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X-ray absorption near-edge spectroscopy (XANES) is a powerful probe of electronic and atomic
structures in various media, ranging from molecules to condensed matter. We show how ultrafast time
resolution opens new possibilities to investigate highly nonequilibrium states of matter including phase
transitions. Based on a tabletop laser-plasma ultrafast x-ray source, we have performed a time-resolved
(~ 3 ps) XANES experiment that reveals the evolution of an aluminum foil at the atomic level, when

undergoing ultrafast laser heating and ablation. X-ray absorption spectra highlight an ultrafast transition

from the crystalline solid to the disordered liquid followed by a progressive transition of the delocalized
valence electronic structure (metal) down to localized atomic orbitals (nonmetal—vapor), as the average

distance between atoms increases.

DOI: 10.1103/PhysRevLett.107.245006

The rapid development of tabletop femtosecond lasers
has opened a wide range of new applications in industry
and medicine. When focused onto a sample, a femtosecond
laser pulse can rapidly deposit energy in a micron-size
spot, driving a well-controlled matter removal (for micro-
machining) that can also be used for clean deposition of
thin films on another surface. During the laser ablation, the
matter undergoes ultrafast phase transitions whose under-
standing, as well as the determination of the time scale in
which they occur, is primordial for the optimization of
processes. From a more general point of view, femtosecond
lasers offer a unique opportunity to study these phase
transitions on their natural ultrafast time scales that are
not reachable in the everyday experience.

Under strong pulse excitation, it is also possible to reach
transient extreme states of matter with pressures exceeding
the 1 Mbar level that are not accessible in a static way.
The investigation of such warm dense matter (WDM) is
one of the great challenges of contemporary physics [1].
Femtosecond lasers can rapidly heat matter, leading to
ultrafast solid-liquid-WDM transitions, followed by a
more complex multiphase expansion at a picosecond time
scale. Highly nonequilibrium states of matter are expected,
due to the finite rate of energy transfer from the excited
electrons to the lattice. As the atomic structure modification
is supposed to be driven by the photoexcited electrons, it is
of primary importance to determine the respective time
scales of the evolution of both electron and atomic struc-
tures. In order to shed some light on these transient pro-
cesses, the experimental challenge is then to combine such
atomic-level measurements with ultrafast time resolution.

Recently, new techniques of ultrafast electron [2,3] and
x-ray diffraction [4,5] have been developed [6]. Although
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they have been successfully used to investigate coherent
phonon dynamics [7], melting phenomena [8,9], or elec-
tronic bond hardening in solid-WDM transition [10], they
are not adapted where no long-range order is expected
(liquid, WDM, vapor). Ultrafast x-ray absorption near-
edge spectroscopy (XANES) is particularly suited for
such situations [11] since it probes the short-range order
that can persist well beyond the melting. Also, it basically
probes the unoccupied electron density of states (DOS),
giving access to the dynamic interplay between the valence
electrons and the atomic arrangement.

In contrast to ultrafast diffraction that has been first
demonstrated with versatile and accessible tabletop laser
systems, the development of tabletop ultrafast x-ray ab-
sorption experiments has been limited, due to the very low
x-ray fluxes reported in continuous spectra from brems-
strahlung emission [12,13]. The first demonstration of a
few picosecond resolution has been reported on resonant
absorption line vanishing during molecule photodissocia-
tion [14]. First ultrafast XANES experiments have just
been recently reported on synchrotronlike facilities: cou-
pling a few ps resolution streak camera with a synchrotron
[15], or using the slicing scheme to reach subpicosecond
time resolution [16,17]. But in both cases, the very low
number of x-ray photons available per shot severely limits
their use for large excitation levels, well above damage
threshold, where the sample must be refreshed before each
laser shot.

