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Superheating and Material Ablation
of Metals by Multiple Ultrashort
Laser Pulses

J. K. Chen* and J. E. Beraun
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For metals and metal-like materials subjected to high-power ultrashort-pulse laser
heating, phase explosion is believed to be a dominating mechanism that sputters the
material away. The two-step heating equations along with an isothermal solid-liquid
phase transformation are proposed 10 evaluate the amount of ablated material by ultrafast
lasers. Numerical analysis is performed for gold films in vacuim irradiated by an
ultrashort UV laser. When the superheated liguid temperature at a grid point reaches
0.9T,. (T, denoting the thermodynamic equilibrium critical temperature), phase
explosion is assumed and the grid point is thus removed. The calculated ablation depth
matches well with experimental data. It is found that two consecutive pulses split from a
high-power, ultrashort-pulse laser beam could ablate more material than the single beam
if the first pulse fluence is greater than the ablation threshold.
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Nomenclature
Ae, By maltcrial constants in electron relaxation time
C bulk heat capacity
C. electron heat capacity
Ceo material constant in electron heat capacity
Cy lattice heat capacity
Cpb specific heat at 1),
E Young’s modulus
G electron—phonon coupling factor
H,, fusion latent heat
Jo fluence of a single laser pulse
Joi fluence of the ith laser pulse
Jsn ablation threshold fluence
K. electron thermal conductivity
K, lattice thermal conductivity
L current film thickness
L, initial film thickness
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N total number of laser pulses

qe heat flux in electron gas

q heat flux in a lattice

R; surface reflectivity

S; ith volumetric laser heat source

T temperature

Ty normal boiling temperature

T, electron temperature

Tr Fermi temperature

T lattice temperature

T melting temperature

T, initial (reference) temperature

T thermodynamic equilibrium critical temperature

t time

It time when solid—liquid phase change ends

s time when solid—liquid phase change starts

1, width of a single laser pulsc at half-maximum intensity
tpi width of the ith laser pulse at half-maximum intensity
Loki time when the ith laser pulse reaches the peak power
u unit step function

Vs speed of sound

X spatial coordinate

i 41n(2), a constant

At scparation time between two pulses

XN material constants in electron thermal conductivity
. T,/ Tr, normalized electron temperature

o T,/ Tr, normalized lattice temperature

A laser wavelength

v Poisson’s ratio

0 mass density

Db mass density at 7,

T, electron relaxation time

T phonon relaxation time

1. Introduction

The rapid development of femtosccond lasers over the past decade has opened up a wide
range of new applications in physics, chemistry, material sctence, and medicine. For material
processing, for instance, ultrashort-pulse lasers have advantages over conventional pulse
lasers, such as 1) ultrahigh precision, 2) minimal collateral thermal damage, 3) large material
removal rate, and 4) the capability of processing practically any material (Refs. 20, 21, 24,
and 26, for example). To control and optimize the ultrashort laser material processing,
an understanding of thermal transport in and material ablation from a solid target is of
importance.

Phase explosion (or termed explosive boiling) was first proposed by Martynyuk'” in 1974
for discharging a condensor into a wire. Animportant argument to the high-power, very short
(< 1-ns) pulse laser heating was made some 20 years later.'* '3-1° Recently, experimental ob-
servation of phase explosion of materials by short-pulse lasers has been reported.®~11:25:27.34
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For metals and metal-like materials subjccted to high-power, ultrashort-pulse laser heating,
a melted material at and beneath the irradiated surface, according to Kelly and Miotello,!
is unable to boil because the time scale does not permit the necessary heterogeneous nuclei
to form. Instead, the mclted material is superheated significantly past the normal boiling
point T, to more or less the limit 7, (the thermodynamic equilibrium critical temperature),
The tensile strength of the superheated {metastable) liquid falls to zero; moreover, (luctua-
tion in volume becomes drastic, especially near the critical temperature 7;,.. Consequently,
homogeneous bubble nucleation occurs at an extremely high rate. For instance, the rate of
homogeneous nucleation for cesium (Cs) are 1 em3s~'at T =0.8747,, and 102 cm 35!
at T =0.905T;, (Ref. 18). As a result of the tremendous number of homogeneous nuclei
rapidly formed, the near-surface region of the irradiated material relaxes explosively (or
sputters) into a mixture of vapor and equilibrivm liquid droplets that arc immediately ejected
from the bulk material.

