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Hydrodynamic simulations of metal ablation by femtosecond laser irradiation
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Ablation of Cu and Al targets has been performed with 170 fs laser pulses in the intensity range of
10110 W cm™2. We compare the measured removal depth with 1D hydrodynamic simulations. The
electron-ion temperature decoupling is taken into account using the standard two-temperature model. The
influence of the early heat transfer by electronic thermal conduction on hydrodynamic material expansion and
mechanical behavior is investigated. A good agreement between experimental and numerical matter ablation
rates shows the importance of including solid-to-vapor evolution of the metal in the current modeling of the
laser matter interaction.
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l. INTRODUCTION ties of the material’-*8 With a different approach, other au-
thors have performed a microscopic analysis of the mecha-
Ultrafast phenomena driven by subpicosecond lasepisms of ultrasho_rt pulse Ia_lser melt?ng _by means of a hybrid
pulses have been the subject of thorough investigation fomolecular-dynamic and fluid modelizatidf.
many years in order to explain the ablation of solid From all these investigations, it appears that none of these
materialsi As opposed to the laser-dielectric interaction €ffects may be neglegted to reproduce the features of the
where thermal and athermal ablation regimes probably taked@mage resulting from an ultrashort laser irradiation. More-
placeS7 the laser-metal interaction is mainly governed by©Ver, there is a lack of investigations which combine experi-
the th’ermal ablation orfé The laser energy is absorbed by mental and theoretical results so that current models are still
the free electrons first. The pulse duration being shorter thaﬂuestmnable._ln the present S|r_nulat|ons,' th'e TT™M provides
the electron-phonon relaxation timfe, ..~ 1072 s), elec- energy _deposmon in an expandlng material |nt|_mat_ely corre-
trons and ions subsystems must bgpgonsidereci separat Iyted with the processes governing the ablation in the ul-
. ashort pulse case, which is a specificity of our hydrody-
The “two-temperature modelTTM) describes the thermal P P y y Y

namic approach. Simulation results give useful insight into
transport of energy by the electrons and the energy transfgf,o presented experiment data.

from the electrons to the lattide. _ Transport properties of electrons are not very well under-
Numerous theoretical and experimental previous worksstood in nonequilibrium electron-ion systems. However, the

have been devoted to the Study of the matter ablation with @omprehension of these phenomena in the context of ul-
single laser pulse. Experimental irradiation conditions in curtrafast interaction is essential not only for fundamental pur-
rent applications are largely investigated to optimize the abposes but also for micromachining applications. A precise
lation rate: pulse duratioff, fluence!* and background description of the effect of the electronic temperature on the
gas?>13However, a complete view including all the relevant absorption seems to be still unsettlf*and it has not been
physical mechanisms is still lacking. To get a better undertaken into account in the presented calculations. Neverthe-
standing of the ablation process and to extend the results inless, the model employed in this work uses a large set of
situations not covered by the experiments, two kinds of incurrent available data.

vestigations are put at worki) a complete identification of Obviously, numerical calculations are always requiring
the various physical mechanisms responsible for the materigdditional information such as electron-phonon or electron-
removal from the surface ar(d) an evaluation of the impact electron relaxation times, which may be extracted, from ex-
of these various processes on the amount of ablated mattgrerimental datd>?Reciprocally, comparison between simu-
In the works previously addressed, few calculations are abliations and experiments allows us to validate physical data
to provide a direct comparison with experiments. Most ofintroduced into the theoretical models. For instance, we shall
them are focused on thermal transport and a more detaileske in the following that the measure of the pressure varia-
description of the physical processes occuring in the materialon with time inside the material would be very informative.
has to be incorporated to really describe the whole ablatiohese data, however, are difficult to measure with a high
process. Among these, works based on hydrodynamiaccuracy. By contrast, experimental measure of laser ablation
modeling-?14have been recently associated to the TTM torate seems to be easier to be obtained and compared with
describe the ablation process. To overcome the drawbacks afimerical simulations.