In order to overcome these limitations, we have devel-
oped a bright tabletop x-ray source suitable for XANES
experiments [ 18], by optimizing the broad M-band thermal
emission from laser-produced plasmas in the multi-keV
range [19]. The number of photons is increased by orders
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of magnitude compared with the bremsstrahlung emission
previously considered [12,13]. The isotropic nature of the
pointlike x-ray source allows the use of an energy-
dispersive x-ray absorption device, providing a full spec-
trum for each laser shot. As a consequence, a few tens of
shots are just needed to get exploitable XANES spectra as
presented in this Letter, using 100 mJ laser pulses operated
at 10 Hz repetition rate. This is an important step forward
in ultrafast x-ray absorption fine spectroscopy.

We have used this tabletop x-ray source to perform the
time-resolved XANES investigation of a femtosecond
laser-ablated aluminum sample, near the Al K edge. A
sketch of the experimental setup is reported in Fig. 1. The
laser beam is separated in two synchronized pulses. The
1000 A thick aluminum sample is heated with the first laser
pulse (120 fs) on a 700 wm X 350 wm ellipsoidal zone. Its
fluence is set to 6 J/cm?, more than 1 order of magnitude
higher than the ablation threshold [20], in order to avoid the
possible nucleation (liquid-vapor coexistence regime) in
the first tens of picosecond of the expansion [21]. The
second laser pulse is focused on the x-ray conversion target

x-ray
conversion

target x-ray
reference

Al sample
(1000A foil)

laser laser heating
generating (optical pump)
X rays

FIG. 1 (color online). Schematic of the time-resolved x-ray
absorption setup. The first laser pulse (optical pump) heats the
1000 A thick aluminum sample that is deposited on a specific
grid. The second laser pulse is focused on the x-ray conversion
target that is set 7 mm behind the sample, and generates a bright,
broadband, isotropic, and ultrafast x-ray source. X rays are
spectrally dispersed by two different Bragg crystals (not repre-
sented) on a CCD camera: the upper one directly measures the
X-ray source spectrum (x-ray reference), while the lower one
measures the transmitted spectrum through the heated aluminum
sample (x-ray probe). The solid angles of respective collected
x-ray emission are represented. The delay between laser pulses is
varied in order to obtain time-resolved XANES with respect to
the heating.

(holmium) on a 80 wm diameter spot to produce the ultra-
fast isotropic x-ray emission. This emission is collected and
dispersed by two Bragg crystals on a CCD camera (charge-
coupled device), respectively, recording the reference spec-
trum of the x-ray source and the transmitted spectrum
through the laser-heated sample. Details about the spec-
trometer and the procedure for XANES spectra extraction
have been previously reported in [22]. The device provides
a spatial resolution of ~100 um along the horizontal
axis in Fig. 1, allowing a careful alignment between the
sample heated area and the probed one. The time between
optical pump and x-ray probe is monitored using a delay
line, providing a jitter-free adjustable delay. The time reso-
lution is mainly limited by the x-ray pulse duration of
3.15 = 0.25 psrms, which has been measured with a streak
camera.

The time-resolved XANES spectra are reported in Fig. 2.
Each one is obtained after integration of the x rays that are
collected through a 450 um X 140 pum rectangular zone
of the sample, in which the heating flux is homogeneous
within 20%. The first spectrum, recorded 7.5 ps before the
optical pump pulse, is identical to a cold solid aluminum
spectrum (i.e., measured without heating). It shows a sharp
K edge that reveals the clear separation between occupied
and unoccupied states in the conduction band at the Fermi
energy. The K edge is followed by XANES modulations

