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Approaching energy coupling in laser-irradiated metals, we point out the role of electron-electron collision
as an efficient control factor for ultrafast optical absorption. The high degree of laser-induced electron-ion
nonequilibrium drives a complex absorption pattern with consequences on the transient optical properties.
Consequently, high electronic temperatures determine largely the collision frequency and establish a transition
between absorptive regimes in solid and plasma phases. In particular, taking into account umklapp electron-
electron collisions, we performed hydrodynamic simulations of the laser-matter interaction to calculate laser
energy deposition during the electron-ion nonequilibrium stage and subsequent matter transformation phases.
We observe strong correlations between optical and thermodynamic properties according to the experimental
situations. A suitable connection between solid and plasma regimes is chosen in accordance with models that
describe the behavior in extreme, asymptotic regimes. The proposed approach describes as well situations
encountered in pump-probe types of experiments, where the state of matter is probed after initial excitation.
Comparison with experimental measurements shows simulation results which are sufficiently accurate to
interpret the observed material behavior. A numerical probe is proposed to analyze the transient optical prop-
erties of matter exposed to ultrashort pulsed laser irradiation at moderate and high intensities. Various thermo-
dynamic states are assigned to the observed optical variation. Qualitative indications of the amount of energy
coupled in the irradiated targets are obtained.
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I. INTRODUCTION

Laser-induced phase transitions are extensively investi-
gated by means of optical measurements due to their funda-
mental interest and potential in material sciences and engi-
neering. Optical probing was identified as a relatively
straightforward way to time-resolve the changes of material
properties. However, singular effects in the material response
in extreme conditions are not always easy to identify in the
sequence of matter alterations �1–5�. Although more accurate
measurements using x-ray or electron diffraction have
emerged to probe matter transformation with atomic reso-
lution �6,7�, optical probing is still a powerful technique to
resolve evolution changes in material transformations in a
wide range of thermodynamical states. First, investigations
of ultrashort-pulsed laser energy relaxation in metals concen-
trated on a wide range of effects including pump-probe re-
flection and transmission efficiencies �8� and time-resolved
particle emission and two-photon photoemission experiments
�9�. Subpicosecond lasers have been used to resolve nonequi-
librium heating in Au and Cu �10,11� and to measure the
electron-phonon coupling for a variety of metals �12,13�.
Modeling the correct behavior of the material properties un-
der strong excitation is still a challenge for understanding
transport properties and relaxation processes in nonequilib-
rium systems �14–16�. Irradiated by an intense laser beam, a
material undergoes a complex series of transformations, from
solid-solid, solid-liquid, liquid-gas, up to the plasma phase.
Each transformation has a particular optical signature, and
the description of the evolution remains a fundamental issue
�17–20�. Hence, comparison of experiments with dedicated
models is needed to validate the modeling approach even

though experiments on extreme conditions of matter are dif-
ficult to perform and the data are scarce and often contradic-
tory. Nevertheless, since experiments involve complex inter-
connected phenomena, various models with different degrees
of complexity are required to decode the experimental infor-
mation.

A specificity of ultrafast laser excitation is its highly tran-
sient nature. Ultrafast laser irradiation can push matter in
extreme high-pressure, high-temperature, nonequilibrium
states where hot electrons interact with colder ions �21�.
Hereby, nonequilibrium describes the temperature mismatch
between hot electrons and ions, while each interacting sub-
system is considered thermalized on the time scales in-
volved. If this is a crude approximation in the first moments
of interaction, the establishment of a high collision rate will
reduce the domain of incertitude. Subsequently, the proper-
ties of the material are governed by the relaxation paths to-
ward the equilibrium state �22�. Moreover, since optical
probing only involves the electronic system, information on
lattice structural changes must be inferred indirectly from
changes in the electronic system. From a fundamental and
theoretical point of view, interesting features emerge when
the pulse width becomes shorter than the electron-phonon
relaxation time scale for energy deposition into the solid
�23�. For this reason, we will be approaching systems whose
dynamical evolution exhibits a pattern driven by the
electron-electron and electron-ion collisional interactions
�such as reflectivity or absorption coefficients�. The energy
distribution among each species determines changes within
the excited material which affect the relative transport prop-
erties. Since optical properties depend strongly on the ion-
ization degree which is in turn controlled by temperature and
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density evolution, a hydrodynamic approach is required. A
coupled electromagnetic and hydrodynamic formalism, asso-
ciated with specific optical and thermal models reflecting
nonequilibrium features, provides an effective way to repro-
duce laser-matter experiments. Such simulations have been
performed using the ESTHER code, developed by the Com-
missariat à l’Energie Atomique, France. Details of the code
assumptions and approaches are given in Refs. �24,25� and
will be briefly reviewed in the next sections, focused on an
absorption and thermodynamic description.

A full theoretical description of the solid-laser interaction
requires a self-consistent treatment of hydrodynamics and
the evolution of the transport properties which are associated
with it. Despite many efforts, a global view including the
multitude of interaction and relaxation processes is still in-
complete and only particular aspects are understood at this
time. The analysis of the transient optical properties of a
laser-induced dense nonequilibrium plasmas requires a de-
scription of electron degeneracy effects. Different ap-
proaches have been used to model interaction mechanisms
and subsequent energy absorption. For considering the role
of these interactions on degenerate matter properties, ionic
and electronic structure effects in relation to transport prop-
erties have to be calculated �26–29�. Some of the studies
dealing with ultrafast absorption phenomena are focused on
the complex effect of a simultaneous contribution of colli-
sion processes on the kinetic equation �16,30,31�. In consid-
ering the nonequilibrium dynamics of electrons in metals, the
mutual influence of �e-e� and �e-p� interactions remains an
issue of interest. Although quantum mechanical approaches
and kinetic treatments have been developed to characterize
the absorption rate in dense plasmas and solids �32–34� and
significant progress has been made, the formulation of elec-
tron excitation through all these regimes remains difficult
and limited. Consequently, we concentrate our calculations
on the effects resulting from bringing together basic models
to discriminate dominant mechanisms in several experimen-
tal situations, encompassing a large variety of thermody-
namic states. For excitation below certain relaxation times
�electron-phonon equilibration�, nonequilibrium appears,
particularly in the femtosecond excitation regime. The domi-
nant effects on the nonlinear optical dynamics arrive from
the Pauli exclusion principle and the Coulomb electron-
electron interactions among the free carriers �e-e�. The
phonons also play an important role, especially on picosec-
ond time scales. During and following their excitation, the
electrons undergo a number of different relaxation stages as
they scatter among themselves via the Coulomb interaction
and with the phonons via the electron-phonon �e-p� interac-
tion. In optical absorption, a contribution may appear from
electronic processes that allows momentum variation and
conductivity changes. The �e-e� interaction contributes indi-
rectly to the inverse bremsstrahlung process of absorption
since it screens the electron-ion pseudopotential and directly
via umklapp processes. For simplicity and according to some
other investigations dedicated to optical probing �14,35,36�,
we adopt a phenomenological approach as being well suited
for integration in hydrodynamic codes. In this natural way,
collision rates are described under the relaxation-time ap-
proximation for both �e-e� and �e-p� �37�. Obviously, this

simplified approach cannot describe specific features of the
collision process, but along with different kind of experi-
ments, it is adequate to improve ad hoc transport models in
solid material up to the plasma phase. This will help to re-
produce the transient evolution of the optical properties. By
measuring the amplitude of the optical field emerging from
the irradiated sample upon reflection, one can gain valuable
insight into the interplay between many-body interactions
and quantum confinement effects during very short time
scales.