a material fluid treatment, a mechanical extension of the In this article, numerical and experimental results on ab-
TTM has been proposed to model the ultrafast thermomeladated matter are reported. For this purpose, the TTM is in-
ticity behavior of a metal filnt® Works based on molecular serted into a hydrodynamic code in order to describe the
dynamics allow access to the influence of the ultrafast energsnaterial removal. First we detail the physical processes
deposition on the thermal and mechanical evolution properwhich are taken into account in our computations within the
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framework of hydrodynamical modeling. Then, the effects & i T T T T o T

caused by relaxation processes on the evolution of shock =~ [ | — P=10° Pa
waves are examined. We next present the experiments that [ |--- P=10° Pa
have been performed to obtain ablation depth measurements"é 10t k| P=10" Pa
as a function of the laser fluence. Finally, our discussions are @ AN P=10° Pa

based on the results of numerical simulations on Cu and Al
samples compared with specific experimental measurements."'_’
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Il. THEORETICAL MODEL

To represent numerically the interaction between the laser
and the metallic target, we used a 1D Lagrangian hydrody-
namic cod€? Solving the Helmholtz wave equation permit-
ted us to determine the electromagnetic field through the
region illuminated by the laser. The deposited energy is then
deduced using the Joule-Lenz law. A precise result for the £ 1. The representation of isobars in a phase diagram of the
absorption from an arbitrary medium can be obtained fromopper EOS in the region of phase transitions.
the direct solution of the equation for the electromagnetic
field. Let us consider a planar wave propagating alongzthe
axis. We write the following Helmholtz equation for the
complex amplitude of the electric field, with frequencyw:

10’

10° 10°
Specific energy (J/Kg)

form a thermal distribution during the interaction and use the
Fermi-Dirac distribution to determine the electron properties
(energy, pressure, and heat capgcig a function of the
A w2 density and the temperatuf€ The evanescent electromag-
AE,- V VE,+ (1+i_U(T:P)>_2Ez:0: (1) netic wave is absorbed by the electrons. In our range of
[O) C . . .
intensity, they are quickly heated at a temperature of few eV.
whered(T,p) is the complex conductivity and is the light  During and after the pulse, the energy diffuses among the
speed. The functiowr is calculated as a function of the den- electrons and is then transferred to the lattice. Classical heat
sity p(2) and the temperatur&(z). The relative permittivity diffusion plays a significant role as soon as a thermal gradi-
of the medium is supposed to be equal to the unity in theent occurs in the material. Diffusion processes are described
case of a metal target. These simulations need accurate ddtg the following equations:
such as transport coefficients in solids, liquids, vapors, and oT.
dense or diluted plasmas, specially refractive indf€esec- pCe—=V(KVT) = YTe—-T)) +S, (2
tric and thermal conductivitie¥, and mechanical properties at
such as material strength. The evolution of the irradiated
target is goyerned by the fluid_ hydrodynamic and heat_diffu- pci‘?_Ti = V(K VT)+YTe-T), (3)
sion equations connected with a multi-phase equation of at

state(EOS. Thermodynamic functions that realistically de- s
scribe characteristics of metal properties in various parts o hereT, C, andK are the temperature, the specific heat, and

the phase diagram are needed. Such a set of different me%tﬁgngh?g:n::eg?rgiugg\é't?gnresszi?t'vgyt'h‘Ienﬂ'](;esss deenzi?d :
EOS is generated by means of a numerical tool developed b PeCigs W

the authors of Ref. 27. As an illustration of the EOS usedé/haracterlzes the rate of energy exchange between the two

. ) ) . . Subsystems and is the space- and time-dependent laser
Fig. 1 displays isobars in the phase diagram temperaturesource term determined by the Joule-Lenz law. Introduction

specific energy of the copper for a wide range of PIESSUTCSt the TTM in a hydro-code allows us to take into account

Such Qata reveal thg dependencg on the thermodynamﬁ)ﬁe density dependence of both specific heats and conductivi-
properties of the melting and vaporization processes.

