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The resistivity of nearly solid-density Al was measured as a function of temperature over 4 orders of
magnitude above ambient by observing the self-reflection of an intense, <0.5 psec, 308-nm light pulse
incident on a planar Al target. As an increasing function of electron temperature, the resistivity is ob-
served initially to increase, reach a maximum which is relatively constant over an extended temperature
range, and then decrease at the highest temperatures. The broad maximum is interpreted as ‘“resistivity
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saturation,

a condition in which the mean free path of the conduction electrons reaches a minimum

value as a function of temperature, regardless of the extent of any further disorder in the material.

PACS numbers: 72.15.Cz, 52.25.Fi, 78.47.+p

We report the first experimental study of the electrical
resistivity of a solid-density material, in this case a sim-
ple Drude metal, over an extended range (4 orders of
magnitude) of elevated temperature with little or no
change in its density. The results show three general re-
gions of the dependence of the resistivity on the tempera-
ture: Initially, the resistivity increases with increasing
temperatures, reaching a relatively constant value that
extends over a wide temperature range, and then it de-
creases as the temperature is further increased. We ar-
gue that these regions reflect differing mechanisms con-
trolling the mean free path of the conduction electrons in
different temperature ranges. In particular, the region of
maximum resistivity is a result of “resistivity satura-
tion,” a condition in which the electron mean free path
reaches a minimum value, independent of the degree of
material disorder.

The ability to study the resistivity of a well char-
acterized solid-density material over a great range of
elevated temperatures was made possible here by the use
of ultrashort (<0.5 psec), relatively high-energy (0-5
mJ) laser pulses. The self-reflection of a laser pulse, fo-
cused onto a smooth target at fixed pulsewidth and spot
size, was monitored over 4 orders of magnitude in ener-
gy. Frequency shifts of the reflected light were also
recorded, and as discussed in detail below, these frequen-
cy shifts are shown to arise directly from the expansion
velocity of the solid-vacuum interface. From the depen-
dence of the interface velocity upon the laser intensity,
we were able to determine the electron temperature and
degree of interface expansion for each recorded value of
the reflectivity. This information is sufficient to deter-
mine the resistivity of solid-density Al as a function of
temperature up to 10° K.

It is important to differentiate between the type of
heating-reflectivity experiment reported here and those
conducted with high-energy (> 100 mJ), long-duration
(> 50 psec) pulses. In the latter, the majority of the en-
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ergy is absorbed not by the dense target, but rather by
the material expanding away from the interface over a
scale of many wavelengths. Detailed hydrodynamic cal-
culations are usually required to analyze the data from
this type of experiment,' and no simple interpretation in
terms of the solid-density characteristics of the targets
can be given. In sharp contrast, our experiments use
such a short pulse length that the interface expansions
during the coarse of the reflectivity measurement never
exceed =2A/15, even for the highest intensities. Al-
though this amount of expansion is on the order of the
low-intensity skin depth and cannot be automatically ig-
nored in the data analysis, we show that it is readily ac-
commodated by a simple model that ties directly to the
physical parameters of the solid-density target.

Pulses of light from a synchronously mode-locked os-
cillator operating at 616 nm and compressed to 400 fsec
were amplified to = 0.6 mJ at 10 Hz, doubled in potassi-
um dihydrogen phosphate (KDP) to 308 nm and
amplified to two XeCl excimer amplifiers up to 7
mJ/pulse. The overall amplified-spontaneous-emission
(ASE) component of the total laser energy output was
measured to be less than 1 part in 103, a critical con-
sideration, for we found that as little as 1% fractional
ASE on the leading edge of the pulse was sufficient to
decrease greatly the measured reflectivity, presumably
because of the production of long-scale-length vapor or
plasma in front of the target in advance of the arrival of
the ultrashort heating-reflecting pulse.

The linearly polarized pulses were focused with a
200-mm lens (f/10) to a spot area of 10 "> cm? in vacu-
um. The targets were mounted at 45° with respect to
the beam and the position of the tightest focus was ad-
justed and monitored with the time-integrated x-ray en-
ergy yield from the plasma as a guide. Microscopic
analysis of targets confirmed that the tightest focus re-
sulted in the largest x-ray yield for a given laser energy
and pulsewidth. Data were taken at 10 Hz with target
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FIG. 1. Self-reflection as a function of intensity of S- and
P-polarized light from an aluminum-vacuum interface for a
pulse of light near 308 nm with a duration of less than 400 fsec
as a function of intensity. Each point is the result of a
reflection measurement for a single laser pulse.

translation such that each pulse encountered a smooth
surface. The targets were constructed of vacuum-
deposited films of aluminum on glass substrates. The ox-
ides surfaces on the targets played no role because their
thickness (=20 A) is less than 10% of the optical skin
depth.? The measured reflectivities were found to be in-
dependent of the target thickness for thicknesses greater
than 400 A.