The aim of this paper is to provide a deeper insight into
the transport characteristics and their consequence on the op-
tical properties in nonequilibrium systems, such as ultrashort
laser-excited metals. With support of numerical calculations,
we concentrate our investigations on several issues. First of
all, the effect of electron-electron collision on the transient
optical properties is modeled. Our original motivation was to
insert a more accurate description of the laser absorption in
the ESTHER code. In order to validate our modeling assump-
tions, we perform simulations of reflectivity dependence on
the angle of incidence, polarization, and intensity while com-
paring the results with experimental data available in the
literature �38,39�. Our results reveal that the calculations
match the experimental data with great accuracy when con-
sidering the effect of �e-e� collision rate enhancement during
laser irradiation. To extend our investigations, a great chal-
lenge is to compare the time evolution of the calculated op-
tical properties with time-resolved experiments. In fact, with
subpicosecond laser pulses, it is also possible to probe in a
time-resolved fashion the charge carrier dynamics in metals
by a pump-probe optical system. Recent measurements on
reflectivity and transmittivity evolution under ultrafast laser
irradiation in pump-probe types of experiments have been
reported �5�. To realize a similar numerical pump-probe ex-
periment, further developments are required to identify po-
tentially induced phenomena in the framework of an optical,
thermal, and hydrodynamical study. Straightforward numeri-
cal modeling of such problems is a difficult challenge due to
the various natures of underlying physical phenomena. While
performing an analysis of the measured optical properties,
we propose an interpretation of the results by splitting the
behavior into two stages: a dense and nonequilibrium plasma
phase following by a hot expanded plasma regime. Our laser-
matter numerical tool demonstrates new abilities to investi-
gate nonequilibrium and associated collisional effects on the
material states ranging from cold solid to hot plasma.

The rest of this paper is organized as follows. We first
detail the modeling of the laser absorption by the material in
Secs. II and III. In Sec. IV, we make use of a comparison
with available experimental data sets to validate our numeri-
cal modeling. We then broaden the range of simulation by
investigating the electromagnetic interactions relative to
pump-probe numerical experiments. These experiments,
ranging from high intensities to below ablation threshold ex-
citation, furnish arguments that demonstrate the applicability
of such a numerical tool. Conclusions are drawn in the last
section.
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II. ELECTROMAGNETIC EXCITATION BY ULTRASHORT
LASER PULSES

A. Laser-matter interaction background

When electromagnetic irradiation is shorter than several
picoseconds, the equilibration time between the solid lattice
and the laser-heated electrons is longer than the laser pulse
length. Thus, thermal equilibrium could not be ensured and
the thermal state of the solid lattice is not well known. In
order to understand the complexity of material absorption
under the laser irradiation, the modeling of laser-matter in-
teractions requires the interconnection of different physics
fields, including optics, heat transfer, fluid dynamics, and
phase transitions in nonequilibrium frames. Among different
models that treat the interaction between ultrafast laser light
and metallic targets at moderate intensities and provide sce-
narios of material ejection �16,40–43�, the hydrodynamic ap-
proach employing tabulated Bushman-Lomonosov-Fortov
�44� multiphase equations of state �EOS� addresses reason-
ably well the complexity of the problem. It also has the po-
tential to reveal plausible evolution paths for the excited mat-
ter that have also relevance for improving the laser
interaction process �25,45�. The one-dimensional hydrody-
namic code ESTHER includes a two-temperatures model to
reproduce electronic thermal diffusion which takes place dur-
ing electron-ion nonequilibrium. It is extended by a nonequi-
librium hydrodynamic model decoupling electron and ion
pressure components which both contribute to the ultrafast
matter deformation according to the Euler equations. Fluid
equations are solved to account for the conservation of en-
ergy, momentum, and mass in a Lagrangian formalism. The
specificity of this approach is the flexible dimension of the
cells which deform together with the material and permit an
accurate description of shock propagation. The simulation
accounts for mechanical processes and particularly the ef-
fects on material strength that occur in shock propagation.
This is due to constitutive models which describe the pres-
sure and temperature dependence of shear modulus and yield
strength �46�. This code is enhanced with a wave-equation
solver to calculate the electromagnetic field in the material
during laser-matter interaction. To determine the optical re-
sponse, especially in the presence of a density gradient, Max-
well equations are reduced to the Helmholtz equation by
using a slowly varying envelope approximation for the elec-
tric field. This is justified because, for a laser pulse of �
=150 fs, the wavelength �=800 nm is smaller than the co-
herence length L�=c�, where c is the speed of light.

B. Optical property modeling

If the idealized density step profile is no longer actual, the
Fresnel equations cannot be used and it becomes necessary
to calculate the absorption in a nonuniform density profile.
The electric field is calculated numerically by solving the
wave equation, using a one-dimensional mesh. The cell co-
ordinates evolve in time due to the Lagrangian approach
used to solve the hydrodynamic equations. For two pulses
excitation, the contribution of each pulse is accounted for.
The subscript � refers to the pump laser field at the fre-
quency ��, and � refers to the probe one at the frequency

��. We consider a planar wave propagating along the z axis.
We denote � the angle which the normal to the wave makes
with the z axis. Each component �x ,y ,z� of the electric field

is defined by the equation Ẽ�,�
x,y,z= Ã�,�

x,y,z�z�exp�ik�,�
0 x sin ��

where k�,�
0 =��,� /c is the vacuum wave number. We write

the following Helmholtz equation which is solved 2 times for
the complex amplitudes of each components �� ,�� of the
electric fields:

�2Ã�,�
x,y,z

�z2 + k̃�,�
2 Ã�,�

x,y,z = 0. �1�

Here, the complex vector k̃ depends on the dielectric func-
tion �:

k̃�,�
2 = �k�,�

0 �2�� − sin2 �� . �2�

In the solid case, the complex vector k̃ is defined as a func-
tion of the refractive index 	 and the extinction coefficient 
:

k̃�,�
2 = �k�,�

0 �2��	�,� − i
�,��2 − sin2 ��,�� . �3�

	 and 
 are taken at room temperature as a function of the
wavelength from Ref. �47�.

