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We study optical laser coupling of four metals (aluminum, copper, nickel and tungsten) upon 
single ultrashort 30-fs laser irradiation. Using dedicated experimental methodology, we carefully 
monitor the evolution of the material reflectivity integrated over the femtosecond pulse duration. We 
further apply the Drude-Lorentz formalism to infer the evolution of the effective electron collision 
rate νeff as a function of applied fluence. The knowledge of this parameter is of paramount im-
portance in any laser – matter interaction situation because of its immediate impact on laser energy 
coupling in material and on its subsequent macroscopic transformation.    
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1. Introduction
Laser interaction in ultrashort femtosecond regime has

many scientific and technical merits in fundamental re-
search and industry [1]. This comes from the ability of 
femtosecond lasers to machine materials with precision and 
high resolution, and minimized thermal budget and collat-
eral effects [1,2]. Nevertheless, evaluation of laser-matter 
interaction observables and material parameters to bench-
mark and guide matter transformation are still scarce in the 
ultrashort regime. In this context, we recently determined 
single-shot laser-induced ablation threshold fluence Fth for 
transition and post-transition metals for femtosecond pulse 
durations as short as 15 fs [3,4]. This brought complemen-
tary information to those already obtained at longer femto-
second pulse duration, or those often made in the multi-
pulse regime in order to evaluate incubation effects [5-8]. 
All those data are in particular important in the context of 
micromachining of metals, encompassing surface drilling, 
engraving and structuring for various scientific and indus-
trial applications [1,9,10]. 

In this paper, we use optical reflectometry to measure 
the strength of laser optical coupling at the surface of dif-
ferent metals and Drude-Lorentz framework for theoretical 
description of ultrashort laser heating of metals. Our moti-
vation is to infer the evolution of the effective electron col-
lision rate νeff as a function of applied fluence. We thus 
provide the knowledge of an essential marker of laser-
matter interaction in ultrashort regime over an extremely 
wide range of laser energy excitation (0.1 – 10 J/cm²). Note 
that previous works [see for instance 11-20] mostly ad-
dressed this problematic for laser pulse duration much su-
perior to the pulse duration (30 fs) used in these experi-
ments. Only scarcely, results were applied to the ultrashort 
regime, and only theoretically in [11] or experimentally to 
the case of noble metals in [15,20].   

This study is here applied to post-transition (Al) and 
transition (W, Ni, Cu) metals with diverse electronic struc-
ture, from Density of State (DOS) close to the free electron 
gas model to more complex DOS distribution with possibil-
ity of excitation of bound d-band transitions.  

The paper is organized as follows. After description of 
the experimental configuration and diagnostics in section 2, 
we introduce briefly the theoretical background in section 3. 
Experimental results made of reflectivity evolution as a 
function of fluence are further presented and discussed in 
section 4. Critical assessment of the experimental and sim-
ulation data allows us to retrieve the optical transient prop-
erties of the four different metals averaged over the pump 
pulse duration. These results shed light on crucial parame-
ters driving laser energy coupling at the surface of metals 
and their optical response like the effective electron colli-
sion rate.  

2. Experiments, diagnostics, methodology and assump-
tions

 Beamline 5a of ASUR platform [21] (800 nm, ∼30 fs 
FWHM, ∆λ ≅ 760 – 840 nm, linear polarization) is used to 
explore laser excitation of metals in the single-shot regime 
and at normal incidence below and above ablation (0.1 – 15 
Fth, with Fth, the laser-induced ablation threshold fluence). 
This range of laser parameters gives a convenient tool for 
probing laser heating of metals in strong non-equilibrium 
conditions and under various situations of energy coupling 
and relaxation in the material. In particular, the energy of 
the laser pulse reflected by the sample during the interac-
tion is carefully measured by means of photodiodes (PhR 
and Phinc for controlling the reflected and incident energy 
respectively, see the experimental setup in figure 1) to pro-
vide the evolution of the reflectivity integrated over the 
pulse duration as a function of applied fluence.  