x-ray absorption (unit. norm.)
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FIG. 2 (color online). XANES spectra measured as a function
of the time delay between the x-ray probe and the optical pump.
The origin is set when the maxima of optical and x-ray pulses
coincide. The spectrum registered at the delay —7.5 ps exhibits
the same features as for unheated Al sample: a sharp K edge at
1.559 keV, followed by XANES modulations. These modula-
tions vanish promptly after heating, revealing a fast loss of
atomic short-range order (therefore an ultrafast solid-liquid
transition). At delay 2.5 ps, the K-edge slope is broadened due
to a high electron temperature 7,. At longer delays, a transition
from K edge to 1s-3p atomic absorption line can be observed,
revealing the progressive relocalization of valence electrons in
atomic orbitals during the liquid-vapor transition.
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that are expected from the face-centered cubic (fcc) lattice
structure of solid aluminum. These modulations com-
pletely disappear 2.5 ps after the heating pulse, indicating
a rapid loss of the short-range order and evidencing a fast
solid-liquid transition. The same spectrum also exhibits a
broadening of the K-edge slope that reveals the expected
thermal broadening of the Fermi level. A Fermi-Dirac fit
[23] indicates an electronic temperature of 1.8 = (0.5 eV.
At longer delays (~ 20 ps), a progressive transition is
observed from the absorption K edge to the 1s-3p atomic
absorption line.

The macroscopic evolution of the heated sample has
been estimated with a two-temperature hydrodynamic
code [20]. As the sample thickness is slightly larger than
the laser skin depth, significant longitudinal gradients of
temperature are initially present, then smoothed by the
thermal conduction after a few picoseconds. The values
of electron temperature 7', ion temperature 7; and density
N,;, averaged over the sample thickness, are reported in
Fig. 3. The inhomogeneities (defined as the standard de-
viation along longitudinal profiles) are reported in the error
bars around the respective mean values that correspond to
the delays of XANES measurements. The laser energy is
rapidly deposited in the electrons (120 fs). Then the energy
transfer starts from the electrons to the lattice. The equili-
bration time between electron and ion temperatures is
about 10 ps. Because of the high level of initial electron
heating, 7; reaches the melting temperature (0.08 eV) very
quickly, suggesting that the solid-liquid transition occurs in
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FIG. 3 (color online). Aluminum density and temperature
temporal profiles as calculated with a two-temperature hydro-
dynamic code. The 1000 A thick aluminum is heated with
6 J/cm? laser pulse at 60° incidence in p polarization. Top:
the density NV,, the electron temperature 7, and the ion tempera-
ture T; are plotted as a function of time (solid lines). For
comparison with experimental data of Fig. 2, the calculated
values corresponding to the delays of XANES measurements
are also indicated by symbols (circle = N;, square = T,,
triangle = 7). Bottom: the measured x-ray temporal profile is
reported (cross) for x-ray probe optical pump delay = O ps, and
compared to the temporal response of the streak camera
(line). After deconvolution, the x-ray source duration is
3.15 = 0.25 psrms.

a subpicosecond time scale. As a short-range order is still
expected in the liquid phase, XANES modulations remain,
and then progressively disappear when T7; increases.
Actually, 2.5 ps after heating, XANES modulations have
disappeared while estimated 7; reaches 0.65 = 0.25 eV.
This is consistent with calculations previously reported on
isochoric heating with protons [23] where XANES modu-
lations have been observed to vanish for temperature be-
tween 0.5 and 1 eV at the thermal equilibrium. At the same
time delay (2.5 ps), T, is estimated to be 2.5 £ 0.7 eV,
which is consistent with the value of 1.8 £ 0.5 eV inferred
from the measured x-ray absorption K-edge broadening.

The calculation reported in Fig. 3 shows that the expan-
sion proceeds in the same time scale as the electron ion
equilibration. During the observation time reported in this
study, the sample stays above the liquid-gas critical point
[24], preventing from any nucleation. In these conditions,
the average distance increase between neighboring atoms
is directly defined by the hydrodynamic expansion. The
progressive transition that we have observed in Fig. 2 from
K edge to the 1s-3p atomic absorption line occurs about
20 ps after heating, i.e., when the ion density N; reaches
one third of the solid density (~ 1 g/cc). At this time
delay, the average distance between atoms has increased
by ~40% from the solid case. The observed x-ray absorp-
tion spectra are in good agreement with a recent experi-
ment and ab initio quantum molecular dynamics (QMD)
simulations performed at the thermal equilibrium [25].
It was predicted that such a transition from K edge to
1s-3p line should occur as soon as the density decreases
below 1 g/cc.