When the density decreases at the metal surface, the op-
tical properties are strongly different from the above values
and the electrical conductivity �̃ for dense metal plasma at
the equilibrium temperature is determined using the tabu-
lated values given in Ref. �48�. Experimental measurements
of the electrical conductivity of dense copper and aluminum
plasmas in the equilibrium temperature range of several eV
and for a density range from the solid density down to
0.01 g /cm3 �49� have been compared with theoretical mod-
els for conductivity by Ebeling et al. �48�. We used the re-
sultant �dc and the ionization rate under a tabulated form for
given electron density and temperatures in our calculation. A
phenomenological collision frequency is deduced from these
values to determine the collision frequency at equilibrium
�eq�Ne ,Te=Ti�. It has to be noted that an interpolation is
performed between the solid and plasma phases for interme-
diate regime. For the liquid, gas, and plasma cases, the di-
electric function is given by the Drude model and Eq. �2�
becomes

k̃�,�
2 = �k�,�

0 �2�1 − sin2 ��,� −
i�̃�,�

��,�0
� . �4�

Here, 0 is the vacuum dielectric permittivity.

C. Reflectivity and transmissivity calculations

The reflectivity Rp,s, where �p ,s� denotes the polarization
state, is determined in a general manner, by calculating the
ratio between the reflected and the incident power. The trans-
missivity Tp,s is evaluated by the ratio between the transmit-
ted and the incident power. The absorptivity is determined by
the ratio between the absorbed and the incident power. The
relation Tp,s=1−Rp,s−Ap,s is satisfied. The angle depen-
dence of the incident laser absorption is an important factor
for a good optimization of the interaction. In this numerical
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experiment, the reflection factor is determined as the aver-
aged value integrated on the measurement time. The calcu-
lation is realized by weighting the incident intensity with the
following form:

R�,�
p,s ��� =

�
0

�

R�,�
p,s �t��E�,�

p,s �t��2dt

�
0

�

�E�,�
p,s �t��2dt

, �5�

T�,�
p,s ��� =

�
0

�

T�,�
p,s �t��E�,�

p,s �t��2dt

�
0

�

�E�,�
p,s �t��2dt

. �6�

As mentioned, simulation results are obtained in performing
pump-probe numerical experiments during which the Helm-
holtz equations are solved for both pump and probe pulses.
In this context, the reflectivity and transmissivity can be as-
sociated with distinctive wavelengths corresponding to each
kind of pulse. In fact, material optical indices evolve as a
function of the corresponding wavelength in time for each
pulse. In the ESTHER code, both reflectivity and transmissiv-
ity are calculated at each time step �t of the simulation. This
allows for, according to the specific type of experiment, these
parameters either to be integrated over the duration of the
pulse or to give momentary values. In the former case, �
=�L is used for the integral up boundary. For experiments
providing data resolved in time below the picosecond time
scale, �=�t has been used in the previous expressions.

D. Absorption collisional aspects in stages subsequent
to excitation

Electrons interact via the bare Coulomb interaction, and
after time intervals of the order of the inverse plasmon fre-
quency corresponding to the relevant carrier density, the in-
teractions become screened. Immediately after the photon
absorption phase, collisions among electrons cause loss of
coherence and a hot population of electrons is formed. Elec-
trons and ions are initially described by two independent
populations. The electrons evolve into hot thermal distribu-
tions characterized by an electron temperature that can ex-
ceed significantly that of the lattice. Such a time evolution,
as the carriers equilibrate among themselves, is mainly in-
duced by the �e-e� and �e-p� interaction. The duration of this
stage is determined by the energy relaxation time, which can
be of the order of picoseconds. The carrier dynamics affects
the absorption properties through the conductivity parameter.
In a first approximation, this quantity is completely described
by the frequency-dependent Drude contribution

�̃�,�
D =

Nee
2

me
†

� + i��,�

�2 + ��,�
2 , �7�

where the collision frequency � is given by the sum of the
electron-electron ��ee� and electron-ion ��ei� contributions.

We can therefore express the collision frequency as a sum of
equilibrium and nonequilibrium contributions:

� = �eq + �neq = �eq�Ne,Ti� + �neq�Ne,Te� − �neq�Ne,Te = Ti� .

�8�

Here, �eq�Ne ,Ti� and �neq�Ne ,Te=Ti� are �e-i� collision fre-
quencies at equilibrium, calculated in two different ways.
The first term is determined using the tabulated values of
conductivity at equilibrium �48�. These tabulated values were
shown to match well experimental situations �49�. The last
term corresponds to the equilibrium contribution to the col-
lision frequency calculated by our nonequilibrium model. To
ensure a convergence toward tabulated equilibrium values,
we subtract the equilibrium contribution from the nonequi-
librium one. In this manner, the contribution of electrons out
of equilibrium is treated as a correction of the known values
of the equilibrium conductivity. Finally, the second term
�neq�Ne ,Te� is the nonequilibrium collision frequency for
electrons which account for �e-e� �via umklapp processes�
and �e-i� interactions for an electronic temperature larger
than the ionic one. This latter contribution is calculated in-
dependently from the former one as it will be seen in the
next paragraph.

The electron-electron part is a fundamental issue for the
description of low-temperature or nonequilibrium transport
phenomena. It is a difficult problem to deal correctly with
electron-electron scattering in calculations of transport coef-
ficients. One possible way is the Boltzmann transport equa-
tion. However, the Boltzmann transport equation cannot usu-
ally be solved exactly and some approximations have to be
introduced, such as a relaxation-time approximation. No
tractable model exists to describe the conductivity on a large
range of temperatures and densities, and we propose an in-
terpolation between the different regimes with established
characteristics: the solid and plasma states. To take this into
account, we have used an approach based on an interpolation
between current solid and plasma models following the ap-
proach in Ref. �36�. The relaxation rate �1 /�� is calculated
with the assumption of a screened Coulomb interaction
among the electrons. The �e-e� relaxation rate rises with in-
creasing density until it reaches a maximum after which in-
creasing screening causes the rate to fall. The evolution of
the optical properties during an ultrashort laser pulse remains
an open question. A complete description of the effect of the
�e-e� collisions would require complete knowledge of both
the metal band structure and dense-plasma atomic structure,
which makes them analytically complex and unsuitable for
the modeling purposes considered here. In reality, it is not
quite obvious how electron-electron collisions can induce a
conductivity effect in the nonequilibrium solid. For a free
electron gas, the parabolic energy-momentum relation for
which velocity and momentum are proportional results in
neglecting �e-e� interactions contribution to absorption. The
classical approach implies that, since total current and total
momentum are proportional, the current is conserved during
this type of collisions, which preserves momentum. As a
consequence, the conductivity evolution is supposed to be
independent of �e-e� interactions. However, in periodic sys-
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tems, as the solid sample in the first moments of interaction,
the total momentum involving �e-e� interactions may be con-
served via the involvement of a reciprocal lattice vector. This
type of process will allow in consequence a variation of the
electronic momentum and induces a change in conductivity
�50�. A term �neq

ee is then used to correct the conductivity
during the nonequilibrium stage. To justify our approach, we
expect that umklapp processes can occur at a rate given by a
factor � with respect of the normal process ���1� �51,52�.
The values of this term �0.4 and 0.35 for aluminum and gold,
respectively� have been taken from Refs. �53–55�, being de-
rived by low-temperature investigations. These values will
be considered constant in this study, although a dependence
on the electronic field and collision rates is foreseeable. In
taking into account this process, the slowing down of the
electron flow can be expected during �e-e� interaction and
results in a change in the absorption coefficient when the
lattice remains cold, during the first moments of laser irra-
diation.

