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a b s t r a c t

In this paper, we study the mechanisms of femtosecond double-pulse laser ablation of metals. It was
previously shown experimentally that the crater depth monotonically drops when the delay between
two successive pulses increases. For delays longer than the time of electron–ion relaxation the crater
depth can be even smaller than that produced by a single pulse. The results of the performed hydrody-
namic simulation show that the ablation can be suppressed due to the formation of the second shock
wave. The modeling results of the double-pulse ablation obtained for different delays correlate with the
experimental findings.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

An application of the double-pulse (DP) technique in laser-
induced breakdown spectroscopy [1] can give higher luminosity
of plasma in comparison with a single pulse (SP) of the same entire
energy and thus improve the accuracy of measurements. Perform-
ing femtosecond DP irradiation of different metals several authors
[2–4] surprisingly noticed a monotonic decrease in the ablation
crater depth with increasing delay �delay between pulses. This effect
was observed both in the presence of ambient air [2] and in vacuum
[3,4]. In the experiment [4] with copper targets the laser fluence
of each pulse was set to be Fsingle = 2 J/cm2, the pulse width 100 fs
and the laser wavelength 800 nm. The ablation crater depth as a
function of the delay is shown in Fig. 1.

For delays much shorter than the electron–ion relaxation time
in material (�ei = 10 ps for copper [5]) the crater depth was the same
as in the case of a SP with the laser fluence 2Fsingle = 4 J/cm2. For the
delays close to the electron–ion relaxation time (�delay ∼ �ei), the
crater depth monotonically decreased. Similar dynamics of crater
formation was also obtained for other metals (aluminum [2], gold
[4] and nickel [3]). The authors of Refs. [2,3] also claimed that at
�delay > �ei the DP crater depth could be smaller than that obtained
using a SP with the same fluence as for each pulse in the DP. The
first results on the simulation of DP ablation have been published
recently [6]. In this article we continue to investigate the interplay
of physical mechanisms in DP ablation and highlight the analysis of
compression, tensile waves and phase states in copper at different
delays between pulses.
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2. Model

A hydrodynamic model [7,8] was developed and previously
used for simulation of a SP laser ablation of metals. The model
contains the multiphase wide-range equation of state (EOS) in tab-
ular form allowing an accurate treatment of metastable phases
and phase transitions [9]. The specific Helmholtz free energy has
a form F(�, Ti, Te) = Fi(�, Ti) + Fe(�, Te), composed of two parts
which describe the contribution of heavy particles and electrons,
respectively. Here, � is the material density and Ti and Te are the
temperatures of heavy particles and electrons. The first item, Fi(�,
Ti) = Fc(�) + Fa(�, Ti), in turn, consists of the electron–ion interaction
term Fc (calculated at Ti = Te = 0 K) and the contribution of ther-
mal motion of heavy particles Fa. The solid, liquid, and gas phase
equilibrium boundaries are determined from the equality condi-
tions for the temperature Ti, pressure Pi = �2(∂Fi/∂�)Ti

, and Gibbs
potential Gi = Fi + Pi/� of each phase pair. The free energy of elec-
trons in metal Fe has a finite-temperature ideal Fermi-gas form
[10].

In Fig. 2 the phase diagram of copper with stable and metastable
phases is shown. The metastable phases are indicated by the corre-
sponding first letters in square brackets, the stable ones—without
brackets. In simulation the metastable phases of overheated liq-
uid [l] and overcooled gas [g] are taken into account. Currently we
do not consider overheated solid and overcooled liquid; while the
last is not significant for fast heating processes, the first can play a
noticeable role for femtosecond laser pulses with smaller fluences.
In the future we plan to investigate the influence of the solid phase
overheating on the ablation in metals.