Because of the shortness of the pulse duration (30 fs) 
used in the experiments, there is no time for significative 
expansion of the free electron gas plasma developing at the 
surface of the samples and no hydrodynamical considera-
tion has to be accounted for in our analysis. We experimen-
tally verified that assumption by replacing the photodiode 
PhR by a CCD beam analyzer camera to monitor the re-
flected beam. This verification was done on a fused silica 
wedged sample. We observed that whatever the incident 
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energy (below and above the threshold Fth) the reflected 
beam is captured at the same location (within beam point-
ing stability fluctuations) and its spatial shape and distribu-
tion is kept homothetically identical (see figure 1, left top) 
ensuring that significant plasma expansion does not occur 
at the pulse time scale.  

Fig. 1 Experimental setup (centre) and in-situ (grey arrows) 
and ex-situ (green arrow) diagnostics. In-situ diagnostics com-
prises reflectivity measurements using calibrated photodiodes and 
laser optical diagnostics. Ex-situ diagnostic consists of confocal 
microscopy to characterize laser-induced ablation craters on the 
four samples (done with Leica DCM 3D with axial (down to < 2 
nm) and lateral (down to 0.14 µm) resolution). The target made of 
metallic thick samples (Al, Cu, Ni and W) is located in the focal 
plane of the parabolic mirror in which the beam waist w0 is meas-
ured (low corner, right).    

The characteristics of the four different metallic samples 
are listed in table 1. Using post-mortem diagnostic (confo-
cal microscopy) and classical diameter-regression tech-
nique [22], the ablation threshold fluence was determined 
for the four different metals as a function of ultrashort 
pulse duration (see values in table 1) [3]. Moreover, we 
measured the reflected energy of the samples at extremely 
low fluence (<< Fth, unperturbed state) using the collimated 
beam. This allows us to retrieve the optical and electrical 
characteristics of the samples in the unperturbed state to fix 
the reference initial values before applying laser excitation 
(see table 1). To do that, note that the geometry of our 
measurement does monitor only a small collecting numeri-
cal aperture (no use of integrating spheres) and so it only 
accounts for the energy specularly reflected by the samples. 
The contribution of the scattered energy reflected by the 
samples (especially important for Al and Cu samples for 
which we measured a large surface roughness, see table 1) 
was calculated and added to the measurement in order to 
define the reflectivity of the samples in the unperturbed 
state (Rmaterial in table 1). This was done using the approach 
estimating the reflectivity scattered by a rough surface 
(with Ra characteristics) to calculate the reflectivity of a 
perfectly smooth surface Rmaterial [23,3,4]. Those values are 
in very good agreement (within < 2%) with measured, tab-
ulated or calculated reflectivity values available in litera-
ture. A similar strategy was also implemented at higher 

excitations considering that no changes in the surface mor-
phology occurred at the time scale of interest (correspond-
ing to the monitoring of the reflectivity measurement inte-
grated over the laser pulse duration Rmeasured) because of the 
short duration of the laser pulse used in this study.  

Table 1. Characteristics and surface parameters of the sam-
ples, and their laser-induced ablation thresholds Fth experimental-
ly determined [3]. *Literature reflectivity data (either calculated 
or measured in similar conditions): see [3] and references therein. 
The roughness Ra parameter has been measured using an AFM 
microscopy system (PSIA XE-100, Park Systems). The uncertain-
ty on the measurement of reflectivity has been determined being 
Umes = ± 0.012 [4].  

