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Ultrafast Short-Range Disordering of Femtosecond-Laser-Heated Warm Dense Aluminum
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We have probed, with time-resolved x-ray absorption near-edge spectroscopy (XANES), a
femtosecond-laser-heated aluminum foil with fluences up to 1 J/cm?. The spectra reveal a loss of the
short-range order in a few picoseconds. This time scale is compared with the electron-ion equilibration
time, calculated with a two-temperature model. Hydrodynamic simulations shed light on complex features
that affect the foil dynamics, including progressive density change from solid to liquid (~ 10 ps). In this
density range, quantum molecular dynamics simulations indicate that XANES is a relevant probe of the

ionic temperature.
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The current advance in femtosecond lasers allows us to
bring and study the matter in extreme states, such as warm
dense matter, and to achieve strong thermal disequilibrium
between electrons and ions. Studying the way strongly
excited and out-of-equilibrium matter relaxes enables us
to understand the electron-ion equilibration and to evaluate
the time scale of this process.

Focused on a metal, an optical femtosecond laser mainly
excites the electrons that oscillate in the laser field. The
energy is absorbed within the pulse duration. The equili-
bration with the lattice occurs on a longer time scale. Below
and near the damage threshold, this process has already
been investigated theoretically [1] and with optical reflec-
tivity experiments (Refs. [2-4] and references therein). At
these moderate excitation levels, the energy transfer to the
lattice is driven by electron-phonon coupling independent
of the electron temperature. At higher excitation levels,
the electron-ion coupling becomes more complex. The
influence of electron temperature is predicted to become
significant, strongly depending on the material under con-
sideration [5]. Phase transitions may occur on the equili-
bration time scale, so that the material hydrodynamics
should be considered. Furthermore, a theoretical paper
indicates that, in some transition metals, the electronic
density of states, then the lattice cohesion, may be affected
by high electron temperature in large off-equilibrium situ-
ations [6]. This may induce modification of phase transition
dynamics, as reported in a recent experiment that suggests
electronic bond hardening in warm dense gold [7].

The dynamic interplay between electron and ion struc-
tures basically occurs at the atomic scale. Well above the
damage threshold, the energy transfer from electrons to
the lattice leads first to long-range order breaking, then to
progressive short-range disordering. In order to investigate
this dynamics, several approaches have been endeavored.
Time-resolved optical reflectivity measurements have been

0031-9007/13/111(24)/245004(5)

245004-1

PACS numbers: 52.50.Jm, 52.27.Gr, 52.38. Mf, 61.05.cj

used to follow the solid-to-liquid transition phase in alu-
minum [3]. This diagnostic is relatively easy to implement.
But, as the relationship between optical properties and
electron structure depends on models, it only gives indirect
measurements. Recent techniques of time-resolved x-ray
[8,9] and electron [7,10] diffraction provide direct access
to the lattice structure at the atomic scale. As diffraction
intrinsically relies on the long-range order, it gives infor-
mation below or near the melting. Time-resolved x-ray
absorption near-edge spectroscopy (XANES) [11] has
been exploited in a recent study performed by Cho et al.
[12] to investigate the electronic temperature evolution.
But, it could also be particularly suited to probe the
short-range order dynamics in warm dense matter situ-
ations well beyond the melting.

In this Letter, we present a new experimental approach
to study the electron-ion equilibration dynamics in a
femtosecond-laser-heated warm dense material. We per-
form time-resolved XANES measurements on aluminum
foils heated with fluences up to 1 J/cm?. They reveal the
picosecond dynamics of the short-range disordering.
Results are interpreted as the increase of ion temperature
up to equilibration, with simulations including the two-
temperature model (TTM) [13] and a careful hydrody-
namical description. This study is supported by ab initio
quantum molecular dynamics (QMD) simulations, estab-
lishing that XANES is still a relevant diagnostic of ion
temperature in this regime, even if the density goes from
the solid down to the liquid one.

