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Non-equilibrium Warm Dense Matter

• One way to achieve WDM is to use femtosecond laser isochoric heating
– Ultrafast and selective excitation of the electrons

ü Electron – lattice/ions thermal equilibration
ü Electron energy transport
ü Non-equilibrium phase transitions (bond softening, bond hardening, …)

– Access to the electron –nuclei dynamic interplay and more stringent simulation testing 
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Non-equilibrium WDM

Discussion
The overall temporal resolution of the measurement is the con-
tribution of several parameters, among which the pump and
probe durations—respectively measured at 30 fs and estimated at
9 fs FWHM (full-width at half maximum); see Methods. The
pump beam forms a θx= 2.5° angle with the X-ray beam and the
measured horizontal X-ray beam size is σx= 200 ± 60 μm FWHM
at the sample surface. This sets an additional geometrical con-
tribution to the temporal resolution equal to σx ⋅ θx/c= 30 ± 10 fs,
but not yet enough to reproduce the observation. One must thus
consider the physical process of thermalization occurring within
the sample in order to understand the nature of τrise. The energy
deposition in the whole sample thickness can be described in
two steps24. Electrons are first excited in the near-surface region
within the penetration depth (~15 nm for copper at the wave-
length of the pump laser); then, the energy is transported through
the ballistic motion of electrons. Taking a characteristic electron
velocity ve ¼ vF þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBTe=me

p
, where kB is the Boltzmann con-

stant, me the electron mass and vF the Fermi velocity, leads to ve
≃ 106 m s−1. The critical parameter for the relevance of ballistic
transport of the electrons is the electron mean free path d,
which is governed by elastic, quasi-elastic, and inelastic scattering.

In copper d= 70 nm24 and is approximately equal to the sample
thickness so that homogeneous heating throughout the sample
is ensured within a time scale comparable to the inelastic lifetime
at optical excitation energies (d/ve≃ 80 ± 35 fs). Electron heating
is thus the main contribution to our observation. Furthermore,
the expected value of τrise given statistically by the quadratic sum
of the different contributions listed hereabove (pump duration,
probe duration, temporal limit given by the pump-probe angle,
electron heating time) is equal to 90 ± 40 fs, which is indeed in
the range of our measurement.

In conclusion, we investigated the ultrafast and out-of-
equilibrium transition of a copper foil brought from solid to
WDM by a femtosecond laser pulse. X-ray absorption spectra are
registered near the L-edge with unprecedented femtosecond
temporal resolution. For this, we rely on the production of
stable betatron X-ray pulses with few-femtosecond duration from
a laser−plasma accelerator. We measured a rise-time of the
electron temperature of 75 ± 25 fs, larger than the estimated
temporal resolution. It is understood as the macroscopic energy
diffusion time throughout the sample. Data are quite well
reproduced by a two-temperature hydrodynamic calculation. It
shows that the femtosecond resolution achieved allows to capture
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Fig. 2 Setup of the experiment. A 50 TW, 30 fs laser pulse is focused onto a supersonic jet of 99% helium/1% nitrogen gas mixture. The interaction of the
laser with the underdense created plasma yields the generation of a betatron X-ray pulse (see Methods for details). The latter is focused by a toroidal
mirror on the Cu sample placed at normal incidence. A spectrometer composed of a toroidal crystal and an X-ray charge-coupled device (CCD) camera
then record the transmitted spectrum. In parallel, a synchronized laser pulse (pump), with adjustable delay with respect to the X-ray pulse and with
adjustable fluence, is used to heat the Cu sample up to the WDM regime. The absence of jitter is ensured by the fact that the pump laser and the laser-
generated X-ray pulse originate from the same laser source
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Fig. 1 Numerical simulation of the ultrafast nonequilibrium transition of copper from solid to WDM. The energy of a femtosecond optical laser pulse
is suddenly deposited in the electrons of the system (femtosecond scale), then progressively transferred to the lattice (picosecond scale). a Cold solid
lattice before heating: the electron temperature Te equals the ion one Ti. b Just after heating, a strongly out-of-equilibrium situation is transiently produced
where electrons are hot while the lattice is still cold and solid-like. c A few picoseconds after, the lattice disappears as electrons and ions progress up
to their thermal equilibration. d–f Calculated absorption spectra in the XANES region corresponding respectively to a–c. The cold XANES signal shown
in d is reported in dashed line in e, f. See the Methods section for simulation details
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A macroscopic approach : two-temperature model (TTM)