Numerous theoretical investigations on phase explosion by short-pulse lasers have been
reported recently,* 401216233233 Byjoakova and Bulgakov,* Lu et al.,'® Willis and Xu,?
and Xu et al.*® used the classical thermal approach to evaluate the ablation rate and surface
temperature for laser pulses of several-tens of picoseconds and longer. Bulgakova and
Bourakov® employed a two-temperature thermal model along with Euler equations for
the vapor layer to investigate the possibility of phase explosion. Schifer and Urbassek?’
combined a hybrid finite difference and molecule dynamics analysis for subpicosecond
laser ablation of copper. Based on the force that the electric field of charge separation pulls
the ions out of a target, Gamaly et al.'?> derived the analytical formulas for the ablation
threshold and ablation depth for metals and dielectrics irradiated by ultrashort-pulse lasers
with an intensity in the range of 10'°~10'* W/cm?. Chen and Beraun® found that in spite
of the fact that each of the two properties changes drastically with temperature, the product
of specific heat €, and mass density p for a liquid metal remains fairly constant up to the
point near 0.97,. (Fig. 1). Thus, the total heat absorbed by a material point from 7}, to 0.97,.

Reduced specific heat, density

0 | 1 1 H
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Reduced temperature T/T

Fig. 1. Typical variations of specific heat C, and mass density p beyond the normal boiling
temperature for a liquid metal. The subscript & denotes properties at the normal boiling
point.

Journal of Directed Energy, 1, Spring 2004



96 CHEN AND BERAUN

can be approximated by

-0.97,,
jT pcp dr ~ pbcpb(o-gr['m —T3). (1)
h
By assuming that the heat capacity beyond the normal boiling point is constant and equals
06C pp, Chen and Beraun® simulated the superheating up to 0.97,,., a critical temperature that
phasc cxplosion takes place.'*'!7=1¥ The ablation threshold J; for gold films in vacuum
irradiated by a subpicosecond UV laser they calculated is 0.244 J/m?, which is close to
the measurement ~0.17 J/em? (Ref. 21). In addition, their calculation of the ablation depth
correlates well with the experimental data for laser fluences higher than 0,27 Ifem? (Ref. 21).
In this paper, the two-step heating equations>>? along with an isothermal solid-liquid
phase change!® are proposed to model the supcrheating in and the material ablation from
metal materials caused by multiple ultashort laser pulses based on the concept of phase
explosion. The coupled, nonlinear partial differential equations {or the temperatures in the
two subsystems (electrons and lattice) are solved with a finite difference method. Numerical
analysis is performed for gold films in vacuum heated by an ultrashort UV laser. When the
superheated liquid temperature at a grid point is equal to or greater than 0.9T,., phase
explosion is assumed. The grid point, containing both the electrons and the superhcated
liquid, that undergoes the phase explosion as well as the associated thermal energy are
then removed. Numerical results, including the clectron and lattice (phonon) temperature
distributions, the time history of material loss, and the ablation depth as a function of laser
fluence, are presented and discussed. In addition, the cffcets of laser pulse duration, film
thickness, and multiple-pulse laser heating on the material ablation are investigated.

2. Mathematical Model

To investigate the emission of electrons from a melal surface exposed to an ultrashort
laser pulse, Anisimov et al.' proposed a phecnomenological two-temperature model that
can describe the electron and lattice temperature fields. In the first step of their model, the
incident laser energy is absorbed by the free electrons that are confined within the optical
penetration depth («) during the laser heating. In the second step, part of the electron thermal
energy transfers to the lattice through the electron—phonon coupling and, in the meantime,
part of the electron thermal energy diffuses into deeper regions ol the material. By removing
the assumption of instantaneous thermal cquilibrium in electrons made in Ref. 1, Qiu and
Tien®® derived a more rigorous, two-step heating model from the Boltzmann transport
equation. Accordingly, Qiu and Tien’s theory is suitable for laser pulse lengths on the order
of or shorter than the electron relaxation time. Chen and Beraun® extended Qiu and Tien’s
theory by introducing the thermal wave type of heat conduction in the lattice. To distinguish
the above three two-temperature modcls, they are referred to be parabolic,! hyperbolic,*
and dual hyperbolic.’ In this work the dual-hyperbolic, two-temperature equations® together
with the isothermal solid-liquid phasc transformation,’ for general purpose, are proposed
Lo evaluatc material ablation by multiple ultrafast laser pulses. Let the origin of the axis x
locate at the back surface of a film target (Fig. 2). The one-dimensional (1D) form of the
proposed ablation model is written as

9T, aq. .
= G, —-TH =Y Six, 1),
o o ( ) ; (x,1) (2)
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(a): 1D laser heating
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(b): Finite difference grid points