As features well established in XANES analysis, the
spectral range up to ~10 eV above the K edge is affected
by the electron structure, while the oscillatory structures
that follow reveal the short-range order [11]. Previous stud-
ies have been performed on warm dense aluminum XANES
spectra [14—16] at thermal equilibrium. They have demon-
strated that the amplitude of such XANES modulations
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decreased with the temperature and disappeared above
~0.5 eV. As the short-range order is related to the ion
spatial distribution, the ion temperature is intrinsically
diagnosed in out-of-equilibrium situations, rather than the
electron temperature. In addition to these considerations,
we have chosen to study warm dense aluminum for another
reason. Aluminum is a simple metal whose electron struc-
ture is very close to Fermi electron gas. As a consequence,
the electron-phonon coupling factor is not supposed to
strongly depend on electron temperature [5]. Furthermore,
no electronic bond hardening is expected [6].

This experiment has been carried out on the Eclipse laser
facility at CELIA. A 100 nm aluminum foil is heated by a
p-polarized laser pulse at 800 nm central wavelength, with
120 fs duration FWHM. The angle of incidence is set
at 60°. The full setup is detailed in Ref. [17]. The Al sample
is probed by a broadband laser-plasma x-ray source, opti-
mized near the K edge (1.559 keV) [18]. Its duration is
3.15 £ 0.25 psrms. The absorption spectra are measured
by using a double crystal spectrometer [19]. The delay bet-
ween the laser pump and the x-ray probe pulses is scanned in
order to get time resolution. The heating incident fluence is
controlled by the laser pulse energy. In order to estimate the
deposited energy in the sample, the laser absorption level is
deduced from reflectometry measurements.

Figure 1 (left) exhibits some XANES spectra recorded
for an incident laser fluence of 0.27 * 0.05 J/cm?. The
corresponding measured laser absorption is 25% = 4%.
Each spectrum is the result of cumulation over ~30 shots.
The residual noise mainly comes from photon counting
statistics on the detector. The first XANES spectrum
(delay = — 2.5 ps) is similar to a “cold” spectrum, mea-
sured without heating and with higher statistics. Comparison
between them allows us to evaluate the noise level. The
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FIG. 1 (color online).
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modulations that follow the K edge reveal the high level of
short-range order of the face-centered-cubic atomic struc-
ture of solid state aluminum. After heating, their amplitude
decreases but some modulations significantly remain at
long delay (82.5 ps), as can be seen when comparing with
a “warm’’ spectrum measured at higher fluence. No preedge
structure is observed, indicating that the density remains
close to the solid one [17,20], up to ~100 ps (limit of
measurements). As demonstrated in previous studies
[20,21], the first bump after the K edge could be affected
by the electronic structure modifications with temperature or
density. That is why we consider the second bump, far
enough from the K edge (~ 30 eV), to retrieve the short-
range order level.

The amplitude of the second bump is estimated from the
integral of the spectrum from 1.59 to 1.61 keV, above
the warm spectrum shown in Fig. 1 (left). Figure 1 (right)
summarizes the time evolution of this amplitude for several
laser fluences. The instrumental response is displayed in
the figure, i.e., the convolution of an instantaneous and
complete loss of XANES modulations with the finite dura-
tion of the x-ray probe (3.15 % 0.25 psrms). At very high
fluence (data extracted from Ref. [17] at 6 J/cm?), the
measurements fit with the instrumental response. In such
a situation, the short-range order is decreased in a very
short time scale compared to time resolution, and so stro-
ngly that XANES modulations can no longer be observed,
even if the matter is not yet completely equilibrated. In
that sense, one should consider XANES modulations as a
“saturated” diagnostic of the short-range disordering. At
0.8 J/cm?, the same behavior is observed. At 0.27 J/cm?,
since XANES modulations still remain at long delay, their
temporal evolution reflects the full short-range order dyn-
amics (“‘unsaturated” diagnostic). It significantly differs
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Left: normalized XANES spectra of a 100 nm aluminum foil irradiated by a 120 fs laser pulse at 0.27 =

0.05 J/cm?, measured as a function of time delay between the laser pump and the x-ray probe. A warm spectrum is presented with ion
temperature estimated at 1 eV. A reference cold spectrum is reported for comparison. Spectra are vertically shifted for clarity reasons.
Right: time evolution of the XANES second bump amplitude, for several laser fluences (the 6 J/cm? data are extracted from Ref. [17]).
The estimated instrumental response is reported for comparison. The 0.27 J/cm? data are fitted with a simple model giving the

characteristic time of the short-range disordering.
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from the instrumental response. In order to retrieve a char-
acteristic time, we apply the following procedure. We first
consider that ion temperature can be described by 7; =
Tpin[1 — exp(—1/7¢y)], as a classical result from the TTM,
Teq being the characteristic equilibration time and Ty, the
temperature achieved at equilibration. Second, we assume
that the XANES amplitude is a linear function of 7; as far
as it can be observed (estimated from Ref. [16]). Error
bars are, however, too high in this previous study to retrieve
an accurate absolute value of T, (beyond the scope of the
Letter). The best fit gives 7.4 = 3.5 = 1.4 ps. The uncer-
tainty takes into account the noise level on XANES spectra,
as well as the pump-probe synchronization accuracy (opti-
cally measured).