• A crude and simplified model
– Macroscopic approach
– Electrons are just described by Te
– Lattice / ions by Ti

• Prediction of the electron / ion dynamic
– Electron heating (Ce)
– Electron energy transport (ke)
– Electron – ion thermal equilibration (Ce, Ge-i, Ci)
– Role of the expansion (TTM integrated in hydro code) **

– Estimation of the “thermal” melting time (Ti ≥ Tmelt)

• Physics is carried over into the appropriate choice of coefficients
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Experimental investigation of non-equilibrium WDM

• Need for time-resolved diagnostics (ps down to fs)
– Optical probing (reflectivity, transmission, phase, … dielectric function)
Þ Indirect observable that relies on models to be connected with the atomic scale

– X-ray probing
Þ Provides, in principle, a “direct” access to the atomic scale

ü Diffraction (XRD) (including electron diffraction)
Þ Structure factor

ü Scattering (XRTS)
Þ Structure factor (elastic), Te, ne, Z* (inelastic)

ü Absorption spectroscopy (XAFS)
Þ Electron structure & atomic order (short-range or periodicity)
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Non-equilibrium WDM
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Principle of X-ray Absorption Near-Edge Spectroscopy (XANES)

• X-ray absorption spectroscopy near a given edge (K, L, M => element selective)
– Dominated by the photoelectric effect and associated electron transitions from core 

levels up to unoccupied states near the continuum
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Time-resolved XANES
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Absorption des rayons X près des seuils : XANES – sonde de la structure électronique
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Absorption des rayons X près des seuils : XANES – sonde de la structure électronique
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L3-edge XANES calculations in warm dense copper (1/3)

• XANES spectra near the L3-edge probe 3d-states from 2p3/2 (selection rule)
– Ab initio DFT + linear response theory to calculate X-ray absorption
– Very good agreement in cold solid copper calculation vs experiment (fcc)

Þ Interpretation of the different spectral features in terms of electron and atomic structures
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L3-edge XANES calculations in warm dense copper (2/3)

• Observation of a pre-edge when Te ≥ 0.25 eV
– Some 3d electrons are promoted above the Fermi energy

ü Similar trend at thermal equilibrium or non-equilibrium
ü From solid density down to expanded liquid one

Þ Fair diagnostic of the electron temperature Te
Þ Previously observed in the B. I. Cho et al. experiment *
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L3-edge XANES calculations in warm dense copper (3/3)

• Observation of post-edge modulations
– Van Hove singularities in the electron Density of State

ü Results from the fcc electronic band structure (dE/dk = 0)
ü Associated characteristic peaks in the XANES spectra

– These modulations are sensitive to the lattice periodicity
– They disappear in the liquid phase

Þ Diagnostic of the crystalline structure
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Picosecond-time-resolved XANES measurements (1/2)

• Time-resolved XANES station (CELIA)
– Ti:Sa laser, 100 mJ focused on target (T1) => “thermal” laser-plasma-based X-ray source

ü Laser duration adjustable from ≤ 100 fs to ~ 10 ps
ü 10 Hz laser, but effective repetition rate of 1 Hz (motions of target T1 and sample T2)

Þ 1.2 ± 0.2 ps rms time resolution (from following measurements)
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Picosecond-time-resolved XANES measurements (2/2)

• Pump (optical laser) – probe (X-ray) experiment
– About 300 shots to build each absorption spectrum (~ 5 mn)
– Observation and time-resolution of the pre-edge => Te(t)
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Electron-ion thermal equilibration dynamics

• Electron-ion thermal equilibration over ~ 10 ps
– Well reproduced by Two-Temperature Model if:

ü Te-dependent coefficients are considered *
ü Hydrodynamic expansion is considered

Þ Validated
up to ~ 2 eV
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Solid-liquid transition dynamics (1/2)

• About 2000 shots are required to resolve post-edge modulations (~ 30 mn)
– A delay is observed between:

ü pre-edge increase (electron heating Te)
ü and modulations decrease (melting)

Þ Melting time measurement
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Solid-liquid transition dynamics (2/2)

• Liquid phase observed in ~ 1 ps, compatible with a thermal melting
– TTM independently controlled with Te(t)