  Material Al Cu Ni W 

Quality/Purity 
(from Goodfel-

low) 

AL000651, 
99.999% 

purity  

CU000750, 
99.9% 
purity  

Ni000624, 
99.99+% 

purity  

W000375, 
99.95% 
purity 

Thickness/Size 
(mm) 

0.5/25x25 1/10x10 3.2/25x25 2/10x10 

Roughness Ra 
(nm) 

20 17 5 8 

Rmeasured 

(+/- 0.012) 
0.773 0.908 0.682 0.497 

Rmaterial

(+/- 0.012) 
0.853 0.975 0.686 0.505 

Rlitterature,800nm* 
0.868 0.962 0.69 0.495 

Fth (J/cm²) 0.239 0.651 0.331 0.541 

3. Modelling
In view of benchmarking the laser-material interaction

in a wide range of excitation fluences and to provide im-
portant information for its further simulation and prediction, 
we use simplified but justified assumptions. Firstly, in the 
following reflectivity calculations, we neglect any change 
of the lattice temperature over the pulse time scale with 
respect to its initial (room) temperature. This is justified by 
the characteristic time of electron-ion energy transfer time 
being in the picosecond domain for all considered materials 
[24, see also table 2] so on a time much superior to the 
pulse duration (30 fs). Moreover, we assume instantaneous 
thermalization of the electron population and further use 
the electron temperature (as defined by eq. 1) to represent 
its average characteristics and the Drude-Lorentz formal-
ism to calculate the reflectivity averaged over the pulse 
duration. Confrontation of those data to those measured 
allows us to determine for each material the evolution of 
the effective electron collision rate νeff as a function of ap-
plied fluence. 

The electronic temperature is calculated from the 
measured reflectivity Rmeasured (with the assumption A = 1 – 
Rmeasured) and the associated incident fluence Finc [24] using 
equation 1: 

Where x is the spatial coordinate along the optical axis, 
ne is the free electron population density which evolution as 

(1) 
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a function of excitation is followed and estimated using 
Density Functional Theory (DFT) calculations [25] and ls is 
the skin depth. For each value of Rmeasured, the skin depth is 
calculated using the equation ls=c/ωκ, where c is the speed 
of light, ω is the laser frequency and κ is the imaginary part 
of the complex refractive index (as further determined in 
table 2). The value of Te considered in the following calcu-
lation corresponds to an average value of Te(x) along the 
skin depth. Note also that for simplification we do not con-
sider any change of κ (and skin depth) upon excitation. 

For the electronic temperatures beyond the Fermi tem-
perature (cold solid model), the effective electronic colli-
sion rate includes the electron-phonon (νe-ph) and electron-
electron (νe-e) interactions: νeff = νe-ph + νe-e. The electron-
phonon collision rate is given by eq. 2 [26]: 

(2) 

Where kB stands for the Boltzmann constant, ℏ is the 
reduced Planck constant and C𝜔𝜔 is a proportionality coeffi-
cient determined for each material using the reflectivity 
values Rmaterial from table 1. For the unexcited cold solid at 
room temperature (300 K), electron–phonon collisions 
dominate [12] allowing us to estimate the initial effective 
electron collision in concordance with the reflectivity of the 
material measured in this interaction regime. Doing so, the 
values of νe-ph related to the reflectivity Rmaterial (unper-
turbed state) are listed in table 2. The complex index de-
duced from such measurements made with large spectral 
bandwidth (760-840 nm) femtosecond pulses is also re-
trieved and compared to literature data available at 800 nm. 
Agreement is very good for nickel and tungsten, correct for 
aluminium and intermediate for copper because of the large 
surface roughness Ra measured for these two last materials 
which affects the precision of the value of reflectivity ex-
perimentally measured.  

In our calculation, describing the evolution of the re-
flectivity during the 30-fs pulse, the lattice temperature and 
the electron-phonon collision rate are considered un-
changed and equal to the unperturbed values. The electron-
electron collision frequency, which dramatically changes 
upon excitation, is given by eq. 3 [11]: 

EF being the Fermi energy, E the electron energy, 𝜔𝜔p 
the plasma frequency, and Te is the electronic tempera-
ture estimated with eq. 1. 

Knowing the evolution of the effective collision fre-
quency as a function of the fluence, we use the Drude-
Lorentz model to calculate the associated reflectivity. The 
evolution of the permittivity as a function of the collision 
frequency is given by equation 4 [27]: 

 The first term εintra corresponds to the Drude model 
and is associated with free-electron intraband transitions 

with the oscillator strength f0, the collision rate νeff, and ω 
the laser frequency. The second term εinter corresponds to 
the Lorentz component where fj, Ωp (= √f0×ωp), ωj, and Γj 
are, respectively, the oscillator strength, the plasma fre-
quency, and the scattering rate of the harmonically bound 
electrons that are excited via interband transition j. All the 
parameters entering the calculations for the four metals at 
room temperature have been determined in [27] and are 
listed in the following table 2. 

