theory is applied
of liquid aluminum from near the melting point [13]. in its Born limit (Er > mZZ%e*/2k?), then the IRS states
At higher temperatures the conductivity falls sharplyare turned off and the agreement with experiment is good
and enters a region associated with a “minimum metalat the higher temperatures. Apparently, the IRS states
lic conductivity” and the metal-insulator transition do not transition to metallic conduction-band states at the
[2]. This is represented in Fig. 4 by the thick shadedhigher coupling strengths.
region bounded from the top by the loffe-Regel condi- The reflectivity of aluminum in the vicinity of the
tion [mean free path= interion spacingor = ¢?/3ha  metal-insulator transition has been measured with tamped
where a = (3/47N)'?] and from the bottom by an laser-heated targets. The electrical conductivity inferred
Anderson-Localization “minimum conductivit(o i, =  through a Drude free-electron model show major (order
0.03¢?/ha). ltis likely that the point of localization will  of magnitude) disagreements between theory and experi-
also represent the limit of characterizing the aluminum asnent. In addition, this work suggests anomalous behav-
a free-electron metal. ior for any electrical discharges where the current carrying
Calculations of conductivity for dense systems areconductors are heated much beyond the melting point.
typically based on variations of the Ziman formula [15] This work was supported by the U.S. Office of Naval
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