ü In good agreement with theory (no bond hardening is expected in this fluence regime)
ü In contradiction with electron diffraction measurements *

Þ Bond hardening evidence needs for higher level of heating and fs time-resolution
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Demonstration of femtosecond XANES

• Betatron beamline at LOA
– Ideal characteristics for femtosecond XANES (broadband, ~ 10 fs duration)

Þ 75 ± 25 fs rms time resolution
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A. Rousse et al., Phys. Rev. Lett. 93, 13 (2004)

out-of-equilibrium situations before the melting, thus providing
access to the intimate understanding of ultrafast phase transition
physics. This demonstration experiment opens the paths for
studying matter under extreme conditions and ultrafast science in
general25. In addition to its ultimate temporal resolution, betatron

is a table-top synchrotron-like X-ray source that now offers
unique possibilities for a wide scientific community.

Methods
Laser beams. The experiment was conducted at Laboratoire d’Optique Appliquée
on a Ti:Sapphire laser system delivering 2 × 1.5 J pulses at a central wavelength of
810 nm. One arm is used for betatron X-ray generation. It was focused into a 3 mm
supersonic 99%He−1%N2 gas jet with a 1-m-focal-length off-axis parabola, to a
focal spot size of ~15 μm (FWHM). A deformable mirror is used for improving the
laser beam quality at focus. The second arm is used for sample heating. The laser
presents a super-Gaussian profile with 48 mm 1/e2 diameter. A 10-mm iris is
placed 7 m before the sample, forming a top-hat intensity distribution. The iris
plane is imaged onto the sample by means of a near-normal incidence 25-mm-
focal-length spherical mirror placed 26.8 mm in front of the sample. This allows a
transversely homogeneous heating of the sample over a π ⋅ 400 μm2 sample surface.
The pump beam fluence on the sample was controlled by finely tuning the pump
beam energy. The maximum pump fluence was 6.5 J cm−2. The nominal laser pulse
duration was measured to be 30 ± 5 fs (FWHM) by a spectral-phase interferometry
for direct electric field reconstruction (SPIDER) apparatus. Grating spacing of the
laser compressor stage was adjusted to obtain the same minimum pulse duration of
the pump beam on the copper sample.

Betatron radiation. The laser pulse focused in the gas jet creates an underdense
plasma. Electrons from this plasma are accelerated in the wakefield of the laser,
reaching energies of a hundred MeV. They follow an oscillating trajectory with
typical transverse amplitude of 1 μm and longitudinal period of 150 μm. Due to this
relativistic motion, they emit in the forward direction a low-divergence X-ray beam
(~10 mrad) with a continuous spectrum extending up to about 10 keV11. This is
called the betatron radiation. We made use of the ionization injection scheme26,
ensuring the production of stable betatron radiation11. Typically, 105 photons/shot/
0.1%BW are emitted around 1 keV27.

X-ray pulse duration. Since the accelerated electron bunch is confined just behind
the laser pulse, the betatron source intrinsically provides ultrashort pulses. We
calculated the temporal shape of the betatron X-ray pulse using a particle-in-cell
simulation28. For our parameter regime, accelerated electrons originate from the
peak of the laser field only, where the L-shell of the nitrogen atoms is ionized: this
is the so-called ionization injection. This localization ensures the production of a
single electron bunch in the first wakefield cavity (see inset of Fig. 5). The simu-
lation yields a 6-fs-long electron bunch (FWHM). The computed electron trajec-
tories allow to then calculate the X-ray temporal profile at 930 eV, corresponding to
the energy of the copper L3 absorption edge. The result is shown in Fig. 5, and gives
an FWHM duration of 9 fs. This is slightly longer than the electron bunch dura-
tion, due to the “slippage” of the emitted photons traveling faster than the wiggling
electrons. This effect is even emphasized for lower energy electrons, which need
larger oscillations for emitting the same photon energy. These electrons, injected
later in the accelerating cavity and thus positioned at the back end of the bunch, are
responsible for the tail of the X-ray pulse profile that can be seen in Fig. 5.