At near-solid density and moderate electronic temperature
up to few eV, the Fermi gas undergoes collisions and the
solid-model is given by �56�

�neq
ee =

C
N�0

�

dE�E − EF�2f�E,Te��1 − f�E,Te�� , �9�

where f�E ,Te� is the Fermi-Dirac statistic distribution de-
pending on Te and Ne through the chemical potential

N = − kBTef�0,Te� ,

C = �
D

ETF
3/2EF

1/2	 2
ETFEF

4ETF + EF
+ arctan
4EF

ETF
� ,

ETF =
�2qTF

2

2me
† , �10�

where

qTF =
�e

��

 me

†

�0�d
�3�2Ne�1/6,

where D=me
†e4 /64�3�3�0

2�d
2, me

† is the effective electron
mass �47�, � is the rate of umklapp processes, and �d repre-
sents the contribution of band d electrons to the static dielec-
tric function in the case of noble metals. In the same way as
described in Ref. �56�, we have used the screening wave
vector qTF containing the adjustable parameter of screening,
��1, which was set by fitting the experimental results of
these authors. The solid model is applicable up to the Fermi
temperature. We assume that the absorption is mainly driven
by the free electrons and this model allows us to calculate a
straightforward dependence in Te. This approximation pro-
vides a schematic view of the absorption which can be in-
cluded in the code. For electrons at temperatures around the
Fermi value, the phase space available for scattering in-
creases with the electronic temperature due to the Pauli ex-
clusion. Note that the increase in the �e-i� collision frequency
due to the Te augmentation is supposed to be negligible with
respect to the �e-e� contribution.

For larger electronic temperatures, we use the plasma col-
lision frequency given by the Spitzer formula

�neq
ei =

EF

�
� kBTe

EF
�−3/2

. �11�

The approximations inherent to the plasma model are more
acceptable at low density compared to using the solid model
at high temperature �57�. To reduce the interpolation range in
the unknown region, we suppose that the Spitzer assump-
tions become suitable for Te�2TF. These assumptions may
be criticized because of the high density close to the solid
one, but the choice of this direct temperature dependence is
largely used to represent the global behavior. The nonequi-
librium frequency over a large range of temperature is then
defined by

�neq = �neq
ee �Ne,Te� for Te � TF,

�neq = �neq
int �Ne,Te� for TF � Te � 2TF,

�neq = �neq
ei �Ne,Te� for Te � 2TF, �12�

where �neq
int =aTe

3+bTe
2+cTe+d is a cubic interpolation which

offers a realistic continuity between the two models. The
interpolated data points are created so that they have a slope
equal to the slope of the start or end segments. Note that each
term �a ,b ,c ,d� is calculated and tabulated as a function of
Ne. Figure 1 shows the nonequilibrium collision frequency
interpolated in a wide range of temperatures in Au.

As a conclusion, direct �e-e� contributions to the optical
absorption are taken into account via umklapp processes
which are supposed to occur in the solid phase via a recip-
rocal lattice vector. This allows, in turn, a variation of the
electronic momentum and, subsequently, a contribution to
the optical conductivity. Concerning the �e-i� contribution,
the indirect screening of the ion potential by electronic influ-
ences is accounted for by the popular Spitzer dependence of
the nonequilibrium collision frequency. The equilibrium con-
ductivity values are derived from theoretical considerations
which match experimental conductivity results. We suppose

FIG. 1. �Color online� Nonequilibrium collision frequency inter-
polated in a wide range of electron temperatures in Au. Solid and
plasma models �solid lines� are connected by a polynomial interpo-
lation �dashed line� which allows an extension in the unknown
regime.
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that the electric field influence is taken into account indi-
rectly by the effect of the electronic energy on the collision
rate. In this way, the nonequilibrium �Te�Ti� affects the
Joule heating in the condensed phase in considering the con-
tribution of �e-e� collisions. Although interpolation between
solid and plasma regimes is questionable, we suppose that
�e-e� effects prevail during the laser-solid interaction, yield-
ing a dramatically modified scaling �neq�Te

2 �58�. A strong
influence of this law is expected on the laser absorption,
which will be discussed in the next sections.

E. Interband contribution

The absorption model was implemented for two metallic
materials: gold and aluminum. For gold, no specific model of
nonequilibrium interband contribution was implemented. We
assume that the equilibrium contribution of the collision fre-
quency already contains interband aspects. Moreover, it is
supposed that the contribution of d bands in the case of noble
metals was taken into account in Eq. �10�.

For aluminum, the dielectric constant of the metal takes
into account two mechanisms of laser energy deposition: in-
traband absorption in the sp band and interband absorption
�parallel band�. Intraband absorption is described through the
Drude model, while the Ashcroft-Sturm model is used for the
interband contribution �59�. The influence of the interband
transition in aluminum conductivity is then considered as �̃
= �̃D+ �̃IB. Fisher et al. have reported theoretical and experi-
mental investigations of aluminum absorption for femtosec-
ond laser irradiation in showing the influence of the inter-
band and intraband �Drude� contributions at 400 and 800 nm
�36�. These results were verified in conducting a comparable
model of interband effects on the conductivity and similar
results were obtained by our numerical code.

III. EXPERIMENTAL VALIDATION OF THEORETICAL
MODEL

In order to validate our simulations with experimental re-
sults, this section is dedicated to a comparison between se-
lected literature data and numerical calculations based on the
present model of ultrafast laser absorption. The experimental
part focuses on two demonstrations: two kinds of experi-
ments were reproduced to investigate the optical properties
of high-density plasmas. Studies of the absorption depen-
dence in the angle of incidence and intensity were per-
formed. Moderate and high intensities were considered for
uv ultrashort laser pulses. The results provide optical prop-
erties in both solid and high-density plasma ranges during
the laser pulse.