The electron-ion thermal equilibration can be described
by the Anisimov TTM [13]. Its dimensionless version,
commonly used to analyze experiments [1,10,12], is
reported in the following equations. T, and 7; are, respec-
tively, the electron and ion temperatures. C, and C; are the
electron and ion heat capacities, and y is the electron-
phonon coupling factor. They are taken from Lin et al. [5].
S(#) describes the absorbed laser energy that is supposed to
be deposited on electrons,

CoT) ©Te = HT)(T, = ) + 500,

dT,

Cl dt = Y(Te)(Te - Tl)

At 0.27 J/cm? incident fluence, and considering the
measured laser absorption level, these equations lead to
equilibrated temperature Tj, = 2750 K and to equilibra-
tion time 7., = 1.35 ps that is shorter than measurements.
As the foil hydrodynamics can no more be ignored in such
a high energy density regime, we performed simulations
integrating TTM equations in the one-dimensional hydro-
dynamic code ESTHER detailed in Ref. [22]. The laser
absorption is calculated by solving the Helmholtz equa-
tions. The matter evolution is described by hydrodynamics
coupled to a two-temperature multiphase equation of state
[23], with consistent ion heat capacity. The electron heat
conduction is taken from Ref. [24]. Figure 2 summarizes
the temporal evolution of the ion temperature and density
in a 100 nm aluminum foil heated in the same conditions
than the experiment at 0.27 J/cm?. The calculated level
of the laser energy absorption is 25%, consistent with
measurements. The ion temperature is homogenized up
to the rear side within ~1.5 ps. At this time, a residual
excess of temperature remains on the laser side, smaller
than 30%. The pressure achieved drives a relaxation of the
matter from solid to liquid density (i.e., from 2.7 down to
~2.35 g/cm?®). It starts from the edges and propagates
through the foil at the sound velocity (~6 nm/ps). As a
consequence of mass conservation, both the front (laser)
and rear side surfaces expand at a constant velocity
~1 nm/ps. Note that this value is in close agreement
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FIG. 2 (color online). Temporal and spatial evolution of ion
temperature (left) and density (right), from hydrodynamical
code, considering the same conditions as the experiment at
0.27 J/cm?. The incident laser comes from the top.

with recent optical measurements performed with similar
absorbed fluence [25]. Once the two solid-liquid density
interfaces intersect, the foil is separated into two liquid
slices flowing away from each other. Indeed, the deposited
energy is not high enough to vaporize the foil, in agreement
with the nonobservation of preedge structure in the XANES
spectra recorded at long delay.

When averaging over the foil thickness, the ion tem-
perature temporal behavior is well described by T; =
Tin[1 — exp(—1/7¢q)]. Compared to dimensionless TTM,
the equilibrated temperature Tj, is lowered down to
2050 K, considering that about 25% of the absorbed energy
is consumed in kinetic energy (relaxation). The estimated
equilibration time 7., = 1.0 ps is a bit shorter. In order to
determine the possible influence of the thermal conduction,
we performed similar hydrodynamic simulations with heat
conduction lowered by 1 order of magnitude, then with
uniform energy deposit (infinite conduction). Obviously,
when the conduction is lowered, the symmetry is affected
between the front and rear surfaces. But, Teq is not signifi-
cantly changed, once it has been averaged over the foil
thickness (i.e., to get data that can be compared with
XANES spectra).