. : fies. Cy(Te,p) is calculated with the Fermi model using
The mechanical propagation of shock waves and fracture dependent chemical potenti&fkThe electron thermal con-

are also simulated. Elastoplasticity is described by a strainf ™= -F: . )

rate-independent modéielevant to high strain rate condi- ductivity K, is commonly expressed in the foffh

tions at high pressure, typically beyond 10 GRahich ac- (0§+ 0.165’4(0§+ 0.449

counts for pressure-, temperature- and strain-dependent yield Ke= “(62 +0.002Y2( 2+ B6) & (4)

strength and shear modultfsLaser-induced stresses are the e e :

combination of the hydrostatic pressure and the response wwhere 6, and 6, are electron and ion temperature normalized

the shearing deformation. In the temperature range of intere¢d the Fermi temperaturéd.=T./Tg, 6,=T;/T¢) and «, B

here, the effect of radiative energy transport on the hydrodyare material-dependent parametetsThe linear variation of

namic motion is negligible. Hence we ignore energy transthe coupling term withT,—T,) is classic in TTM: we have

port by radiation when solving the hydrodynamic equationstaken y=7, as 3x10® WK=m= for coppef? and 3
Ultrashort laser irradiation and the associated ionic andx 10" W K™t m™3 for aluminum?® It must be noticed that

electronic temperature decoupling require us to introducehe values oK, andy are subject to considerable uncertainty

specific electronic parameters. We assume that free electroirs literature® To accurately describe the ultrafast response,
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FIG. 2. (Color online The contour plots of the stress resulting F'G' 3. The time evolution_of the stress in copper atrh d‘?P‘h
from the irradiation of a copper target by a 170 fs, 10 J%taser resulting from a 170 fs, 10 J cthlaser pulse. Standard conditions :
pulse. ¥Y=% and Ke=Kg (solid line), y=5y, (dashed ling and K,

=10 Keo (dotted ling.

we incorporate electronic pressure into the set of hydrody-. - £ th d in deoth und
namic equations. The system of equations for electron anfime variation of the computed stress agn depth under

ion subsystems can be written in the Lagrangian form:  Standard conditiongy= 1, andKe=Ke ) with those obtained
with an increased coupling factor or electronic conductivity.
dge N - dg IV In the first hundred picoseconds, the stress growth is di-
ot Py T TP rectly related to the heating depth. The increased coupling
factor leads to a steeper thermal gradient and a lower tem-
au P N ou perature at Am depth compared to the other situations. The
E =- ;n(pe+ Pi)s i = o (5) resulting stress is therefore lower in this case. The peak of

the shock wave, propagating from the surface, reaches the
whereu is the fluid velocity,m is the mass and/ is the ~ 1um depth at 200 ps. Increasing the coupling factor acceler-
specific volumep,, e, P, & are the pressure and the spe-ates the energy transfer from the electrons to the lattice and
cific energy of electrons and ions. Equatlatﬁ_(s) con- results in hlgher Compression. InVersely, an enhanced elec-
nected with a multiphase equation of stéE©9? constitute ~ tronic conductivity spreads the energy spatial profile and
a self-consistent description of the matter evolution. How-Yields reduced stresses. It must be noticed that in the three
ever, the pressune(T.=T,) provided by this EOS is the sum cases, the compression IS followeq by a high tensile stress
of the electronic and ionic pressures at the equilibrium and@reater than the characteristic tensile strength of the material.
has to be replaced by the sum of these two contributions odY€vertheless, the loading in tension IS not long enoligio

of equilibrium. The electronic pressure is independently dePS to induce a fracture in the mediufh** The shock dura-
termined by means of the standard fermion gas model. As Hon and intensity provide a good signature of the balance
consequence, the total pressure used in the above calcufgetween the electronic diffusion and the electron-ion cou-

tions is determined ag(Te# Ti) = Pe(Te) ~ Pe(Ti) +pi(Ti)- pling. Further improvements will be discussed in the follow-
ing.
1. SIMULATIONS AND ANALYSIS To obtain local information on the energy transfer induced

by a femtosecond laser irradiation, a high-resolution time
measurement of the stress reaching the rear side of a thin
Kample could be achievéf#3s Such experimental records