The experiment provides the atomic-level data on the
solid-liquid-vapor ultrafast transition of an aluminum
sample driven by femtosecond laser-ablation, correspond-
ing to the low temperature part of the WDM density-
temperature phase diagram (a few eV). Figure 4 summaries
the deduced evolution of lattice and electron structures. In
the initial solid phase, the valence electrons are delocalized
in the conduction band of aluminum. They are rapidly
heated by the laser pulse that broadens the Fermi occupation
factor in the electron energy distribution. The electron-ion
energy transfer drives an ultrafast transition from a crystal-
line cold solid to a disordered metal liquid, and leads to a
loss of the atomic short-range order in such a warm dense
state of matter. The solid-liquid transition is observed to
occur faster than 2.5 ps after laser excitation. Calculations
suggest that the ion temperature exceeds the melting tem-
perature in less than 1 ps due to the large excitation level
(6 J/cm?). That transition time is significantly shorter than
3.5 psreported in a previous electron diffraction experiment
at 70 mJ/cm? [2]. Unlike diffraction signal, which disap-
pears when the crystalline order is broken, XANES spectra
provide electron and atomic structural data beyond melting.
A transition from liquid to atomic vapor is observed in a
longer time scale (~ 20 ps), revealed by a progressive
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FIG. 4 (color online). Schematic of the aluminum solid-liquid-
vapor transition dynamics at the atomic level. Top: density of
states (DOS) and localization of electrons with corresponding
x-ray absorption spectra features as measured from the 1s level
(vertical arrows). The potential is presented as a function of the
distance r from the aluminum nucleus (right side of each figure).
The occupation of electron DOS (left side of each figure) is
indicated in black. Bottom: Simple two-dimensional representa-
tion of the spatial distribution of ions and electron density in
each phase. Solid Al: in the solid case, the conduction band is
partially occupied by valence electrons up to the Fermi energy
Er, leading to a sharp x-ray absorption K edge. Liquid Al: the
laser deposits energy in the valence electrons and induces a
thermal broadening of the band occupation, leading to the
K-edge broadening. The energy is transferred from electrons
to the lattice, breaking the crystalline order. Atomic Al: due to
high thermal pressure, hydrodynamic expansion occurs driving
the transition to atomic vapor. In isolated atoms, the electrons are
localized on the atomic orbitals. As the 3p orbital is partially
unoccupied, the 1s-3p line is observed in the x-ray absorption
spectrum.

relocalization of the valence electrons from the degenerated
conduction band (metal) to the atomic orbitals (nonmetal),
as the average distance between neighboring atoms in-
creases. Calculations are coherent with experimental re-
sults, showing that this time scale is driven by the
hydrodynamic expansion that depends on the thermal pres-
sure level achieved after heating.

Besides the fundamental interest of phase transitions
dynamics, ultrafast XANES experiment is achieved with a
compact tabletop all-optical-laser-based setup. The time
resolution is intrinsically limited by the x-ray source dura-
tion (3.15 = 0.25 psrms), but could be lowered down to the
subpicosecond range by using cluster target for producing
the x rays [26], or even down to the femtosecond one by
considering the collimated betatron radiation generated
through the interaction of a relativistic laser pulse with a
gas jet [27]. Novel opportunities are also expected from
hard-x-ray free electron lasers that offer femtosecond time
resolution together with a high number of photons per shot
[28-30]. However, although dedicated experimental areas
are planned for WDM studies, the high operating cost will
necessarily limit the access. Therefore, the complementary

development of tabletop ultrafast x-ray absorption devices
is expected to have a high impact in the exploration of
various transient physical systems: ranging from chemical
reactions to phase transitions up to extreme states of matter,
and highly nonequilibrium physics.
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