With the values of εr and εi calculated with eq. 4, the re-
flectivity is given by: 

In which the real (n) and imaginary (k) parts of the 
complex refraction index are classically defined by: 

 and   (6). 

Table 2. Parameters (in eV when relevant) applied in the cal-
culation of the reflectivity with the Drude-Lorentz model, from 
[27]. *For Cu, the reflectivity data was only retrieved using 1.9 
free electron per atom as issued in [25]. In green, material data 
calculated and issued from literature or inferred from our experi-
ments. Following excitation and formation of dense plasma yield-
ing material ablation, the energy transfer time between the elec-
tron and lattice sub-systems is estimated from 

 [24], where νei is the electron-ion collision fre-
quency (νei ≅ νeff ≅ ωp is approximated for the above calculations 
in ablation conditions) and M stands for the atomic mass of the 
material and me is the electron mass.  

Parameters Al Cu Ni W 
 ħωp 14.98 14.91* 15.92 13.22 

f0 0.523 0.575 0.096 0.206 
f1 0.227 0.061 0.100 0.054 
Γ1 0.333 0.378 4.511 0.530 
ω1 0.162 0.291 0.174 1.004 
f2 0.050 0.104 0.135 0.166 
Γ2 0.312 1.056 1.334 1.281 
ω2 1.544 2.957 0.582 1.917 
f3 0.166 0.723 0.106 0.706 
Γ3 1.351 3.213 2.178 3.332 
ω3 1.808 5.300 1.597 3.580 
f4 0.030 0.638 0.729 2.590 
Γ4 3.382 4.305 6.292 5.836 
ω4 3.473 11.18 6.089 7.498 

νe-ph (s-1) 5.65×1014 3×1013 1.0×1014 1.7×1014 
EF (eV) 10.8 7.05 11.7 9.2 
n + iκ 

(this work) 
3.234 + 
i8.372 

0.305 + 
i6.862 

2.432 
+i4.379

3.648 + 
i2.8075 

n + iκ 
(literature) 

2.767 + 
i8.354 
[27] 

0.2535 + 
i5.013 
[28] 

2.43 + 
i4.31 

[29,30] 

3.67 + 
i2.68 
[29] 

Energy trans-
fer coupling 

time (ps) 
2.2 5.1 4.4 16.7 

4. Results and discussion
For each material studied, the evolution of the reflectiv-

ity is calculated as a function of the incident fluence using 
eqs 1-6. On figure 2, the reflectivity calculated with the 
Drude (first term of eq. 4 only) and Drude-Lorentz model 

(3) 

(4). 

(5) 
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(both terms of eq. 4) is plotted with the measured reflectivi-
ty for each metal and for a pulse duration of 30 fs. 

For the lowest fluences, therefore the lowest electron 
temperatures, the Drude-Lorentz model is in good agree-
ment with the experimental results (with differences << 
Umes) for the four metals studied while the Drude model 
fails. At this low level of excitation, the band structure of 

the metals is still conserved, and interband transitions play 
an important role in the optical response of the materials. 
Then, when the incident fluence is increasing, even signifi-
cantly above the ablation threshold fluence, the reflectivity 
Rmeasured starts to decrease for aluminum, copper and nickel 
but increases for tungsten. 

Fig. 2 Evolution of the reflectivity calculated with the Drude (first term of eq. 4) and Drude-Lorentz (both terms of eq. 4) model, 
compared to the experimental results as a function of the incident fluence. Pulse duration: 30 fs. The vertical error bars correspond to the 
standard deviation over 8 different measurements, and the horizontal error bars correspond to the shot-to-shot energy fluctuations meas-
ured on the incident photodiode. The colored arrows indicate the laser-induced ablation threshold fluence Fth for each material. The or-
ange dotted vertical line marks the fluence above which the beam focal plane starts to move towards the focusing parabolic mirror due to 
nonlinear propagation effects in air (see [3]). R0 corresponds to the reflectivity of the samples in the unperturbed state. 