X-ray spectrometer. A Bragg spectrometer was built for measuring the absorption
spectra. It covers a 50 eV bandwidth centered around the L-edges of Cu (L3 at 932
eV and L2 at 952 eV). It consists of a toroidal RbAP crystal and a CCD camera
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Warm dense copper
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Discussion
The overall temporal resolution of the measurement is the con-
tribution of several parameters, among which the pump and
probe durations—respectively measured at 30 fs and estimated at
9 fs FWHM (full-width at half maximum); see Methods. The
pump beam forms a θx= 2.5° angle with the X-ray beam and the
measured horizontal X-ray beam size is σx= 200 ± 60 μm FWHM
at the sample surface. This sets an additional geometrical con-
tribution to the temporal resolution equal to σx ⋅ θx/c= 30 ± 10 fs,
but not yet enough to reproduce the observation. One must thus
consider the physical process of thermalization occurring within
the sample in order to understand the nature of τrise. The energy
deposition in the whole sample thickness can be described in
two steps24. Electrons are first excited in the near-surface region
within the penetration depth (~15 nm for copper at the wave-
length of the pump laser); then, the energy is transported through
the ballistic motion of electrons. Taking a characteristic electron
velocity ve ¼ vF þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBTe=me

p
, where kB is the Boltzmann con-

stant, me the electron mass and vF the Fermi velocity, leads to ve
≃ 106 m s−1. The critical parameter for the relevance of ballistic
transport of the electrons is the electron mean free path d,
which is governed by elastic, quasi-elastic, and inelastic scattering.

In copper d= 70 nm24 and is approximately equal to the sample
thickness so that homogeneous heating throughout the sample
is ensured within a time scale comparable to the inelastic lifetime
at optical excitation energies (d/ve≃ 80 ± 35 fs). Electron heating
is thus the main contribution to our observation. Furthermore,
the expected value of τrise given statistically by the quadratic sum
of the different contributions listed hereabove (pump duration,
probe duration, temporal limit given by the pump-probe angle,
electron heating time) is equal to 90 ± 40 fs, which is indeed in
the range of our measurement.

In conclusion, we investigated the ultrafast and out-of-
equilibrium transition of a copper foil brought from solid to
WDM by a femtosecond laser pulse. X-ray absorption spectra are
registered near the L-edge with unprecedented femtosecond
temporal resolution. For this, we rely on the production of
stable betatron X-ray pulses with few-femtosecond duration from
a laser−plasma accelerator. We measured a rise-time of the
electron temperature of 75 ± 25 fs, larger than the estimated
temporal resolution. It is understood as the macroscopic energy
diffusion time throughout the sample. Data are quite well
reproduced by a two-temperature hydrodynamic calculation. It
shows that the femtosecond resolution achieved allows to capture

Magnet X-rays

X-ray CCDDeviated electrons Pump beam

Toroidal mirror
Toroidal crystal

Cu target

AI
filter

50 TW
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Gas jet

Fig. 2 Setup of the experiment. A 50 TW, 30 fs laser pulse is focused onto a supersonic jet of 99% helium/1% nitrogen gas mixture. The interaction of the
laser with the underdense created plasma yields the generation of a betatron X-ray pulse (see Methods for details). The latter is focused by a toroidal
mirror on the Cu sample placed at normal incidence. A spectrometer composed of a toroidal crystal and an X-ray charge-coupled device (CCD) camera
then record the transmitted spectrum. In parallel, a synchronized laser pulse (pump), with adjustable delay with respect to the X-ray pulse and with
adjustable fluence, is used to heat the Cu sample up to the WDM regime. The absence of jitter is ensured by the fact that the pump laser and the laser-
generated X-ray pulse originate from the same laser source
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Fig. 1 Numerical simulation of the ultrafast nonequilibrium transition of copper from solid to WDM. The energy of a femtosecond optical laser pulse
is suddenly deposited in the electrons of the system (femtosecond scale), then progressively transferred to the lattice (picosecond scale). a Cold solid
lattice before heating: the electron temperature Te equals the ion one Ti. b Just after heating, a strongly out-of-equilibrium situation is transiently produced
where electrons are hot while the lattice is still cold and solid-like. c A few picoseconds after, the lattice disappears as electrons and ions progress up
to their thermal equilibration. d–f Calculated absorption spectra in the XANES region corresponding respectively to a–c. The cold XANES signal shown
in d is reported in dashed line in e, f. See the Methods section for simulation details
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~ 100 shots (~ 15 min) / spectrum
~ 10 % noise on transmission
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Investigation of the electron transport dynamics (1/2)