A possibility of the existence of negative pressures in condensed
matter should be considered in fast and ultra-fast processes. In fact,
the target matter is always metastable under such conditions. The
used multiphase equation of state can work with three metastable
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Fig. 1. Crater depth as a function of the delay between the pulses. (�) Experiment
[4], (�) simulation (this work), solid line—fit of experiment [4], and dash line—crater
depth in SP simulation (this work).

phases at negative pressures: metastable solid [s], metastable melt-
ing [s + l] and metastable liquid [l]. The boundary between the
metastable state of liquid at positive and negative pressures can
be estimated by the position of the isobar P = 0 GPa in Fig. 2. The
regions of metastable liquid and metastable melting are artificially
restricted from below at some temperature (and the region of
metastable solid from the left at some density) to simplify the cal-
culation of thermodynamic functions at negative pressure; these
restrictions have no influence on the results.

The multiphase equation of state returns the information about
the phase state and phase and metastable states boundaries; this
fact allows us to switch to the kinetics and fragmentation mecha-
nisms depending on the phase state of matter.

In the simulations of SP experiments, the approximation of
laser energy absorption by a simple Lambert–Beer’s law is satis-
factory; using this approach we obtained good agreement with SP
experimental findings for several metals [9]. In DP ablation experi-
ments, however, this simplified technique fails for the second pulse
because of surface smearing and inhomogeneity of target prop-
erties produced by the first pulse. To overcome this problem the
Helmholtz wave equation for the electric component of the laser

Fig. 2. Phase diagram of copper. CP: critical point; bn: the binodal; sp: the spinodal;
g: stable gas; l: stable liquid; s: stable solid; s + l: stable melting; l + g: liquid–gas
mixture; s + g: solid–gas mixture; [g]: metastable gas; [l]: metastable liquid; [s + l]:
metastable melting; [s]: metastable solid. Solid (green) lines—isobars P = 0, −1, and
−3 GPa. Solid (red) line—phase trajectory of the target layer with initial coordinate
z = 60 nm for �delay = 0, dash (magenta) line—for �delay = 10 ps, and dash–dot line—for
�delay = 100 ps. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

pulse with normal incidence [11] is used:

∂2E

∂z2
+ k2

0ε(ωL, �, Te, Ti)E = 0 (1)

in the region z1 ≤ z ≤ z2 for the first and second pulses. Here E(z, t)
is the x-component of the slowly varying in time laser field ampli-
tude, Ex(z, t) = E(z, t) exp( − iωLt), k0 = ωL/c is the laser wave vector
with the laser frequency ωL and the light speed in vacuum c. The
boundary conditions for ∂E/∂ z at z = z1 and z = z2 are lengthy and
can be found elsewhere [11].

A wide-range model of complex permittivity of matter was used
in the form ε = (1/2)(εmet + εpl) − (1/2)(εmet − εpl) tanh(2Te/TF − 2),
where TF is the Fermi temperature. This approximation describes
the Drude-like limit εmet(ωL, �, Te, Ti) in solid state (for copper
εmet = − 27.6 + 2.7i at normal conditions and 800 nm wavelength
[12]) and the plasma limit εpl(ωL, �, Te) in hot ionized gas state [13].
In metals for chosen parameters of laser wavelength and intensity
the inverse Bremsstrahlung mechanism of absorption is dominant
and thus the heat source can be expressed as QIB = I0k0 Im{ε}|E/E0|2,
I0 is the peak laser intensity, E is the solution to the Helmholtz
equation and E0 =

√
8�I0/c is the maximum of laser electric field

in vacuum.
For realistic treatment of the fragmentation process, the model

based upon the homogeneous nucleation mechanism [9] is used.
Three basic stages are assumed to take place in the fragmenta-
tion model: (i) spontaneous appearance of critical size gas bubbles,
(ii) growth of these bubbles, and (iii) confluence of bubbles and
final relaxation of pressure and temperature. All these stages are
present in the code. Simulations of the DP ablation show that pres-
sure in copper can be as low as Pmin = − 3.6 GPa [6]. Such pressure
values were shown to result in the mechanical spallation in the
liquid phase. In the solid phase, however, the spallation strength
for high strain rates (�−1 ∂ �/∂ t ∼ 1010 s−1) is close to its theoretical
limit (the pressure on the cold curve at the same density) which
is substantially lower than Pmin. For example, at � = 8 g/cm3 the
multiphase EOS gives ≈−10 GPa at Ti = 0.

