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(Received 5 October 2009; published 20 January 2010)

Using ultrafast x-ray probing, we experimentally observed a progressive loss of ordering within solid-

density aluminum as the temperature raises from 300 K to >104 K. The Al sample was isochorically

heated by a short (�ps), laser-accelerated proton beam and probed by a short broadband x-ray source

around the Al K edge. The loss of short-range ordering is detected through the progressive smoothing of

the time-resolved x-ray absorption near-edge spectroscopy (XANES) structure. The results are compared

with two different theoretical models of warm dense matter and allow us to put an upper bound on the

onset of ion lattice disorder within the heated solid-density medium of �10 ps.
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Understanding the properties of the warm dense matter

(WDM) regime and of the phase transitions leading to this

regime [1] is of considerable interest since it is found in a

large array of conditions, e.g., astrophysical objects or

controlled thermonuclear fusion compressions. Initial ex-

periments on WDM states used mostly reflectivity [2] or

conductivity [3,4] as observables. These experiments gave

valuable data points to be compared with theory but they

did not yield direct access into the time evolution of the

structural properties as the system transits from a solid to a

WDM state.

Detailed structural information can be extracted, e.g.,

from the time evolution of diffraction patterns, using either

electron or x ray [5], as they reflect the underlying crys-

tallographic structures. However, once the system has

melted, a diffraction pattern is no longer present and very

little is currently known about the structural evolution

towards the plasma state. Note that angularly resolved

x-ray scattering [6] was also proposed to get snapshots of

changing ionic and electronic structures in WDM but was

only applied to slowly (ns) shock-compressed materials.

We should mention as well the time-resolved x-ray diffrac-

tion studies of ultrafast structural changes in materials

performed on synchrotrons [7], where it was shown that

x-ray pulses are a suitable tool for the study of the temporal

dynamics of condensed matter phase transitions. However,

those works were primarily focused on surface disordering

of thin films or of surface layers.

Here, we study the structural modification of thick

samples of solid-density aluminum heated up to a few eV

at the ps time scale. For this, we exploit two techniques that

allow us to uniquely create solid-density, �m thick matter

heated in the eV range and to probe its ionic structure in a

time-resolved fashion. First, as shown in Fig. 1(a), a short-

burst (�ps), laser-accelerated proton beam is used to heat

isochorically and uniformly a thick (�m) Al sample over

�25 ps, i.e., shorter than the hydrodynamic expansion

time, as detailed in Ref. [8]. This allows us to keep solid-

density conditions over 60 ps after the beginning of heat-

FIG. 1 (color online). (a) Setup of the experiment—top view;

(b) schematic representation of the x-ray spectrometer;

(c) temperature profile (in eV) of the heated 1:6 �m thick Al

foil 45 ps after the first protons have left the source target as

given by self-consistent simulations. The x axis corresponds to

the axis of heating while the other axis corresponds to the radial

dimension; (d) density profile (in g=cm3) of the same target at

the same moment.
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ing. Second, we use an ultrafast broadband x-ray probe

beam [9] to perform time-resolved x-ray absorption near-

edge spectroscopy (XANES) [10]. The XANES absorption

spectrum is very sensitive to the local atomic arrangement

and can provide direct insight into the structural properties

of matter. X-ray photoabsorption was previously used in

slow (ns) shock-compression experiments [11,12] and cal-

culations [13] but the main focus was on the position and

the width of the K edge as the density and temperature

increased. However, the full structure of the spectrum was

not exploited to get structural information about the phase

transition.

Experimentally, we observe the smoothing of the

XANES structure of solid aluminum as it is isochorically

heated from room temperature to several eVs. The obser-

vations are correlated to quantum molecular dynamic

(QMD) calculations as well as a simpler liquid description

[14–17], and good agreement, qualitative as well as quan-

titative, is found. Such comparison allows conclusively to

relate the observed XANES spectral modifications to struc-

tural disordering of the heated material. We can thus, for

the first time put an upper limit of �10 ps on the loss of

short-range ordering during this solid-to-plasma transition.

The experiment was performed using the LULI 100 TW

laser facility working in the chirped pulse amplification

mode at a wavelength 1:057 �m. The experimental setup

is shown in Fig. 1(a). The main laser pulse compressed to

320 fs full width at half maximum (FWHM) irradiated a

10 �m thick Au flat foil (the ‘‘proton source’’ target) at

normal incidence with a peak intensity of �3�
1019 W=cm2, creating a pulsed, highly directional, multi-

MeV proton beam [18]. This beam induced the isochoric

heating of a flat Al foil (‘‘heated’’ target), which was

positioned 200 �m away from the proton source target

[8]. A single-shot time- and space- resolved interferometry

(TASRI) diagnostic system [19] monitored the phase of a

chirped probe beam (1:057 �m) of 50 ps duration, reflect-

ing at a 15� incidence on the rear surface of the proton-

heated target [8]. It allows us to measure the expansion

velocity of the heated target critical density interface.