Fedosejevs et al. �38� have measured the averaged reflec-
tivity corresponding of a KrF laser pulse of 250 fs at 248 nm
focused on aluminum samples as a function of the polariza-
tion and the angle of incidence for two intensities:
1014 W /cm2 and 2.5�1015 W /cm2. At the higher intensity,
the prepulse is supposed to be sufficiently intense to produce
a preplasma at the metal surface. In fact, the absorption of
the main pulse is strongly modified by the preplasma occur-
rence. In this condition we restrain our study to the lower-

intensity experiment, which corresponds to a laser fluence of
25 J /cm2. The experimental measurements were performed
to demonstrate the characteristic angular dependence of elec-
tromagnetic absorption expected for the extremely steep den-
sity gradients of plasmas. Our calculations can be compared
with the experimental data since we solve the wave equation
for nonstationary density and temperature profiles. If the ab-
sorptivity decreases with the angle of incidence for the s
polarization, a maximum absorptivity around 62% for the p
polarization was observed for an angle of �54�3�°. This
corresponds to the maximum energy deposited in the mate-
rial. In the experiment, the incident beam has a nondesired
mixed polarization and the intensity corresponding to a p
polarization is in fact composed of 93% p polarization and
7% s polarization. The inverse ratio corresponds to s polar-
ization. This polarization state was entered in our simula-
tions, and the calculated reflectivity is given as a function of
the parameter of polarization xp, which has been fixed to be
equal at 0.86 in the p-polarization case and −0.86 in the
s-polarization case:

R� =
1

2
��1 + xp�R�

p + �1 − xp�R�
s � . �13�

Figure 2 shows the reflectivity as a function of the angle of
incidence for both polarizations. The simulated values were
calculated with the expressions �5� and �13� with �L
=750 fs corresponding to the total pulse duration. The simu-
lations were performed with the expression �8� for domi-
nantly p polarization �solid curve� and s polarization �dashed
curve�. To show the influence of the nonequilibrium absorp-
tion term and especially the �e-e� collision effects, other
simulation results are represented by setting the nonequilib-
rium contribution to � equal to zero. Expression �8� is re-
duced to the first equilibrium term which only depends on Ne
and Ti ��neq=0�. These simulations have been done for p
polarization �short-dotted curve� and s polarization �short-

FIG. 2. �Color online� Simulated reflectivity as a function of
angle of incidence for a 250-fs, 248-nm laser pulse for s-polarized
�dashed line� and p-polarized �solid line� irradiation of an aluminum
target at 1014 W /cm2 intensity. Minimal reflectivity is obtained for
an angle of �59�3�°. Simulations performed with �neq=0 are su-
perposed for s �short-dashed line� and p �dotted line� polarization.
Experimental data points �open �s� and solid �p� circles with error
bars� are taken from Fedosejevs et al. �38�.
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dashed curve�. The reflectivity values in this latter case are
higher than the experimental ones, and the simulations that
include �neq are clearly more relevant. On the subpicosecond
time scale, the ionic temperature does not have enough time
to increase because the energy transfer rate between elec-
trons and ions has a characteristic time longer than �L. For
the case �neq�Ne ,Te�=0, the lattice remains cold during the
laser pulse and the conductivity, depending on the electron-
ion collision frequency, is close to the cold solid one. The p
polarization shows a minimum reflectivity at closed to 59°.
This minimum, which appears only for the p-polarization
case, can be explained by the fact that for this polarization,
the electromagnetic wave has a component colinear to the
plasma density gradient.

The minimal reflectivity occurs for a calculated angle of
approximately 59° which corresponds roughly to the experi-
mental one. Eidmann et al. have already compared these
experimental results with their hydrodynamic simulations
which solve Helmholtz equation in a similar framework �20�.
Nevertheless, their model does not consider contributions of
�e-e� collisions in the solid case, but the �e-p� contribution
was calculated with a different specific plasma model �20�.
In this way, the collision frequency increased quickly during
the laser pulse and they have found an angle corresponding
to the minimal absorption around 70° in their calculations.
They have imputed this discrepancy to the fact that they had
not considered the depolarization in the calculation of the
electromagnetic field. We have observed the same situation,
where the angle of maximal absorption was overestimated
with a pure p-polarized pulse. In our calculation, this over-
estimation was corrected by including a weak proportion of
s-polarized wave in the total electromagnetic field. These
simulations reveal a strong difference in the nature of the
absorption of the s and p components of the heated matter
absorption. When a density gradient is created at the metal
surface, the simplest models used to calculate the electro-
magnetic fields at two interfaces or in the skin depth are no
longer valid and it becomes necessary to solve the Helmholtz
equation to calculate the deposited energy. Fedosejevs et al.
have already indicated the importance of taking into account
a correct density gradient to reproduce the experimental data.
One-dimensional modeling appears to be sufficient to take
into account the effects due to incident angle and polariza-
tion. Concerning the magnitude of the reflectivity, we have
pointed out the crucial role of the correct conductivity by
way of a total collision frequency including the �e-e� colli-
sion rate. Moreover, the fact that the angle of minimal ab-
sorption was similar to the experiment shows that the hydro-
dynamics of the system is well reproduced by our
simulations on the subpicosecond time scale.

In order to test our model on a second type of study, we
have investigated the laser intensity dependence of these two
polarizations while keeping constant the angle of incidence.
The dependence of the reflectivity as a function of the inten-
sity was experimentally studied by Milchberg et al. to deter-
mine the evolution of the aluminum resistivity during the
solid-plasma transition when the change in density is weak
�39�. These measurements were interpreted to provide an
electronic temperature dependence for the resistivity. This
dependence was studied for an aluminum target with a den-

sity close to the solid one for an intensity evolving for four
orders of magnitude, from 5�1011 to 1014 W /cm2. The re-
flectivity was determined by measuring the energy after re-
flection of the laser pulse which hits the target at an incident
angle of 45°. The targets were prepared by depositing a
400-Å aluminum film on a glass substrates. The authors
stated that for thicker film, the reflectivity remains constant.

Figure 3 shows the experimental reflectivity associated
with the 400-fs �full width at half maximum �FWHM�� s-
and p-polarized incident pulses for fluences from
20 mJ /cm2 to 2 kJ /cm2 at ��=308 nm. A decrease of re-
flectivity with intensity is observed. The challenge is to relate
this decrease to an excitation model. The figure also shows
the calculated result in two situations ��neq=0, �neq�0�. Our
simulations are in good agreement with these experimental
measurements when the �e-e� collisions are considered. Nu-
merical calculations provide reflectivity evolutions based on
the expression �5� where the upper limit of the integration
time corresponds to the total pulse duration �L=1.2 ps. A
drop of reflectivity for an intensity range of
1012–1015 W /cm2 is observed. In the case �neq=0, the de-
pendences in Ti and Ne on the �e-i� collisional processes are
not sufficient to reproduce the experimental data and the
agreement is poor. The drop in reflectivity occurs for higher
intensities for both polarizations when the increase in ionic
temperature starts to be important and to drive the absorption
mechanism. This again shows the role of considered �e-e�
collision in influencing the transient optical properties.