• At high flux, the Te rise time is slowed down (2.5x1013 > Qsat = 1.5x1013 W/cm2)
– Within the fist picosecond
Þ Electron transport is no longer ballistic

13/03/24 Fabien Dorchies, DyCoMaX-24, Grenoble, France 14
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measurements, they identified a flux limit QNT for ballistic
electron transport. They proposed a simple but predictive
model to establish its value, considering that the evacuated
flux by ballistic electrons is limited by the energy they
transport (Fermi energy EF):QNT ¼ neEFvF, where ne and
vF are the electron density and Fermi velocity, respectively.
Above this value, the authors suggested that diffusive
transport should take over. But the experimental study of
the electron transport dynamics is still to be performed in
this regime.
In this Letter, we propose an original optical pump-x-ray

probe experiment to investigate the electron energy transport
with femtosecond resolution. For the first time, thismethod is
applied to laser-heated warm dense copper, above the flux
limit for the ballistic transport. Time-resolved x-ray absorp-
tion near-edge spectroscopy (XANES) spectra are measured
near the L3 edge (∼932 eV). They exhibit a preedge
structure that has been proven to be a direct and in-depth
diagnosis of the electron temperature Te [18,19,30,31]. Two
sample thicknesses of 30 and 100 nm are considered. A first
set of data indicate that the absorbed laser energy is deposited
and transported in a 30 nm layer in less than 100 fs. The
following measurements show that the same amount of
absorbed energy is transported through a 100 nm sample,
with a characteristic time of ∼1 ps, a much higher time
than expected in the ballistic regime (∼100 fs). These
observations are in good agreement with hydrodynamic
two-temperature simulations, favoring a diffusive transport
of the electron energy.
The experiment was carried out at the LOA laboratory,

on a dedicated setup which recently demonstrated the
feasibility of femtosecond time-resolved XANES measure-
ments with a betatron x-ray source [32]. The principle is
sketched in Fig. 1. A 800 nm, 30 fs optical laser pulse
(“pump”) was focused on a copper sample, at a laser
intensity that allows us to obtain an absorbed intensity
exceeding the absorbed flux limit for nonthermal electrons
QNT . The energy is deposited in the 12.7 nm skin depth

[33], before being transported deeper. In copper, using
ne ¼ 8.49 × 1022 cm−3, EF ¼ 7.04 eV, and vF ¼ 1.57 ×
108 cm=s [34], QNT ¼ 1.5 × 1013 W=cm2 [29]. The elec-
tron mean free path (MFP) is 70 nm [35]. In such a pump-
probe scheme, a synchronized femtosecond x-ray pulse
(“probe”) measured the evolution of the electron temper-
ature in the depth of the sample.
Copper films have been deposited on a 1 μm thick

Mylar™ substrate. Two thicknesses have been used. The
first one was 30" 3 nm, close to the skin depth and thinner
than the electron MFP, in which ultrafast homogene-
ous heating is expected. The second one was thicker,
100" 10 nm, in which the time-resolved Te dynamics
has been investigated during the electron energy transport.
The pump laser fluence was 3.3" 0.9 J=cm2, correspond-
ing to an incident flux of 1.1" 0.3 × 1014 W=cm2. The
absorption has been measured at 23%" 3% in a dedicated
experiment at CELIA facility, then cross-checked during
the experiment at LOA laboratory. It leads to an absorbed
flux Qabs ¼ 2.5" 0.7 × 1013 W=cm2, so that QNT ¼
0.6 ×Qabs. The uncertainty on the laser flux was mainly
due to spatial inhomogeneity, rather than to shot-to-shot
fluctuations. The pump had a top-hat spatial profile on
sample, with a diameter of 380" 10 μm. The angle of
incidence was 2.2°" 0.2° from the normal.
The betatron x-ray pulse used as a probe is obtained from