Figure 1 shows the reflectivity of S- and P-polarized
(E vectors perpendicular and parallel to the plane of in-
cidence, respectively) light pulses of a 400 fsec duration
and a 400-A-thick Al film for intensities between 5x 10!
and 10" W/cm?2. The reflectivity shows three distinct
regions as a function of intensity: an initial drop for in-
tensities < 10'* W/cm?2, a minimum value extending
over a factor of 3 in intensity, and an increase in the
reflectivity beyond = 3x10'* W/cm?.

In addition to the reflectivity, we recorded the spec-
trum of the reflected light on a shot-to-shot basis using
an optical multichannel analyzer. As a function of in-
creasing laser intensity, the spectrum broadened and
shifted to higher frequencies. Because of the extreme
electron heating rates induced by the laser, there are two
possible interpretations of the observed frequency shifts:
self-phase modulation? arising from the rapidly changing
index of refraction, and mass motion normal to the tar-
get. The effects of self-phase modulation can be readily
calculated by the assumption of Gaussian temporal laser
pulses, and reasonable, but not critical, estimates of elec-
tron heat capacity, collisionality, and density: The shifts
due to self-phase modulation are both opposite in direc-
tion to and negligible in size compared to the experimen-
tally observed shifts. In contrast, the observed shifts are
entirely consistent, both in magnitude, sign, and
broadening, with motion of material away from the tar-
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FIG. 2. Calculation of N,/N for aluminum as a function of
electron temperature for N==6.6x10?2 cm ~® with the as-
sumption of local thermal equilibrium (LTE).

get. The average directed velocity of this motion is
given* by vé=I[2/(y—1)12ZkT./m; for unsteady flow
into vacuum. Here, m; is the ion mass, Z is the effective
ion charge (determined in a self-consistent manner from
Fig. 2), and y=C,/C.=1.7, where Cy(,) is the electron
heat capacity at constant pressure (volume).®> Using the
frequency-shift data, we were thus able to correlate the
electron temperature in the target with the intensity of
the laser. This correlation is shown in the abscissa of
Fig. 3.

We have taken the ac electrical properties of solid-
density Al to be described by the Drude model, an as-
sumption based on the nearly free-electron Fermi surface
of Al (Ref. 6) and its lack of interband transitions at 308
nm. In this model, the complex index of refraction, n, is
given by n?=1+id4ro/w, where o is the complex con-
ductivity such that c=o,+io;, with o, =(v/4n)¢ and
o; =(w/4n)¢, with ¢ =w?/(0?+v?). Here v is the gen-
eralized electron collision frequency, w is the laser fre-
quency, and o, is the plasma frequency (=4zN,e*/m,).
The factor v is the physical parameter of interest and de-
scribes all collisional processes that remove energy from
the electromagnetic wave; v is related to the dc resistivi-
ty by

pdc=vm./N.e?. ¢))

Under the conditions of a step function, the Fresnel
equations’ relate the complex index of refraction to the
reflectivity of a homogeneous lossy medium, and the pa-
rameter v is obtained from the reflectivity data by stan-
dard numerical inversion.

When the vacuum-material interface is not sharp (.e.,
when it is not substantially less than the skin depth), the
Fresnel equations cannot be used to relate the reflectivity
to the material parameters, and the Helmholtz wave
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FIG. 3. Resistivity of aluminum vs electron temperature.
This result is obtained by iteratively solving the Helmholtz
equations [Egs. (2) and (3) in the text] numerically to obtain
the value v that reproduces the P-polarized reflectivity data in
Fig. 1. (Similar results are obtained from the S-polarized
reflectivity data.) The temperature axis is determined by
Doppler shifts of the reflected light. As discussed in the text,
the maximum in the resistivity near 7. =40 eV is interpreted
as a manifestation of resistivity saturation.

equation must be explicitly solved for each expansion
scale length. There exist well known analytic solutions
for v/w <1 when the scale of the expansion is greater
than several wavclengths,8 but in our case not only is
v/o =1, but the expansion is at most A/15. Thus the
Fourier-transformed wave equations for S-polarized
light,

2
BE | k2n2—sin%)E =0, @
dx

and for P-polarized light,
d’B . 4n_do dB
== +k*(n*—sin?0)B—i—— —— =—=0 3
2 (n?—sin?0) T i dx , 3

must be solved numerically. Here E and B are the com-
plex electric and magnetic field vectors, x is the direction
of the material density gradient, 6 is the angle of in-
cidence, k is the vacuum wave number, and o is the com-
plex ac conductivity related to the index of refraction by
n?=1+i4no/w. We have used solutions to Egs. (2) and
(3) in our analysis.