Three regimes are clearly distinguishable when observing
reflectivity as a function of the laser intensity. The reflectiv-
ity can be written as a function of the refractive index ñ as
R= ��1− ñ� / �1+ ñ��2, where, according to the Drude expres-
sion,

ñ2���/�� = 1 +
�p

2

��
2

i��/�
1 − i��/�

, �14�

where �p= �Nee
2 /me

†0� is the plasma frequency. The above
equation used in the case of normal incidence of laser radia-

FIG. 3. �Color online� Simulated reflectivity as a function of
intensity in an aluminum sample for s �dashed line� and p �solid
line� polarization. Simulations performed with �neq=0 are super-
posed for s �short-dashed line� and p �dotted line� polarization.
Experimental data points �black dots� are taken from Milchberg et
al. �39�.
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tion and the reflectivity at other incident angles for p- and
s-polarized radiation can be calculated based on the Fresnel
formulas. These considerations do not bring new information
for a quantitative discussion, but allow a qualitative one. If
1��� /���p /� with ��=6.12�1015 s−1, then ñ2�1
+ i�p

2 /��� and R� decreases with �, corresponding to the
first regimes. The first one, indicated by the label �a�, is
observable at intensities lower than a few 1012 W /cm2. This
regime, characterized by a reflectivity which decreases
slowly, corresponds to an electronic temperature which is not
sufficiently high to induce a high collision frequency
������. Moreover, the energy exchange between electrons
and ions is low and the matter remains in a solid state during
the pulse duration. The R� decrease is related to the rise of
the �e-i� collision frequency, which depends almost linearly
on the ionic temperature. Moreover, the decrease in density
is weak in this regime and the reflectivity does not depend on
the electronic density through � and �p. The second regime,
marked by the label �b� in Fig. 3, is reached for intensities
between 1012 and 1014 W /cm2. In this case, ���� and the
drop of R� can be related to a strong Te increase which leads
to a frequency collision augmentation. In the assumption of
the solid model, R� decreases as �neq�Te

2, which corre-
sponds to the regime put forward by Milchberg et al. in Ref.
�39�. Note that the decrease in density starts to play a sig-
nificant role in this regime as well and can induce a reduction
of the reflectivity. Finally, for the highest intensities, the re-
flectivity remains constant or increases. This regime is more
difficult to reproduce with simulations because, beyond
1014 W /cm2, the experimental prepulse is sufficient to pro-
duce vapor or plasma before the absorption of the main
pulse. In this case marked by the label �c�, the electronic
critical density reached in front of the aluminum sample
yields a strong modification of the absorption properties. For
the p-polarization case, 1��p /���� /� and R�
���p /2���2 becomes low, depending on the electronic den-
sity.

The good agreement between the experimental and theo-
retical reflection factors shows the possibilities of using the
model presented to reproduce and analyze the optical prop-
erties during the plasma formation induced by a laser pulse.
This was achieved by properly estimating the collision fre-
quency and other optical and thermodynamical parameters in
nonequilibrium conditions. These results indicate that the nu-
merical code is able to simulate the absorption of the inci-
dent electromagnetic wave in electron-ion nonequilibrium
regimes. This provides opportunities to characterize the re-
sponse of a material for time scales lower than the electron-
ion relaxation time. We have studied reflectivities induced on
a thick metal sample, where the heated matter at the surface
was composed by a temporal sequence of several layers of
different thermodynamic states. The next section is dedicated
to specific experiments which allow to follow a single ther-
modynamic state on ultrashort time scales ensuring as well
temporal resolution. Our simulations are suitable to provide
precious information on the collisional processes and state of
the system during its relaxation.

IV. APPLICATION TO THE PUMP-PROBE DIAGNOSTIC

Optical reflectivity and transmission measurements pro-
vide valuable insights into studying ultrafast phenomena in

condensed matter and plasmas physics �18�. In particular,
they enable observations of phase transitions and provide
information about the transport properties of dense plasmas.
If the resolution is short enough, pump-probe experiments
are relevant to characterize the properties of the material dur-
ing relaxation processes. The use of ultrashort laser pulse
provides a subpicosecond resolution of the evolution after an
ultrafast laser event: the pump excitation. The subsequent
dynamics is then governed by the interactions among the
elementary excitations and is monitored by using a second
optical pulse: the probe. Reflectivity measurements strongly
depend on plasma density and collision frequency. In these
conditions, numerical investigations can provide the correla-
tion between matter properties and relaxation process. In this
section, we compare experimental results and simulations
performed in similar conditions which permit us to split up
the sequence of electron-electron, electron-phonon, and hy-
drodynamics relaxations.

A. Strong pulse and unperturbing probe

Our assumptions are first tested against the data points
corresponding to pump-probe reflectivity and transmission
experiment performed by Widmann et al. in Ref. �5�. In this
case, the target is a gold foil with a thickness of about 28 nm
which has been irradiated with a ��=400 nm, 150-fs
�FWHM� laser pulse, at normal incidence. After focusing,
the intensity of the pump pulse is about 1013 W /cm2 on the
metal surface. The reflectivity and the transmission of the
initial solid and produced plasma are analyzed with an
s-polarized probe pulse at ��=800 nm with a similar dura-
tion, an incident angle of 45°, and a time delay varied from 0
to 15 ps after the pump pulse. In the experiment, reflected
and transmitted energies were measured with photodiodes
and compared to the incident energy to deduce an instanta-
neous reflectivity and transmission of the matter. In a similar
way as in the previous section, simulated reflectivity R�

s ��t�
and transmission T�

s ��t��0,1� were calculated with expres-
sions �5� and �6� where � was taken to be equal to a variable
time step �t�0.1 fs.

At the beginning of the irradiation and at the probe fre-
quency, solid gold shows a reflectivity of 93%. Following the
irradiation, three regimes are clearly distinct in Fig. 4. The
first one, shortly after the initial moment, is characterized by
a swift decrease in both reflectivity and transmission during
the first picosecond. The second one is marked by a plateau
between 1 and 7 ps and corresponds to a regime where op-
tical properties seems to be frozen because reflectivity and
transmission are almost constant. Finally, a change appears
after 7 ps and a last regime starts, characterized by a decrease
in reflectivity and an increase in transmission. To explain
these behaviors, we have performed five simulations with
different configurations to identify the effect of the supposed
main processes.