An ultrashort broadband x-ray pulse was used to back-

light the heated sample. It was created with a synchronized,

5 J energy, 1.4 ps duration, 0:53 �m wavelength beam

focused on an Er target. In a previous study, optimization

of the x-ray source around the AlK edge (1.50 to 1.75 keV)

was achieved [20,21]. Erbium was chosen for emitting

preferentially in the spectral range covering the Al K
edge. The x-ray spectra (integrated over the duration of

the x-ray probe that is �4 ps [22]) were recorded with a

specific x-ray absorption spectrometer composed of two

KAP diffractive conical crystals [see Fig. 1(b)]. The first

one collected directly the x-ray source emission while the

other one looked through the heated Al sample, measuring

the transmitted spectrum. This configuration allowed si-

multaneous measurement of the transmitted and reference

spectra, yielding the transmission Tr from their ratio. The

absorption spectrum A was deduced from the relation Tr ¼

expð�AdÞ, where d is the thickness of the Al sample. In

this way, the influence of shot-to-shot fluctuations of the

x-ray source on the determination of A was eliminated. An

image plate was used as x-ray detector [23]. As shown in

Fig. 1(b), it was placed after the focal line of the crystals.

This enables, in the dimension transverse to the spectral

dispersion axis, spatial resolution (by point-projection) in

the heated sample. Spatial and spectral resolutions were,

respectively, 28 �m and 1.9 eV. The thickness of the Al

sample (d ¼ 0:5 or 1:6 �m) was chosen to optimize the

signal-to-noise ratio in the absorption spectra. Experi-

mental constraints required averaging the x-ray data radi-

ally over 170 �m in the heated target, starting from the

axis of the proton beam irradiation (with an error of

�30 �m).

The heated target conditions at different times during

heating are inferred by coupling [8] the TASRI diagnostic

with the hydrodynamic code ESTHER [24]. This procedure

shows that heating was isochoric and almost uniform along

the target thickness (axis x). However, in the radial dimen-

sion (axis r) heating is not uniform over the 170 �m

probed area. The radius of the heated surface is limited

by the maximum divergence angle of the proton beam and

is estimated to be �80 �m. This agrees well with com-

plementary 2D time-resolved measurements of the rear

surface emissivity of the heated target [8]. An example of

such inferred density (�) and temperature (T) conditions
for a 1:6 �m thick Al target is shown in Figs. 1(c) and 1(d).

These are obtained 45 ps after the protons have left the

source, illustrating that most of the target density stays

solid (except at the edges) over a relatively long duration.

The simulation assumes electron-ion equilibrium, i. e.,

Te ¼ Ti ¼ T. The radial variation of T implies that the

plasma conditions will be averaged over the radial range of

x-ray probing. A maximum temperature of 15 eV at solid

density could be reached, however, the mean temperature

integrated over the radial dimension of the heated area is in

the eV range. Controlling the time delay between the two

laser beams (proton source and x-ray probe) allows us to

probe the sample in different states. In addition, the heating

conditions may be varied by altering the thickness of the Al

sample or modulating the proton source by defocusing the

main laser beam. By changing these parameters, a set of K
edge absorption spectra was obtained. Some results are

presented in Fig. 2(a) with the corresponding inferred

average temperature (detailed below). The ‘‘cold’’ spec-

trum corresponds to a shot without a proton beam. This

shows the XANES modulations for x-ray photon energies

above the K edge.

For heated targets, one of the features that can be clearly

observed is the decrease of the slope around the

K-absorption edge (K edge broadening), with this decrease

becoming more pronounced as T increases. Another ob-

vious feature is the progressive smoothing of the absorp-

tion spectra just after the K edge (i.e., for E> 1:56 keV)

with a rising temperature. This corresponds to the disap-

pearance of the 1st and 2nd bumps (indicated by the
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vertical arrows in Fig. 2) of the XANES modulations that

transform in a broad plateau for T > 1 eV. This effect is

related to a structural modification of the heated sample.

Indeed, according to XANES theory [25], the modulations

observed in the spectrum depend on the local geometry of

the atoms involved in the x-ray absorption transition, i.e.,

they are directly related to the short-range order. As a

consequence, the observed smoothing of the XANES

structure can be attributed to a progressive loss of ion-ion

order in the produced isochoric WDM.

The averaged temperatures of the sample, T, given

above, are estimated using a simple model of x-ray ab-

sorption based on Fermi-Dirac statistics. This model as-

sumes a free electron gas behavior for the valence electrons

and the absorption is taken to be proportional to the va-

cancy for the photoelectron, i. e.,�½1-fðEÞ�, where fðEÞ is
the Fermi-Dirac distribution function. Using this formula,

a one-to-one correspondence is found between the K edge

slope and the temperature T. Thus, the average temperature

of the heated Al sample can be inferred from the measured

spectra. This method is validated by a comparison with two

theoretical models (see below). From such comparison, we

observe that due to the simplified modeling of the absorp-

tion spectra, the temperature is estimated with an accuracy

of 15%. This, with the noise in the experimental data,

results in the uncertainty in the estimated T shown in

Fig. 2(a). We have also checked that our average tempera-

ture retrieval process is consistent with that inferred from

the ESTHER simulated target conditions. For this, we use the

simulated (�, T) to calculate, according to the same Fermi-

Dirac model, the absorption along the probing x-ray lines

passing through the target at different radial positions.