To start with, the interaction of a 10 Jcf 170 fs
FWHM Gaussian pulse at 800 nm wavelength with a coppe

target is investigated. Figure. 2 shows the space-time eVOIlEould be directly compared with our simulations which

tion of the induced stress. The metal surface is heated to : .
maximum of 2950 K, 30 ps after the irradiation. At this time, ﬁould led us o refine théy’Ke). physical values accord_—
ngly. To validate the computation, we performed ablation

the free surface expands in a liquid state with a velocity of . X
1 . ; measurements and compared them to the current simulations
400 ms+. Due to the electron heating, an electronic com-

pression wave appears at the end of the laser pulse. THe'"d standard values @fy,K¢) for aluminum and copper
electron-ion energy exchange results in a significant increas%amples'
in the ionic pressure, which propagates inside the metal. Be-
hind the shock, tensile stress occurs associated with very
high strain rate around G,

In order to study the sensitivity of the above results with  Ultrashort laser pulses are generated by an amplified all

respect to the physical parameters, we compare in Fig. 3 theolid-state Ti:sapphire laser chain. Low energy pulses are

IV. EXPERIMENT DETAILS
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FIG. 4. The SEM picture of machined-groove profiles, from two "'_E c

to ten passes, on a copper sample. 2 100 ¢ 310 §
[ Ablation depth (Experimental data) =

. L 4 ation dep Xperimen ata _—

extracted from a mode-locked oscillat@t.6 nJ/pulse, 80 L I Ablation depth (Simulations) 5
MHz, 800 nm, 120 fs The pulses are then injected into an - ---  Specific removal depth simulations - o
amplifying chain including an optical pulse stretcher, a re- ™ IV W TPV TUUUL T PR SO PR P 3,
generative amplifier associated with a two-pass amplifier us- 0 5 10 15 20 25 30 35 &

ing a 20 W Nd:YLF laser as pumping source, and a pulse Fluence (J/cm?)

compressor. Linearly polarized pulses with wavelength cen- ) o )

tered around 800 nm, an energy of 1.5 mJ at 1 kHz repetitio FIG. 5. The experimental and numeridaolid line) ablation

rate, and typical du'ration of 170 fs were delivered. The epth as a function of the laser fluence on a copper target obtained
Sam, les ar()a/ mounted on a three-motorized-axes s stém Wiw{th a 170 fs laser pulse. The dashed line shows evolution of the

P . - y - specific removal rate.

0.5 um accuracy. Experiments are performed in the image
plane of an aperture placed before the objective. The result-
ing spatial laser profile on sample is “top hat” so that border
and spurious conical drilling effects are reduced. Focusin
objectives of 25 or 10 mm focal lengths are used to obtai

fluences in a range of 0.5 to 35 J chwith the same beam ter. Large values of strain raté$0° s™%) indeed signal that

size, 16um n diameter, in the image plane. ._droplet formation may occur and are sufficient to produce
For ablation depth measurements, grooves are machine

by moving the sampld® The sample speed is adapted such® lation. At higher fluence, the surface is strongly vaporized.
y gt PIE: pie sp ‘ap The gas expands near the free surface and compresses the
that each point on the groove axis undergoes eight consec

L e . Witernal matter. The vaporized part of the target added to the
g\étranlrlrgdlztéosr; ?:1 ef?g:ttg;gtitep?ili:d-rg‘eeamjTgﬁrbog grg.issttgaction of the above-defined liquid layer constitute the cal-
e p ) ulated ablated matter. Experimental results on ablation of

E?g rgf A:hzhglvgscrﬁ nsecdanr;gno%eeiegtnrogomlgrrofso Cr(ftﬁv\;EOM)fglﬁ' six COPPer and aluminum are compared with the numerical esti-
9 bp ' '~ “mates in Figs 5 and 6.