The first simulation labeled by �a� in Fig. 4 is a complete
simulation including all the processes described in Sec. II
and is used as the reference case to interpret the other calcu-
lations. The dash-dotted line �b� is a simulation without non-
equilibrium contribution in the collision frequency. In this
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case, �neq contribution has been skipped from Eq. �8� and no
�e-e� collision mechanism is taken into account in the brems-
strahlung absorption calculation. The expected difference has
to take place during the nonequilibrium process, before
electron-phonon thermalization. The calculated reflectivity is
strongly different in the case �b� since the conductivity pa-
rameter only depends on the density and on the ionic tem-
perature which evolves slowly compared to the electronic
temperature variation. In contrast, curve �a� shows a drop in
the reflectivity and reaches a minimum value at the end of
the laser pump pulse, when the electronic temperature is
maximal. At this time, Re��̃�� and the subsequent quantity of
absorbed energy are maximal. The transmission curve dis-
plays a less strong difference for these two cases because R�

diminution and absorption increase occur simultaneously.
For the case �a�, as electrons transfer their energy to the ions,
� decreases and R� rises and reaches a maximal value at 4
ps. From this study, we can infer that the observed absorption
in ultrafast time scales is mainly due to �e-e� collisions.
Thus, during the electromagnetic excitation, the Coulomb

interaction between electrons drives the Joule heating pro-
cess.

The curves �c� and �d� include a nonequilibrium absorp-
tion mechanism, but differ from �a� in �e-p� energy transfer
rate. In fact, the case �c� corresponds to a case where the
usual �e-p� coupling term �0=4�1016 W K−1 m−3 has been
divided by a factor of 4 to slow down the ionic temperature
increase and to increase the nonequilibrium lifetime. Com-
pared to the experimental data and the �a� reference case, the
breakup with the third stage at 7 ps is smoothened and the
region where the reflectivity remains constant is more pro-
nounced. In contrast, for the �d� case, the �e-p� coupling term
�0 was multiplied 5 times to accelerate the ionic temperature
increase and to decrease the nonequilibrium lifetime. In this
case, the length of the plateau �which is visible in both re-
flectivity and transmission� decreases and the equilibration
time seems to be reduced. We deduce that the plateau can be
attributed to the temperature equilibration mechanism be-
tween electrons and ions and the duration of this stage cor-
responds to the �e-p� relaxation time. After this, the hydro-
dynamics commences.

Finally, the fifth round �e� was performed by keeping �
=�0 as in �a�, but the hydrodynamics processes have been
stopped. To do this, the pressure p and the density � equal
the standard pressure p0=10−5 Pa and the solid density �0
=19.3 g cm−3, respectively, in the entire gold film. In this
nonphysical case, no pressure gradient can cause motion,
volume increase, surface expansion, or shock processes in
the solid. The behavior of the optical properties is similar for
�e� and �a� during the first 3–4 ps and, after this time, the
reflectivity and transmission split and follow very different
evolutions. In the isochoric case, the reflectivity increases
continuously as the energy is transferred from the electrons
to the ions. In fact, the total collision frequency � decreases
because the augmentation in �e-i� collision is not compen-
sated by the �e-e� collision decrease. The transmission does
not evolve anymore after the end of the nonequilibrium pro-
cess since the change in reflectivity is compensated by a
weaker absorption of the probe. In the hydrodynamic case
�a�, the reflectivity decreases because of the density decrease
which is related to the plasma formation at the surface. In
fact, according to the Spitzer formula and the Drude model
for ����, R� decreases with the ionic temperature increase
due to the increase in �e-i� collision frequency and R� de-
creases when the electron density drops. The change in �̃�

yields a greater skin depth for the probe, leading to increases
in optical path length. As the plasma expands, the tempera-
ture and density fall and the free electrons recombine.

The experimental measurements were performed on a
30�2 nm gold sample. The magnitude of absorption
strongly depends on the material thickness. To estimate the
influence on our simulations, Fig. 5 shows a dependence of
the transient optical properties in the material thickness. In
our simulation, an increase of energy of about 4.8
�106 J /Kg given in Ref. �5� corresponds to an input fluence
of 0.5 J cm−2 for the pump pulse incident on a sample of 28
nm thickness. The behavior of the reflectivity and transmis-
sion were investigated for three thicknesses of 28, 30, and 32
nm at the same fluence. These three simulations show that
the general evolutions of the optical properties are identical

FIG. 4. �Color online� Numerical evolution �curves� of the re-
flectivity and the transmission of a 800-nm pulse probing a 28-nm
gold foil thickness for different simulation configurations. The solid
line �a� corresponds to the best-fitted complete simulation. The
dash-dotted line �b� is a simulation without nonequilibrium contri-
bution in the absorption. The dashed line �c� and the short-dotted
line �d� correspond to simulations performed with a lower ��
=�0 /4� and a higher ��=�0�2� e-p coupling term, respectively.
The hydrodynamics processes have been switched off in the simu-
lation shown by the short-dashed line �e�. Experimental data points
�black diamonds� are taken from Widmann et al. �5�.
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but differ in magnitude. The reflectivity increases whereas
the transmission decreases with the film thickness. This
simple result can give an explanation of the discrepancy be-
tween the experimental and simulated values in providing a
kind of error bar to the numerical experiment data.

This numerical study emphasizes the role of the �e-e� um-
klapp collision mechanism on the absorption of the laser
pulse. The �e-e� interaction influence the material optical re-
sponse during a short time after the pump pulse. The follow-
ing �e-i� equilibration and the hydrodynamic stages have
been identified as well. Due to the number of approximations
in the optical model, the simulation does not perfectly match
the experimental data. Nevertheless, the different phases of
the matter evolution and the subsequent changes in the be-
havior of the optical properties are quite well reproduced.
This numerical study, devoted to reflect the experimental
conditions involving laser-metal irradiation for both pump
and probe pulses, is an efficient tool to discriminate colli-
sional processes. A direct interest of a low-energy probe
pulse is the possibility of carrying out tests of optical absorp-
tion of the material. This study could be extended to perform
temporal optimization of laser absorption in determining the
time when the matter state is the more prepared and able to
respond to the electromagnetic excitation.

B. Experiments under near-threshold laser excitation
on solid samples

The final discussion relates to a class of pump-probe ex-
periments which focus on particle emission. We propose a
direct application of a double-pulse sequence in studying the
consequence of transient optical properties on energy cou-
pling efficiency as a function of delay. Experiments based on
ion signal emission as a function of the time delay were
performed on several metals �60�. The experiments map in
time the energy deposition as a function of the delay between
identical subthreshold pulses, the total energy being above
the threshold. Here, the threshold is defined as ion emission
threshold. This way a quantitative picture of the transient
behavior of the energy coupled into the sample emerges. It is
supposed that the energy density stored in the metal surface
is strongly correlated on the ion emission �25�. A fast-
decaying ion signal that drops to zero in the first hundreds of
femtoseconds �60� was followed by a large peak of emission
in the picosecond range �25,60,61�.