Hydrodynamic simulations reveal features that question
the validity of XANES modulations as a reliable diagn-
ostic of the short-range order, then 7}, in the conditions
explored. Indeed, the density turns from solid to liquid,
while the XANES modulation behavior with 7; has
been only studied at solid density [16]. In order to remove
this ambiguity, we have performed QMD simulations.
They calculate ion spatial distributions as well as x-ray
absorption spectra, at different temperatures and densities,
considering the same general parameters as in Ref. [15].
Results are plotted in Fig. 3. The spatial ion distribution is
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FIG. 3 (color online).
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QMD calculations performed at electron-ion thermal equilibrium. Left: aluminum ion-ion radial distribution

function g(r) for various temperatures at solid density. The distance r between ions is expressed in units of the Bohr radius aj.
Center: g(r) at 1050 K at solid versus liquid densities. Right: XANES spectra at 1500 K at solid versus liquid densities.

represented by the ion-ion radial distribution function g(r)
that gives the probability to find neighboring ions as a
function of the distance. Below the melting temperature
(933 K), this function presents well defined peaks, even at
long distance, reflecting the long-range order expected in
the solid crystalline phase. Above melting, only the first
peaks remain, indicating that the long-range order is lost,
but the short-range order is still significant. This short-
range order progressively decreases as the temperature
increases. Two g(r) are plotted at the same temperature
(1100 K) but at solid versus liquid densities. They are
very close. The positions of the most distant peaks are a
bit shifted, but the first one is unchanged (~ 5ag). That
reveals the interatomic distance is unaffected by the solid-
to-liquid density decrease, which results from different
compactness between these two phases. As a consequence,
the XANES spectrum is not significantly modified, as
can be seen in Fig. 3 (right), reporting simulations per-
formed at 1500 K. The same conclusions are observed
from real-space finite-difference XANES calculations
[26]: (i) XANES modulation amplitudes are not affected
by the solid-to-liquid density transition and (ii) they only
depend on the short-range order that decreases with ion
temperature.

Two reasons could contribute to understand the discrep-
ancy between the measured short-range disordering
time (7., = 3.5 * 1.4 ps) and the calculated equilibration
time (7., = 1.0 ps). The first one comes from the analysis.
The assumption that the XANES modulation amplitude
decreases linearly with the ion temperature (up to com-
plete XANES vanishing) could be too strong, eventually
resulting in an overestimation of 7. The second one
concerns the physical coefficients commonly used in the
TTM [5] and that drive the electron-ion equilibration
time: C,, C;, and 7. Ion heat capacity C; is estimated
from the Bushman-Lomonosov-Fortov (BLF) equation of
state, built from experimental data in a wide range of
density-temperature conditions [23]. The electron heat

capacity C, is calculated from the solid state electron
density of states (DOS), but takes into account
the Fermi-Dirac distribution function that depends on
the electron temperature. Previous studies on aluminum
have confirmed that the electron DOS remained very close
to the Fermi electron gas, even well above the melting
temperature (up to a few eV) [27]. Therefore, such an
estimation for C, may be justified. Nevertheless, y is
estimated from electron and phonon DOS, the latter being
deduced from the cold solid phase. This assumption is
valid below the melting temperature, but it should no
longer be correct when the lattice is severely affected
above the melting temperature. One should then consider
more complex models from dense plasma physics to
estimate properly the electron-ion coupling parameter or
alternatively the electron-ion collision frequency (Ref. [28]
and references therein). A recent paper reporting time-
resolved optical measurements on gold reaches the same
conclusion [29]. A lower value of y should be considered
that could fit with the slower equilibration observed in this
experiment.

In summary, we have explored the potential of a new
experimental approach in which time-resolved XANES
is used to estimate short-range disordering, as well as
electron-ion equilibration. We present XANES spectra of
a femtosecond-laser-heated warm dense aluminum foil (up
to 1 J/cm?). They reveal the picosecond dynamics of the
short-range disordering. At 0.27 J/cm?, it occurs within a
characteristic time of 3.5 = 1.4 ps. This time scale is com-
parable but a bit longer than electron-ion equilibration time
deduced from the two-temperature model (1.0 ps in the
same situation). Hydrodynamical simulations shed light on
a complex heated foil dynamics. As a main feature, the
density progressively turns from solid to liquid (~ 10 ps).
QMD simulations, as well as real-space finite-difference
XANES calculations, attest that the short-range order is
preserved during this solid-to-liquid density transition and
that XANES is still a relevant diagnostic of the ion
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temperature above melting. In this warm dense regime, the
electron-ion coupling should be estimated using models
more complex than considering the solid phase phonon
DOS. That could contribute to explain the longer equili-
bration time suggested by experimental data.
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