eig_ht, and ten passes. The groove depth is mea;ured using anSharp numerical ablation thresholds are visible at 3 and
optical profilometer with a 10 nm depth resolution. The ab- 5 Jcm? for Cu and Al targets, respectively. At high flu-

lation rates for each groove are deduced taking into aCCOUI%nce, the ablation saturates for both materials. This saturation

ts?zeeszr:dplfhspneuerg’b;?eofre';G:;Z(;n Igitree(;];;hgnlgfer’ dtgﬁsgeag%curs mainly for two reasons. Vaporization and subsequent
' P ' 9y Y 88 expansion consume energy that does not contribute to the

averaged ablation rate is deter_mlned and.the number blation process. Moreover, the liquid layer confinement
passes has been chosen to obtain reproducible results. From

these experiments on copper and aluminum targets, we
evaluate, for different fluences, an ablation depth averager
over a few tens of laser shots. The theoretical ablation deptI'E
is deduced from 1D numerical simulations using a criterion&

Ihe nucleation centers are not accurately known. Neverthe-
Ss, in our simulation we can consider that the liquid layer
hecelerated outside the target corresponds to the ablated mat-

ALUMINUM

discussed hereatfter.

V. RESULTS AND DISCUSSION

Ablation depth

At moderate fluence, the propagation of the shock wave
induced by the energy deposition on the lattice causes th
surface expansion at very high speed and significant nonuni
form strain rates. Simultaneously, the surface of the target it
melted or vaporized as soon as the conditions of temperatur
and density required are fulfilled. High strain rates can turn

1000 |-

100 |

[ ] .

10 L

e Ablation depth (Experimental data)
Ablation depth (Simulations)
Specific removal depth simulations 1

5 10

15 20 25 30 35
Fluence (J/cm?)

100

10

(r/zum wu) yydap jeaocwas oyioadsg

the liquid region into an ensemble of droplets and ablation

follows. This process is called the homogeneous FiG. 6. The experimental and numeric@olid line) ablation
nucleation®” Unfortunately, quantitative values on the for- depth as a function of the laser fluence on an aluminum target
mation and ejection of liquid droplets are difficult to accessobtained with a 170 fs laser pulse. The dashed line shows evolution
because the interfacial solid-liquid microscopic properties obf the specific removal rate.
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increases as far as the gas expands and limits the liquid re&C" 16 ————r———r———
moval. ._E, 1al *

As defined by Feiet al,” a specific removal depth, i.e., 3 [ '. - oo F_(vhy,) A
depth removed per unit of incident fluence, could be a rel- £ 12| —a— F_(K/K) i
evant parameter to estimate the ablation efficiency at a fixedk : ALMLEN." 1
pulse duration. Calculations of this quantity are carried out S 10} » .
as a function of the laser fluence. The dashed curve presente § [ A ]
in Fig. 6 indicates a maximum value of 0.5 J@nin the = 8_' e i
aluminum case. The curve is smoother for copper in Fig. 5"_; 6k - 4 i
and the maximum specific removal depth is reached at ag L S / ;
fluence around 5 J ctA This point corresponds to the oc- S 4T . A 1
curence of a critical behavior which confirms a change in the @ [ / .. 1
hydrodynamic behavior. While the thickness of the liquid |-E 2_‘ e AAREES ... ]
layer grows with the incident energy, the specific removal 0 . : . g
depth rises. Afterwards, when the gas expansion starts, ¢ 0,01 0,1 1 10
growing part of the laser energy is transformed in kinetic vhy, or K /K,

energy and the specific removal depth drops. This suggests

that an optimum material removal exists and refers to the rig 7 The calculation of the threshold fluence dependence on
situation When_the_ surface vaporization is limited. _It apPearghe coupling parametey and the electronic conductivitiK, for

that this ql:'am'ty IS relevan_t for ma_te”al_processmg Wh'Chcopper. Simulations are performed for different ratios of the stan-
can be optimized by operating at this optimal fluence. dard value of one parameter remaining and the second one constant.