In the case of tungsten, this particular behaviour is as-
cribed to the presence of a low-density-of-state region 
around the Fermi energy separating lower and upper high 
density-of-state zones of the electron 3d-band [4,25,31]. 
Indeed, this low-density region acts as a bandgap hindering 
laser photon coupling to the material and resulting in an 
increase of the reflectivity. Only at high applied fluence (> 
∼ 2.5 J/cm², see figure 2) the influence of this bandgap can
be cancelled and photon coupling can efficiently be devel-
oped in high-density high-energy DOS region (on upper
edge of the 3d-band and 4s-intraband population) yielding
a large increase of the absorption.

For the highest fluences, a significant decrease in reflec-
tivity is measured for the four metals. The absorption of the 
leading edge of the laser pulse leads to a strong rise of the 
electronic temperature and to the creation of a free electron 
plasma. In these conditions of high excitation yielding rap-
idly the formation of a dense plasma at the surface of the 
materials, the influence of band structure and of its bound 
electron component becomes negligible. The Drude model, 
which incorporates the contribution of the free electron 

population only, thus allows us to describe the interaction 
in very good agreement (with differences << Umes) with the 
experimental measurements for the four metals (see figure 
2). We note that discrepancies between experiments and 
modelling are mostly observed at intermediate fluences (∼ 
1 – 4 J/cm²). In this irradiation regime, the electron charac-
teristics evolves significantly and rapidly during the pulse 
in the laser-heated material, with transition between a cold 
solid material (well described by the Drude-Lorentz model) 
to a free-electron plasma rapidly developing at the material 
surface (well described by the Drude model). As an exam-
ple of improvement of the theoretical description, it would 
be beneficial to include in the description of the Drude-
Lorentz model (eq. 4) the progressive change incurred by 
the bound term due to the development of the laser excita-
tion to better handle the progressive destruction of the band 
structure. 

Finally, we also observe that a satisfactory agreement is 
obtained for both models in the case of Cu on the whole 
range of laser excitation fluence, in comparison to the other 
three metals studied. We attribute this observation to the 
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importance of the delocalized electrons in the optical re-
sponse of Cu whatever the level of excitation and in partic-
ular at low fluence for which the reflectivity is close to the 
reflectivity of a free-electron dense plasma conveniently 
described by the Drude model. 

Using the approach described in section 3, the evolution 
of the effective collision frequency νeff averaged over the 
pulse duration (and spatially over the skin depth ls) is also 
plotted on figure 3 as a function of the incident fluence. 
This parameter is of major importance for the description 
of the evolution of the optical parameters and energy redis-
tribution and transport of a metal following femtosecond 
laser excitation. In first approximation, note that we do not 
consider any influence of the nonlinear propagation effects 
developing in air in front of the target [3] for the building 
of the data set at high excitation fluence (F > ∼ 6 J/cm²) 
shown in figure 3.  

From figure 3, it can be seen a swift increase of the effec-
tive electron collision frequency at high excitations (F ≥ 
Fth) in relation with the formation of dense plasma at the 
surface of the materials. This is due to the prompt growth 
of the electron-electron collision frequency consecutive of 
the increase of the electron temperature and of the im-
portance of delocalized free electron transitions. This ob-
served evolution retrieved from thorough comparison be-
tween experiments qualitatively confirms and clarifies 
(here for four metals) what was theoretically predicted in 
seminal previous works and calculations (see for instance 
[12,31]). 