® Temperature points (i=1, 2, ..., n)
¢ Heat flux points (=1, 2, ..., n+1)

Fig. 2. Sketch of the 1D laser heating problem and the finite difference mesh.
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Tty g = —K. 22k ;
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Ll =K== 6
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The quantities with subscripts e and / are associated with electrons and the lattice, re-
spectively. While melting (T; =7,,), the lattice temperature remains unchanged until the
solid-liquid phase transformation is complcted. The start time £, of the phase transforma-
tion at a material point is determined by Eq. (4), and the end timc #,,; is determined by Eq. (5).
Since the rate of vapor loss from a metal material is very small,'"-3 surface vaporization
due to normal boiling is neglecled in the present model. For phase explosion to take place,
the bubbles should reach a critical dimension belore they can burst. To accurately describe
the phase explosion, the kinetics of nucleus formation, the violent, explosive boiling mech-
anism, the stability of liquid droplets, the critical bubblc radius for phase explosion, and the
effeets of the purity of material in the vicinity of the spinodal must be addressed. Since the
detailed process that homogeneous and/or heterogencous bubbles are formed and explode
remains unsolved, it is not modeled here. Instead, phase explosion is simply assumed when
the superheated liquid temperature at a grid point is equal to or greater than 0.97,.. The
grid point, containing the electrons and the superhcated liquid. that undergoes the phase
explosion as well as the associated thermal energy are then removed instantaneously,

The bulk thermal conductivity is the sum of the clectronic component X, and the lattice
component K;. For pure metals, X, in general is much larger than K;. Therefore, heat
conduction in a pure metal lattice is often neglected. In this case the gradient of heat
flux (3¢, /3x) in Eq. (3) along with Eq. (4) is dropped off from the two-temperature model.
For alloys and semiconductor materials, on the other hand, the contribution of K, 1o X
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is significant, and thus, heat conduction in the lattice should be retained. Because the
clectron—phonon thermalization time is shorter than phonon relaxation time, the Cattaneo—
Vernotte constitutive equation (6) (Ref. 29) is coupled with the energy equation (4). The
heat transport in the lattice described above is thus hyperbolic in general, which is different
from the parabolic diffusion employing Fourier’s law.

For a Gaussian laser pulse, the mathematical form of 1D volumetric laser heat sources
S; is expressed as

S = g(l — R exp{_[m) —,\} ~ 3(’ -t,m-)-l G2 N,

Ip O o ?pi
N

Equation (7) indicates that the laser pulses arc aimed at the surface x = L(z). As the depth
increases, the intensity of the volumetric laser heat sources atienuates with the exponential
function exp{—[L(¢) — x]/&;}. The peak laser powers occur at 1 =17,;;. For each pulsc the
lasing starts at# =1,4; — 2, andends at t =1, + 2t,;. The laser energy outside the period
of the lasing time assumed here is very small and thus is neglected.

The governing equations (2)—(6) will be solved with proper initial and boundary condi-
tions. For simplicity, the following conditions are considered:

T(x,0)=T(x,0)=T,, (8)
q.0, 1) = gq.(L.1) =0, )
q/(0. ) =qi(L, 1) =0, (10)

where the initial temperature 7, is set at 300 K (room temperature).

For ultrashort-pulse laser ablation, electron temperature induced in metals could be very
high, on the order of the Fermi temperature 7. Consequently, the thermophysical properties
of electrons used in the model should be valid over a wide range of temperature. Among
these properties, the electron heat capacity C, is proportional to the electron temperature:

C, = CpoT,. ()

Equation (11) is adequate as long as electron temperature is below Ir (Ref. 35). The
electron thermal conductivity K. is subjected to considerable uncertainty since it depends
on the local electronic and atomic temperatures. A functional form for the electron thermal
conductivity that has been employed for modeling ultrashort laser heating for temperatures
over a range from room temperature to the Fermi temperature®%2* is implemented:

_, (02 + 0.16)7*(¢2 + 0.44)9,
‘ (62 +0.092) (92 + ngy)

The electron relaxation time t, characterized in Ref. 31 is suitable for electron temperature
up to the Fermi temperature:

(12)

Te = ——————. 13
T ATV BT, (1
On the other hand, the phonon relaxation time 7 is less temperature sensitive?®:
K (14)
U= .
NS
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The four thermophysical properties given above are as accurate as known today in the
relevant regime of temperatures.