At low _ﬂuence, a notlceab_le discrepancy arises betV"e('}@:onsequently, the intersection of curves coincides with the value
the experimental and numerical results. The calculated ahyseq in the calculation of the ablation rate presented in Fig. 5.

lated matter for a copper target is below the experimental

results, while for an aluminum target, numerical results areY por. On the contrary, for a reducador an enhance&
. . ) @d e
above. We suspect that electron transport properties shou Cfallue,FTh increased and the ablation depth at high fluence is

be further improved. It has been shown that a Signiﬁcangverestimated
r in the electrical conductivity may take pl . . . . .
decrease e electrical conductivity may take place as Results obtained with one-temperature simulations evi-

result of the electronic temperature incre&Sevhich our : :
model discards. However, the experimental measuremengeennctgltrgshmsoﬁﬁgceocg dthae Iazhrfw;gtrigigﬂize ;2?\/\/?;?\62;(_
and the theoretical calculations come to a reasonable agreg‘— . : good agr .
ment at higher fluence. As it has been shown by Fister perimental data and simulations underlines the need of
al.,2%in the vicinity of an 800 nm wavelength, the interband coupling the TTM model with a hydrodynamic code for ab-

N ' r[zﬁtlon simulations in metals. Numerical results presented in

absorption occuring in an aluminum target decreases wit is paper qive an overall description of Processes occurin
increasing temperature. The authors show that, with 50 f: ' Paper g . ption of p 9
uring ultrashort laser ablation experiments.

laser pulses, the absorbtion coefficient presents a minimu
near the ablation threshold, at>610'3 W cm? laser inten-
sity. The evolution of interband absorption with the tempera-
ture is not taken into account in our calculations. Conse-
quently, we may overestimate the energy absorbed in this |n this paper, we have reported new results on the inter-
Intensity region. action of femtosecond laser pulses with metal targets at in-
For copper, the simulation overestimates the ablationensities up to 1% W cm 2. Numerical computations were
threshold. This can be due to a deficit of physical processarried out by means of a 1D hydrodynamic code describing
comprehension or to the inaccuracy of the parameters intrahe laser field absorption and the subsequent phase transi-
duced in the model. No single value for K, can perfectly  tions of matter. Simulations were compared to original abla-
fit the sets of data shown in Figs. 5 and 6. As for the discustjon experiments performed on aluminum and copper
sion of pressure presented above, one can think that a changgmples. The behavior of the ablation depth as a function of
in y or K¢ has a similar effect on the threshold fluerfeg,  laser fluence confirms the importance of the use of a specific
Therefore, it is interesting to investigate the fluence thl’eShOkﬂNo-temperature equation of state and hydrodynamics. An
dependence ory and K. A parametric analysis has been optimum condition for laser fluence has been identified and
performed for a copper target. Figure 7 displays the thresholdould provide a precious information for efficient material
fluence which has been obtained for different parameteprocessing. We have highlighted that the ablation process is
couples(y, Ke=Kg) and(y=yy, Ke). The deposited energy not only governed by electronic diffusion but also by the
with lower thermal conductivity or higher coupling factor high shock formation and propagation. The differences be-
can penetrate deeper into the material. As a consequenge, tween experimental and numerical results remain, however,
is lowered with respect to that of the reference da@eKeo) more pronounced for low laser fluences.
and would be comparable with experimental data in the vi- We took great care to extend the metal properties to the
cinity of the threshold. However, simulations performed innonequilibrium case. Nevertheless, inclusion of realistic ma-
these conditions have shown a higher disagreement with exerial parameters, such as the sophisticated band structure of
perimental data at higher fluence due to an earlier expandeuetals or various scattering mechanisms, would allow calcu-

VI. CONCLUSION
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lations with more accuracy. Also, a full nonequilibrium treat- dynamics in time, with which experimental pressure mea-
ment should take into account the conductivity dependencsurements could be compared. In particular, because it devel-
with both electron-electron and electron-phonon collisionsops over temporal scales larger than the energy deposition
This work is in progress and implies an elaborate opticabne, the characteristic shape of the delayed shock conveys
absorption model more suitable for ultrashort laser pulse. information about the interaction physics and it should thus

Simulations suggest that the in-depth stresses induced tsupply a promising way for exploring matter distortions
an ultrashort laser pulse provide information of the matteupon picosecond time scales.
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