The final parameter necessary to determine pqc is the
electron density, V,, because N, enters into the analysis
not only directly through Eq. (1), but through terms in
Egs. (2) and (3) that depend on w, as well. As a func-
tion of temperature at solid densities, N, can be readily
modeled within the framework of local thermodynamic
equilibrium (LTE)® provided all the microscopic ioniza-
tion and three-body recombination rates are sufficiently
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high that nearly equilibrium conditions for the electrons
and ion excitation states are obtained during the
heating-reflecting pulse.'® Figure 2 shows the results of
an LTE calculation in aluminum of N./N (IV=atomic
density of Al) as a function of T,. The Fermi tempera-
ture of Al is nearly 12 eV, with all three of aluminum’s
valence electrons itinerant; as a result, LTE shows N, to
be a weak function of temperature for temperature less
than 50 eV. Because of the short pulse duration, the as-
sumption of LTE may not be completely valid; however,
because of the relatively smaller ionization rates of the
higher ionization stages, any time-dependent calculation
will not yield values of N, larger than those calculated
by LTE.

The process of extracting the value of v from each
recorded value of the reflectivity proceeds as follows: (a)
For each value of the reflectivity, the input intensity, and
hence the average electron temperature, is determined.
(b) The effective interface expansion is determined from
the Doppler-shift velocity. (c) The Helmholtz equations
[Egs. (2) and (3)] for the appropriate polarization are
numerically integrated for the effective expansion length.
(d) By iteration the value for v within the solid-density
aluminum that correctly gives the experimental value of
the reflectivity is determined. '!

From the P-polarized data of Fig. 1, we have extracted
values of p vs T, as shown in Fig. 3. (Equivalent results
were obtained for the S-polarization data.) Although
the results are presented for the solid-density aluminum
at the indicated temperature, they were determined by
our taking into account the small, but not insignificant
interface expansions.'?> This curve shows clearly the
three regions of transport, including a well defined “satu-
ration” in the resistivity near 200 xQ cm at 7. > 40 eV.

The resistivity increases linearly with 7, up to =35
eV, then sublinearly to nearly 40 eV. For lattice temper-
atures greater than Tpenye, Cclassical electron-lattice
scattering predicts a /inear dependence of p upon Tigp.
It is well known, however, that short-pulse excitation can
produce nonequilibrium temperature distributions with
T.> Tion (Ref. 13); thus the data for 5 eV < T, <40
eV partially reflect the temperature dependence of the
electron-phonon coupling at elevated temperatures.

At the highest temperatures and intensities, our data
are consistent with the expectations of a high-temper-
ature plasma; that is, a Te_3/ 2z dependence of the resis-
tivity. This result derived from the Coulomb-scattering
cross section averaged over a Maxwellian velocity distri-
bution. '

The maximum in the resistivity near 200 £ Q cm over
nearly an order of magnitude in laser intensity is inter-
preted ' as “resistivity saturation”; that is, there exists a
minimum scattering length (or mean free path) of the
electrons, regardless of the degree of disorder of the ma-
terial or the temperature. We can estimate this length
by computing /min = (64cme/Nee *)v., where v, [ =QkT./
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m,)'?] is the electron velocity at the resistivity max-
imum. For 7.=50¢€V, /min= 3 A. This value is compa-
rable to the interatomic spacing in Al, and suggests the
picture that the electron cannot travel less than approxi-
mately an interatomic dimension before suffering anoth-
er scattering event.

This rather remarkable record of the change in the
controlling mechanisms of the electrical transport of a
simple metal is possible only because the material could
be heated to electron temperatures up to and far in ex-
cess of its Fermi temperature, without significantly
changing the density. Although the approach to resis-
tivity saturation has been observed at much reduced tem-
peratures in some specialized systems,'® to our
knowledge the complete onset and passage through the
maximum has not been previously reported.

We wish to acknowledge valuable discussions on all
aspects of this work with R. C. Dynes.
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