the relativistic interaction of a 30 fs, ≳1019 W=cm2 laser
pulse with a supersonic gas jet (99%He / 1%N2). It presents
a broad synchrotronlike spectrum, very suitable for x-ray
absorption spectroscopy [36]. A toroidal mirror, used at 2°
grazing incidence, focused the x rays on sample at normal
incidence, on a ∼150 μm spot diameter. The x-ray spectra
were recorded by a charge-coupled device (CCD) camera
coupled with a rubidium acid phthalate cylindrical crystal in
the Johann geometry [37]. The spectral calibration was
measured from Cu L3 (932.5 eV) and L2 (952.5 eV) edges,
and a ∼1 eV spectral resolution was found. During the
experiment, up to ∼80 photons=eV=shot near the Cu L3
edge were measured on the CCD camera, corresponding to
incident ∼4 × 104 photons=eV=shot on the sample.
The x-ray pulse duration is inferred from particle-in-cell

simulations. A value of ∼10 fs FWHM is calculated [32].
Considering both the pump duration (30 fs) and the
geometric contribution (∼20 fs between the two extreme
parts of the probed diameter), the quadratic sum results in a
theoretical time resolution of ∼40 fs. The betatron duration
has never been measured with such a short resolution, but
previous published data have demonstrated overall time
resolution better than 75" 25 fs with the same setup [32].
Measurements with the 30 nm copper sample corroborate
this result (see below).
A XANES spectrum is deduced from the ratio between

an x-ray spectrum transmitted through the sample by a
reference spectrum without sample. The resulting exper-
imental uncertainty is dominated by the photon counting

X-ray spectrometer

1014 W/cm2

Laser
Pump

Betatron
X-ray
Probe

Δt Copper

aser
ump

PE
T  

   s
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y
e

skin depth

FIG. 1. Principle of the pump-probe experiment. A copper film
is heated on one side by a femtosecond laser pulse and is probed
by a femtosecond x-ray pulse which diagnoses the electron
temperature and gives access to the time resolution of the electron
energy transport from the energy reservoir (skin depth) to the
depths of the sample.
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Discussion
The overall temporal resolution of the measurement is the con-
tribution of several parameters, among which the pump and
probe durations—respectively measured at 30 fs and estimated at
9 fs FWHM (full-width at half maximum); see Methods. The
pump beam forms a θx= 2.5° angle with the X-ray beam and the
measured horizontal X-ray beam size is σx= 200 ± 60 μm FWHM
at the sample surface. This sets an additional geometrical con-
tribution to the temporal resolution equal to σx ⋅ θx/c= 30 ± 10 fs,
but not yet enough to reproduce the observation. One must thus
consider the physical process of thermalization occurring within
the sample in order to understand the nature of τrise. The energy
deposition in the whole sample thickness can be described in
two steps24. Electrons are first excited in the near-surface region
within the penetration depth (~15 nm for copper at the wave-
length of the pump laser); then, the energy is transported through
the ballistic motion of electrons. Taking a characteristic electron
velocity ve ¼ vF þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBTe=me

p
, where kB is the Boltzmann con-

stant, me the electron mass and vF the Fermi velocity, leads to ve
≃ 106 m s−1. The critical parameter for the relevance of ballistic
transport of the electrons is the electron mean free path d,
which is governed by elastic, quasi-elastic, and inelastic scattering.

In copper d= 70 nm24 and is approximately equal to the sample
thickness so that homogeneous heating throughout the sample
is ensured within a time scale comparable to the inelastic lifetime
at optical excitation energies (d/ve≃ 80 ± 35 fs). Electron heating
is thus the main contribution to our observation. Furthermore,
the expected value of τrise given statistically by the quadratic sum
of the different contributions listed hereabove (pump duration,
probe duration, temporal limit given by the pump-probe angle,
electron heating time) is equal to 90 ± 40 fs, which is indeed in
the range of our measurement.