For aluminum and copper (and qualitatively for nickel), 
which are considered in [12,13] for longer pulse durations 
(> 100 fs), we also observe a very good quantitative 
agreement concerning the range of value reached. Moreo-
ver, we also set into evidence that the increase of the effec-
tive electron collision frequency observed at rather high 
excitations (F ≥ Fth) is in correlation with the prompt aug-
mentation of the electron-electron interactions [13] while 
electron-phonon component νe-ph does not change signifi-
cantly. This last result is linked to insufficient time (30-fs 
pulse) to have significant lattice heating of the material 
during the pulse. We also note that this increase above the 
initial (at rest) ν0,eff value does occur at rather high excita-
tion for aluminum (≅ 4-5×Fth) while for all materials the 
increase initiates close to the ablation threshold. Moreover, 
the absence of strong changes of the effective collision 
frequency νeff observed at low excitations for all materials 
is in line with the limited perturbations incurred by the 
electronic band structure until reaching the ablation thresh-
old fluence. Nevertheless, for some materials, as shown for 
tungsten, those perturbations have also been proven influ-
ential on the optical transient properties with the increase 
of reflectivity (with ∆R/Runperturbed state ≅ 5%, see figure 2) 
for fluences slightly above the ablation threshold. Finally, 
as shown elsewhere [11,14-16], reduction of the thermali-
zation time of the electron gas with further consequence on 
energy exchange with the lattice is expected at high excita-
tion (F ≥ Fth) for the four studied materials because of the 
predominance of electron-electron interactions with respect 
to what is observed at lower excitations.  

Fig. 3. Evolution of the effective collision frequency νeff as a 
function of the incident fluence and for the four metals studied. 
Pulse duration: 30 fs. The arrows and orange dot line have same 
meaning as in figure 2. To get those data, using the reflectivity 
determined experimentally, and the equation 1, the electronic 
temperature Te is determined. Then, the value of Te is injected 
into eq 3 to obtain the effective collision frequency with the for-
mula νeff = νe-ph + νe-e. Note that the initial value of νe-ph was calcu-
lated using the Drude-Lorentz model to take into account the im-
portance of the band structure at low excitation. 

Determination of the effective electron collision rate on 
such wide range of excitations below and much above the 
ablation threshold is highly rewarding. As examples, it can 
serve to improve the description of fundamental aspects of 
the interaction, e.g. for better handling equilibration time of 
electron population sub-system or transient optical proper-
ties and high frequency conductivity of the excited medium, 
and so physical energy exchanges, relaxation and transport 
phenomena yielding to damage and ablation. This should 
be in particular performed in the context of more detailed 
and elaborated modelling approaches considering the evo-
lution of relevant material parameters as a function of laser 
excitation available from literature.  

On an applied perspective, this knowledge should have 
many interests in surface structuration or micro-machining 
applications. 

5. Conclusion
After describing our methodology based on a thorough

comparison between experimental and calculated data rep-
resentative of laser-matter interaction, we apply this strate-
gy to four metals exposed to ultrashort 30-fs single laser 
pulses and a wide range of excitations (≅ 0.1 – 10 J/cm²) 
illustrative of many situations of laser-matter interaction. In 
particular, we succeed in determining a crucial parameter 
characterizing and driving the interaction, i.e. the effective 
electron collision rate νeff as a function of applied fluence. 
The experimental determination of this parameter will help 
to work out better predicting laser – matter interaction 
models, to better handle or anticipate dedicated strategy to 
enhance and control energy deposition and to boost the 
development of optimized laser-based processes, here more 
specifically focused on ultrashort laser micro-machining of 
metals.  

On a more fundamental aspect, it was shown the high 
relevance of the Drude-Lorentz model to account for the 
evolution of the reflectivity and effective collision frequen-
cy of the materials in the low-fluence range (∼ ≤ 1 J/cm²) 
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while Drude model appears to be well adapted in the high-
fluence range (∼ ≥ 4 J/cm²). In the intermediate fluence 
range (∼ 1 - 4 J/cm²), one should improve the Drude-
Lorentz description in which the progressive vanishing of 
the bound term due to the progress of excitation should be 
accounted for in a different quantitative way depending on 
the material (as suggested for instance by the compared 
cases of tungsten and nickel).      
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