The experiment [4] for copper target was reproduced numer-
ically applying two Gaussian laser pulses with normal incidence,
100 fs width, 800 nm wavelength and fluence 2 J/cm2 each. The
peak intensity of the first and second pulses corresponds to
moments t = 0 ps and t = �delay, respectively, and initial surface posi-
tion is at 0 nm.

3. Results and discussion

To illustrate the process of the DP ablation we choose a z = 60 nm
depth layer of the copper target at initial time t = − 0.5 ps. Then the
evolution of thermodynamic and kinematic parameters of this layer
during the simulation with �delay = 0, 10 and 100 ps is analyzed. In
Fig. 2 the phase trajectories of the referred above layer by solid
(0 ps), dash (10 ps) and dash–dot (100 ps) lines are shown.

All the trajectories originate in one and the same point at nor-
mal conditions for copper. The trajectory with �delay = 0 (solid line
in Fig. 2) is equivalent to the SP ablation with the doubled flu-
ence 4 J/cm2. It crosses the melting region almost along the normal
isochore and then evolves into the liquid phase where it reaches
supercritical temperatures because of the fast heating of electrons
by the laser pulse and energy transfer from electrons to ions during
t ∼ �ei. The heating of ions gives rise to the formation of the shock
wave (SW) spreading into the target; the compression of matter
is also visible along the �delay = 0 trajectory. Then the tensile wave
(TW) arrives at layer under consideration, and the matter begins
to expand. The trajectory enters into the metastable liquid region
at negative pressures where the mechanical fragmentation process
begins; this leads to the fluctuations of thermodynamic parameters
along the trajectory.
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For the trajectory with �delay = 10 ps (dash line in Fig. 2) the
fluence of the first pulse is 2 J/cm2, therefore the heating and
compression of the considered layer is lower than in the case of
�delay = 0 ps. At t = 10 ps (see the arrow in Fig. 2) the second laser
pulse gives rise to the sharp increase in temperature; for the dielec-
tric permittivity model used we obtain even higher temperatures
than those in the case of �delay = 0 ps. Then again the trajectory
comes into the metastable liquid region at negative pressures
because of the TW propagation.

Finally, the trajectory with �delay = 100 ps (dash–dot line in Fig. 2)
shows the most peculiar behavior. During the first 10 ps it obvi-
ously coincides with the trajectory with �delay = 10 ps, but then the
TW comes into play, and the density and temperature along the
trajectory diminish up to the metastable liquid region at negative
pressure. One can see that pressure on the trajectory drops below
−3 GPa, and then the fragmentation process gives rise to the relax-
ation of pressure up to 0 GPa. At this moment (100 ps, shown by the
arrow in Fig. 2) the second pulse arrives, thus establishing the rise
of temperature and density variation. The last can be explained by
the complex non-uniform distribution of density and temperature
in the fragmented material in which the second pulse is absorbed.
Nevertheless, the density higher than at t = 100 ps is reached before
the second TW provides for the drop of temperature and den-
sity and causes the trajectory to enter into the metastable liquid
phase again where fragmentation of the target material continues.
It should be noted however, that the second TW is weaker than the
first one, that is why the ablation process and fragmentation is less
pronounced in this case.

The previous calculations [8,9] have demonstrated that only the
melted region can be ablated due to the TW propagation. Further, if
the second pulse arrives when the TW goes through the liquid layer,
this second pulse reheats the nascent ablation plume. As a result, a
high-pressure region is generated in the vicinity of the initial target
surface. In this reheated region the SW forms and moves into the
bulk suppressing the action of the first TW. Therefore, the depth of
the crater drops. We are going to discuss this effect in detail using
the time-space diagrams (Figs. 3 and 4).