To discuss the experimental results related to the time-
varying ion signal, we have calculated the specific absorbed
energy inside the skin depth in a metallic sample. We have
chosen Al and Au as examples. The skin depth is defined as
a time-dependent quantity, depending on the imaginary index
which evolves with space and time. The laser irradiation is
composed of two numerical identical pulses with a varying
delay. We make the assumption that, to a certain extent, the
energy density in the superficial layers determines the effi-
ciency of phase transformation into a gas state and, therefore,
particle emission �25�. The total specific absorbed energy
�Esa� of a 800-nm, 150-fs double pulse is then calculated as
a function of time separation between the two pulses. We
discuss two cases, Al and Au, for two reasons. The first rea-
son is related to the different values of the �e-p� coupling, Al
showing an almost 10 times higher electron-phonon interac-
tion strength. Second, Al shows a particular optical charac-
teristic, with no significant change between solid and liquid
phases at 800 nm �62�. The numerical experiments are car-
ried away with two identical subthreshold pulses of 150 fs
and 800 nm wavelength. The threshold is defined numeri-
cally by the onset of the gas-phase at 0.45 J cm−2 for Al and
2 J cm−2 for Au. The results are presented in Fig. 6. For both
materials, the following particularities were noted.

Several characteristic stages are noticed with various
peaks in the absorbed energy density. The first one appears
during the first picosecond and shows a decay in the amount
of energy stored Esa, due to the decrease of Re��̃��. This
decay is faster for Al than for Au. Note that an important
result not visible here is that simulations with a single pulse
and a nonperturbing probe have revealed that the absorption
increases strongly during the first pulse. This increase cannot
be observed with an identical double-pulse experiment due
to a convoluting effect. This increase is a consequence of the
instantaneous Te increase which yields a strong augmentation
of the collision frequency. As Te reaches its maximum, the
absorption is maximal and the observed minimum is almost
synchronized with the corresponding time. The electron-
phonon energy transfer is responsible for the Te decrease. As
a consequence, Te can be maximal at the end of the first

FIG. 5. �Color online� Time evolution of the reflectivity and the
transmission of a 800-nm probe pulse for different thicknesses of a
gold sample preexcited by a 400-nm laser pulse. Both behaviors
exhibit an energy relaxation stage and solid to plasma transforma-
tion induced by a 400-nm, 0.5 J cm−2 pump pulse. Experimental
data points �black diamonds� are taken from Widmann et al. �5�.
Generation of nonequilibrium, relaxation to equilibrium, and solid
to plasma transition is visible.
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pulse if the electron-phonon coupling constant is very low. In
the cases presented here, the absorption is maximal at about
the half of the pulse duration, the corresponding time delay is
close to the axis origin, and a fast decay occurs for short
delay times. This variation is related to the Te decrease which
induces a drop of the collision frequency � and a diminution
of Re��̃��. According to Eq. �7� in the range �� /��1,
Re��̃�� and the associated Joule heating process decrease as
� decreases. Moreover, a simulation performed, with setting
�neq=0, has shown that there is no decay for short time delay
in this case. The electron-phonon energy transfer rate is cor-
related with the slope of the Esa curve at short times. This
slope is steeper for Al than for Au, and the decrease ends at
1.5 ps for Al and 6 ps for Au. A liquid phase is reached
around 2 ps for Al and 7 ps for Au. The effect of the solid-
liquid transition on the optical properties, which is expected
to be more important for Au than for Al, is negligible be-
cause the nonequilibrium mechanism of absorption, espe-
cially �e-e� umklapp collisions, dominates. During this time,
the ionic temperature Ti increases and the �ei increase results
in an augmentation of Re��̃��, balancing the effect of Te
decrease. At this stage, the optical properties are dominated
by the ionic heating and Ti drives the absorption mechanism.
After a single pulse, the thermalization is reached around 15
ps for Al and 50 ps for Au. Ti begins to decrease while �
increases, prolonging the absorption increase. Note that the
solidification process begins to occur at the rear side of the
liquid layer. At 35 ps for Al and 75 ps for Au, solidification
reaches the free surface of the liquid layer and � remains
stable at solid density. The temperature decrease induces a
drop of Esa for longer time delays.

These simulations have shown that a fast decay in the
absorbed energy can be imputed to the electronic tempera-

ture decrease and associated �e-e� effects during the nonequi-
librium stage. Due to a smoother lattice heating, the fast
decay is slower for Au than for Al. A recovery of the energy
coupling efficiency on a tens of picoseconds scale is also
observed for both materials. We have shown that the fact that
the enhancement of optical absorption on a picosecond scale
is due to an elevation of the ionic temperature. This enhance-
ment happens earlier for Al because of a high electron-
phonon coupling constant. Recondensation of matter into a
high-density phase occurs after several tens of picoseconds
and results in an Esa drop. A similar situation was observed
in experiments. As a conclusion, umklapp electron-electron
collisions in the solid state determine the optical absorption
behavior when the fluence is close to the threshold value.

V. CONCLUSION

Collisional absorption by inverse bremsstrahlung plays a
major role in laser-matter interactions. The full description of
inverse bremsstrahlung absorption requires knowledge of the
electron-photon absorption mechanism and the associated
umklapp electron-electron and electron-ion collision rates.
We have conducted a simplified modeling of the optical
properties to perform realistic simulations of several experi-
ments present in the literature. We have used a relaxation-
time model to approximate the two-body scattering rate. An
important parameter determining the modification of laser-
light absorption is the conductivity parameter, and we have
proposed a description of its evolution during the material
excitation. We used published results to test the hypothesis of
an electronic contribution in a unified frame, covering vari-
ous excitation stages, against its ability to explain experi-
mental observations. In bringing together several accepted
models in the solid and plasma ranges, a conductivity depen-
dence of macroscopic properties such as electronic tempera-
ture �Te�, ionic temperature �Ti�, and electronic density �Ne�
was employed. This study is indicative of the potential role
of electron-electron umklapp processes in optical absorption.
An accurate evaluation of the umklapp rate would require
complex kinetic approaches.

The numerical diagnostic that we have developed provide
the correlation between the sequences of states of matter and
the optical response. The information, resolved in time, gives
insight into the relaxation mechanisms which drive the phase
transitions and open new opportunities to monitor the exci-
tation of a metal in controlling both its optical and thermal
evolution. Several regimes of irradiation, including above
and subthreshold regimes, were investigated. Clear modifi-
cation of electronic and hydrodynamic effects was observed.
Beyond the retrieval of the optical properties and the discus-
sion of associated thermodynamic states, a qualitative idea
on the transient energy coupling properties was given.
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FIG. 6. �Color online� Calculated specific absorbed energy in
the skin depth of an aluminum target irradiated by a double pulse
�2�0.4 J cm−2� and a gold target irradiated by a double pulse �2
�1.9 J cm−2�. Simulations were performed as a function of time
delay.
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