Then, from the slope of the averaged K edge profile, the

average T is estimated.

We turn toward the results of two theoretical models to

get insight into the observed modifications of the XANES

spectra with increasing temperature. The first one involves

a (modified) hypernetted chain–neutral pseudo atom

(MHNC-NPA) model of dense matter coupled with a spe-

cific finite difference modeling of XANES structures and is

described in Refs. [14,15]. The second theoretical ap-

proach, described in Refs. [16,17], uses QMD simulations

in the framework of density functional theory. This ap-

proach provides a consistent description of both the state

of the plasma and the optical response in the x-ray do-

main. The absorption spectra calculated for different tem-

peratures using the two different approaches are given in

Figs. 2(b) and 2(c). Comparing Figs. 2(a)–2(c), both the

experimental results and the calculations exhibit the same

behavior: (i) a K edge broadening with increasing tem-

perature and (ii) a loss of structure in a similar range of

temperature.

Both models assume electron-ion equilibrium. The evo-

lution of the radial distribution function gðrÞ—which is

related to the probability of finding another particle at a

distance r from a given particle—as a function of tempera-

ture (given in Ref. [14,17]) confirms that the smoothing of

the XANES spectra corresponds to the loss of ordering in

the sample. We point out, however, that while the disap-

pearance of the XANES structure corresponds to a loss of

ordering in the liquid, there remains some ordering in the

system when the XANES spectra is flat [17]. Note also that

Figs. 2(b) and 2(c) further show that while the two models

predict that the XANES structure disappears, they do so for

different temperatures. The MHNC-NPA shows some

structure remaining at T ¼ 1 eV while the QMD simula-

tions predict a structureless spectra for temperatures above

0.43 eV.
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FIG. 3. Contrast Cð%Þ of the XANES modulations (a) as a

function of the temperature for experimental and theoretical data

and (b) as a function of time after the first protons have left the

proton source (the arrival of the first protons in the heated Al

target starts at t� 3 ps) with indicated average temperatures.
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To quantitatively compare experimental and calculated

XANES profiles, we have calculated a ‘‘contrast’’ C for

each profile: Cð%Þ ¼ ðImax � IminÞ=ðImax þ IminÞ, where

Imax and Imin are average values of the absorption signal

around the first XANES maximum and minimum, respec-

tively. The location of Imax and Imin is shown in Fig. 2(a).

Results are reported as a function of temperature in

Fig. 3(a). We can see that the evolution of both experimen-

tal and calculated contrasts is similar. For lower tempera-

tures (T < 0:4 eV), QMD calculations seems to agree

better with the measurements while for the higher tem-

peratures the MHNC-NPA model agrees better.

We point out that QMD simulations have been rather

successful at describing the electronic transport properties

for aluminum in the solid, liquid, and plasma states and (as

such) we expect that the structure of the system is well

described in the density-temperature range explored here.

On the other hand, there clearly remains a need to validate

the impurity model, in which the absorbing electron is

described by an ‘‘excited pseudopotential’’ by performing

further measurements around 0.5 eV. In contrast, the ap-

proach based on MHNC-NPA is developed to model the

warm dense regime and for (high) temperatures where it is

computationally too expensive to apply QMD simulations.

Independently of the precise finite difference treatment of

the XANES spectrum itself, this approach still needs to be

validated in the regime between solid and liquid that is

studied here. The qualitative comparison with the experi-

mental result in this regime is very promising and further

comparison with the QMD results is needed to understand

the differences between the two models and to improve

each component of the MHNC-NPA model in the region

where both QMD and the MHNC-NPA model can be

applied.

To obtain information about the temporal dynamics of

the observed ordering loss, we follow in time the simulated

target conditions [as shown for one late time in Figs. 1(c)

and 1(d)] and use them to compute averaged XANES

spectra similarly as in the experiment. For this, we exploit

the QMD spectra calculated at solid density for various

temperatures. We checked that for each calculation, we

could use these spectra as the electron-ion equilibrium was

reached. This was done by solving the differential equa-

tions giving the energy transfer between electrons (that are

heated collisionally by the incident protons) and the lattice

ions, similarly as in Refs. [26,27]. Finally, we calculate the

contrast of the simulated average spectrum at each time, as

shown in Fig. 3(b). We observe that the contrast falls

rapidly, in 10 ps, while the average temperature increases.

At this point, according to the theoretical models, the

medium becomes structureless. We can therefore put an

upper bound of 10 ps on the loss of short-range ordering.

The techniques employed here can provide direct insight

into the dynamic of the solid-to-plasma phase transition.

Further experiments will be oriented toward enhancing the

temporal resolution by shortening the duration of the pro-

ton heating and of the x-ray probing as well as improving

the spatial resolution of the XANES measurements so that

the averaging, which was necessary here, may be

minimized.
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