For �delay = 0 ps the formation of melting front (s + l cyan region)
is seen. The thickness of the melted region reaches about 180 nm
by the time delay of 40 ps after the first pulse maximum. After the
heating of ions, the SW arises with the maximal pressure behind
the front ∼35 GPa (Fig. 3b). At the same time the high-pressure
heat-affected zone begins to expand in two rarefaction waves; one
appears on the free surface of the target and moves into the bulk, the
other moves from the end of the heat affected zone towards the free
surface. As a result of the rarefaction waves interaction a zone of
negative pressure arises and the minimal pressure trace in this TW
is schematically shown in Fig. 3a and b. Mechanical fragmentation
starts after the propagation of the TW and by the moment 60 ps
the voids in liquid layer have been formed. The speed of the fastest
liquid layer on the interface between liquid (yellow) and liquid–gas
mixture (orange) is about 500 m/s. The boundary between the high-
density (metastable liquid) and low-density (liquid–gas mixture)
phases is denoted by b1 in both Fig. 3a and b; it has a negative
slope and moves away from the target; the same can be observed
for the region of metastable melting [s + l] (magenta in Fig. 3a). The
liquid–gas mixture and gas (red for the metastable phase and dark
blue for the stable) fractions form the front of the nascent ablation
plume.

For 100 ps delay one can clearly see in Fig. 4b that two SWs
(SW1 and SW2) are formed; the pressure behind the first SW is
approximately 3 times higher than that behind the second one.
These two SWs are separated by the TW, the path of which (TW1)
is also shown in Fig. 4a and b.

The second pulse produces an extension of substance (dash line
TW2 in Fig. 4a and b), but this effect is weak and does not con-

Fig. 3. z–t diagrams of phase states (a) and pressure in GPa (b) in the target for
�delay = 0. Presented phase states are: s: solid (olive); s + l: melting (light blue); l:
liquid (blue); l + g: liquid–gas mixture (orange); g: gas (dark blue); [s]: metastable
solid (green); [l + g]: metastable melting (magenta); [l]: metastable liquid (yellow);
[g]: metastable gas (red). For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

tribute much in fragmentation of matter; the pressure behind the
second SW (SW2) drops more slowly than behind the first one
(SW1). The boundary between high-density and low density phases
is also shown in Fig. 4a and b by b1–b3. It is remarkable that after
the first TW the boundary b1 has a negative slope, then after the
second SW b2 has a positive slope and after the second TW b3
is almost vertical, or, in other words, its velocity is nearly zero. It
means that the second pulse produces an increase in the atomiza-
tion of the ablation plume head and compression and recoil of the

Fig. 4. z–t diagrams of phase states (a) and pressure (b) in the target at �delay = 100 ps.
Designations are the same as in Fig. 3.
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plume tail. This, in turn, leads to the decrease of the crater depth
(see Fig. 1).

To compare the results of modeling with experiment of Ref. [4]
the crater depth � for different delays has been estimated. To this
end we integrate the mass flux through the plane z = 0 (initial sur-
face position) by using the formula �(t) = �−1

0

∫ t

0
(�u)|z=0 dt′, where

�0 is the initial material density and u is the material velocity. The
dynamics of crater formation is presented elsewhere [6]; in this
work in Fig. 1 the ultimate crater depth for t → ∞ (triangles) is pre-
sented. Already for the 10 ps delay the crater depth is similar to the
one for a SP; for longer delays (50 and 100 ps) the crater depth was
obtained to be smaller than that in the case of SP.

4. Summary

We summarize here the basic stages of the DP ablation process.
The first laser pulse creates the SW, which propagates into the tar-
get. Behind the SW a TW forms and propagates through the liquid
layer resulting in the mechanical fragmentation and ablation of this
layer. When �delay is much shorter than �ei, only one SW and one
TW appear. In this case, the ablation crater is formed by both pulses
simultaneously as in the case of a SP of the same energy. When
the delay is on the order of the relaxation time, the second pulse
creates the second SW thus reducing the intensity of the first TW
and the depth of the ablation crater decreases. Finally, for delays
longer than the electron–ion relaxation time the ablation crater is
formed by the first pulse only, whereas the second pulse reheats
and decelerates the ablated material; the crater depth in this case
can be smaller than that for the SP.
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