In conclusion, we investigated the ultrafast and out-of-
equilibrium transition of a copper foil brought from solid to
WDM by a femtosecond laser pulse. X-ray absorption spectra are
registered near the L-edge with unprecedented femtosecond
temporal resolution. For this, we rely on the production of
stable betatron X-ray pulses with few-femtosecond duration from
a laser−plasma accelerator. We measured a rise-time of the
electron temperature of 75 ± 25 fs, larger than the estimated
temporal resolution. It is understood as the macroscopic energy
diffusion time throughout the sample. Data are quite well
reproduced by a two-temperature hydrodynamic calculation. It
shows that the femtosecond resolution achieved allows to capture
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Fig. 2 Setup of the experiment. A 50 TW, 30 fs laser pulse is focused onto a supersonic jet of 99% helium/1% nitrogen gas mixture. The interaction of the
laser with the underdense created plasma yields the generation of a betatron X-ray pulse (see Methods for details). The latter is focused by a toroidal
mirror on the Cu sample placed at normal incidence. A spectrometer composed of a toroidal crystal and an X-ray charge-coupled device (CCD) camera
then record the transmitted spectrum. In parallel, a synchronized laser pulse (pump), with adjustable delay with respect to the X-ray pulse and with
adjustable fluence, is used to heat the Cu sample up to the WDM regime. The absence of jitter is ensured by the fact that the pump laser and the laser-
generated X-ray pulse originate from the same laser source
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Fig. 1 Numerical simulation of the ultrafast nonequilibrium transition of copper from solid to WDM. The energy of a femtosecond optical laser pulse
is suddenly deposited in the electrons of the system (femtosecond scale), then progressively transferred to the lattice (picosecond scale). a Cold solid
lattice before heating: the electron temperature Te equals the ion one Ti. b Just after heating, a strongly out-of-equilibrium situation is transiently produced
where electrons are hot while the lattice is still cold and solid-like. c A few picoseconds after, the lattice disappears as electrons and ions progress up
to their thermal equilibration. d–f Calculated absorption spectra in the XANES region corresponding respectively to a–c. The cold XANES signal shown
in d is reported in dashed line in e, f. See the Methods section for simulation details
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Investigation of the electron transport dynamics (2/2)

• Data are best reproduced with pure Diffusive electron Transport
– DT = Diffusive Transport
– BT = Ballistic Transport
– CT = Composite Transport

ü Saturated Ballistic (60 %)
ü Then Diffusive (40 %)

Þ Suggests a reduction of the
electron mean free path

Þ A tool to test ke models
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Warm dense copper
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Two-temperature model

profile of 15 nm depth. Such a code is well suited to process
diffusive transport. In order to simulate a faster ballistic
transport, we considered an initial energy deposit on a
thickness increased by the electron MFP.
The simulated electron temperature Teðt; zÞ is repre-

sented in Fig. 4(a), as a function of time t and depth z in the
sample. At each time step, the average hTeiz is extracted
over the whole Lagrangian positions of copper, weighted
by the mass of numerical cells. Using the fact that Te varies
linearly with the preedge area in our temperature domain,
we made sure that this value was equivalent to the hTeiz
deduced from measurement. The results are computed for a
100% diffusive transport, a 100% ballistic transport and a
composite of 60% ballistic and 40% diffusive transport to
mimic the absorbed flux above the limit QNT . They are
plotted in Fig. 4(b) and compared with measurements.
The first observation [Fig. 4(a)] is that the electron

temperature is far from being homogeneous along 100 nm,
when the experimental average temperature reaches its
maximum (∼1 ps). If one focuses on the first 30 nm, the
chain of calculation quickly leads to a maximum average
electron temperature of 4.0# 0.8 eV (see Fig. 3). In this
situation, the hypothesis of a ballistic transport does not
significantly modify the dynamics of hTeiz (not presented).
As shown in Fig. 4(b), this is no longer the case with a
100 nm sample. The experimental data are clearly not
reproduced neither with ballistic transport nor with the
composite transport calculation, whether one considers the
maximum temperature reached or the corresponding time.
On the other hand, the 100% diffusive calculation repro-
duces fairly well the experimental data. Even if the energy
deposit is completed in 30 fs FWHM, the average electron
temperature hTeiz continues to increase due to the strong
Te dependence of the electron heat capacity Ce. It reaches
1.5# 0.3 eV in 0.5–1 ps, in close agreement with the
measurements. This confirms that the thermal diffusion is
dominant in this regime above the flux limit QNT . That
could be interpreted by a reduction of the electron range, as

suggested by Li et al. [40] and Ogitsu et al. [43], who
observed different behaviors of the front and rear sides of
samples in similar heating conditions. It also corroborates
previous measurements that show an increase of the
electron collision rate with the electron temperature in
the WDM regime [44].
The analysis based on the TTM assumes a thermalized

electron population. This hypothesis might be highly ques-
tionable with laser fluence at the mJ=cm2 level [45].
Nevertheless thermalization times shorter than 10 fs are
expected in the high flux range investigated here
(Qabs ¼ 0.75# 0.25 J=cm2) [46,47] and support such
assumptions. Other physical coefficients are directly
involved in the diffusive electron transport equation
Ce∂Te=∂t ¼ ∇⃗ðKe∇⃗TeÞ. The Te-dependent electron heat
capacity Ce taken from [38] essentially depends on the
electron density of state which is not significantly modified
from solid towarmdense copper [31]. It has been extensively
tested and validated [18,19,30,31]. Different theoretical
approaches can be used to calculate the thermal conductivity
Ke (see, for instance, Refs. [27,28,48]). They seem to
converge in the temperature range investigated in the present
study but show significant differences either at high Te
(≳2 eV) or low Te (≲0.5 eV). Experimental results of the
type reported here, with a better signal to noise ratio, should
help to sort out these models.
As demonstrated here, the diffusion is slower than the

ballistic transport. It can limit the heating homogeneity of a
WDM idealized slab and compete with other dynamical
processes such as electron-ion equilibration or phase tran-
sitions, confusing data interpretation at the femtosecond
scale. Most of the previously published experimental work
has considered ballistic transport. So far, to the best
of our knowledge, the flux investigated was below the
flux limit QNT proposed in [29] (see, for example,
Refs. [18–23,30,49–53]). But this issue must be taken into
account when studying cases with absorbed flux exceeding
QNT . It might be crucial for processes expected at high
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FIG. 4. (a) Simulated values of the electron temperature Te (color scale) as a function of time and depth, in a 100 nm thick sample. The
energy is deposited homogeneously in the electrons over a thickness of 15 nm, then transported deeper by diffusion. (b) Deduced values
of hTeiz as a function of time (DT), compared both with data obtained by simulating ballistic transport (BT), a composite of 60%
ballistic and 40% diffusive transport (CT), and with the 100 nm measurements (data of Fig. 3 close-up on the first 2.5 ps). The
experimental uncertainty on the absorbed energy flux is reported in the colored areas surrounding calculations.

PHYSICAL REVIEW LETTERS 127, 275901 (2021)

275901-4

 

 02 mars 2022CEA Adrïan Grolleau 27 / 43

Conclusions et perspectives sur le cuivre

Mesure et suivi de la température électronique du cuivre WDM à l’échelle femtoseconde par spectroscopie XANES :

Augmentation lente de T
e
 dans l’échantillon : diffusion thermique

Bonne reproduction du temps de montée, de la température atteinte, et de la relaxation électron-ion ;

Profil de montée plus délicat, dépend des modèles de conduction thermique κ
e

Amélioration de la statistique de comptage de photon nécessaire
pour étudier l’influence de κe sur le profil de montée en température.

Message principal de l’étude : 

Dans notre régime de flux laser : forte réduction du MFP des 
électrons balistiques : chauffage entièrement diffusif
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Conclusion
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Perspectives

• Time-resolved X-ray measurements of non-equilibrium WDM
– Non-equilibrium situations shed light on the electron – ion dynamic interplay
– X-ray diagnostics test DFT simulations at their suitable atomic scale
– XANES probes electron and atomic structures

• Time-resolved XANES measurements on warm dense copper (ps down to fs)
– Electron-ion thermal equilibration (~ 10 ps)
– “Thermal” melting observed (~ 1 ps)
– Diffusive electron transport dominant at higher flux (~ 1 ps over 100 nm)

Þ Two-Temperature Model successfully tested, coupled to hydro code ESTHER (≤ 3 eV)
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Perspectives
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Perspectives

• Bond hardening on copper ?
– Requires higher flux, then thin sample 

and fs resolution with high signal-to-noise ratio

• Other materials
– Molybdenum as a transition metal prototype => L3-edge (2.52 keV)
– Silicon nitride (insulator) => K-edge (1.84 keV)
Þ Require specific studies to interpret the XANES patterns in the WDM regime

• Other facilities (XANES demonstrated on XFEL)
– X-FEL provides fs resolution and high X-ray flux
– Dedicated XANES device implemented on Eu-XFEL / HED
Þ Couple time-resolved XANES / XRD

Cu

Mo

Si3N4

J. Gaudin et al., Scientific Report 4 4724 (2014)
M. Harmand et al., Phys. Rev. B 92, 024108 (2015)
F. Dorchies et al., Phys. Rev. B 92, 144201 (2015) Crystal tower

Detector tower

Mechanical Design

FemTraXS project
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