3. Solution Algorithm

The governing equations (2)—(6) for the electron and lattice temperatures are solved
with a finite difference method. Since no convective term is involved, a fixed, uniform
grid mesh (Fig. 2) is adopted. Thc spatial derivatives of the electron and lattice temper-
aturcs and the heat flux(es) at interior points are approximated with the central differ-
ence, and those at the two boundaries are approximated with the forward difference. The
temperatures are calculated at the grid points, whereas the heat flux(es) are computed at
the halfway point location between two consecutive grid points. At the boundaries the
quantities are solved where they are unknown and are directly imposcd where they are
specified.

In cach timestep, the time rates of change of the electron and lattice temperatures, 7, and
T}, are first determined from the energy equations (2) and (4), respectively. The tempcra-
tures 7, and 7; are then updated with the forward difference. When the calculated lattice
temperature at a grid point reaches the melting point, according to Eq. (5), the lattice tem-
perature remains unchanged until the solid-liquid phase transformation is completed. If
the temperature of the superheated liquid at a grid point is equal to or greater than 0.97;,,
phase explosion is assumed. That grid point, including both the electrons and the metastable
liquid, is then eliminated from the model. In case the grid point that undergoes the phase
explosion is underneath the surface, those points that locate in front of it are all removed.,
The associated thermal energy, of course, is also eradicated with the grid point(s). Once the
grid point(s) are removed, the insulated boundary condition is imposed to the new surface.
With the new temperature fields, the rates of change of the heat fluxcs in electrons (g.) and
the lattice (g;) are computed from the microscale constitutive equations (3) and (6), respec-
tively. Subsequently, the heat fluxes g, and g; are advanced. Once the current temperatures
and heat fluxes in and the new geometry of the target are determined, the above solution
procedure repeats for the next timestep.

Since the main purpose of this work is to evaluate the ablation depth, the computation is
stopped when phase explosion no longer occurs (i.e., there is not enough thermal energy
in the electrons that will be transferred to the metastable liquid to raise the temperature to
0.97;.). The checking condition is

T. 0.97,,
f Ce(T)dT < f CATYAT + pHull — u(l; = T,)1, (15)
1 T

where u is a unit step function. If the above uncquality exists for all the grid points, then
phase explosion will no longer take place.

4. Numerical Results and Discussion

The first numerical analysis is conducted for comparing the model calculation of abla-
tion depth with experimental data. The test case is cited from Preuss et al.?! that a gold
film in vacuum is heated by a UV laser beam. The laser pulse width tp 1s 500 fs, and
the wavelength A is 248 nm. After that, the effects of laser pulse duration, film thickness,
and multiple-pulse laser heating on the material ablation are investigated. The width of
the laser pulses considered in the numerical analyses is 500 fs except for those in the
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Fig. 3. Thermophyical properties K and C, of gold.

study of the pulse duration effcct. Figure 3 gives the bulk thermal conductivity K of gold®
and the heat capacity C; of the gold lattice, where C, is calculated from the relationship
C =C, + C; for temperatures below T}, and is assumed to be constant for the temperature
beyond 7 as described in the Introduction. The melting, normal boiling, and thermody-
namic equilibrium critical temperatures are 1,337, 3,081, and 7,670 K (Ref. 18), respec-
tively. The other thermophysical and optical properties employed are as follows* 2! 223031
o =1.93 x 10* kg/m®, Coo, =70 Jm K2, G =8.0 x 10" Wm—K~', K; =0, R =0.332,
a=14.5nm, x =353 Wm 'K~ !, n=0.16, Tr =6.42 x 10* K, A, =1.2 x 107 K~25~1,
B, =123 x 10" K57}, and H,, =6.275 x 10* Jkg~'. The mechanical properties of gold
are £ =74.9 GPa and v = (1.42. The electron relaxation time 7, is 26,3 fs at room temper-
ature and about 0.02 fs at the Fermi temperature according to Eq. (13), and the phonon
relaxation time 7; is 38.7 ps at room temperature according to Eq. (14). For the electron—
phonon coupling factor, Wang et al.’! estimated that the value of G at k3T, =1 eV (ie.,
7. =1.16 % 10* K) for gold can increase by a factor of ~6 over the value at room tem-
perature, 2.6 x 10'® Wm—K~! (Ref. 22). Owing to the fact that the maximum electron
temperature studied here is on the order of the Fermi temperature, a larger valuc of G than
that of room temperature is expected. As will be seen, the ablation rate simulated with
G =8.0x 10" Wm3K~! (~3.1 times the value at room temperature) matches very well
with the experimental data.

Since the laser pulse width considercd here is much longer than the electron relaxation
time, especially when the electron temperature is high, the term 7,94./0t in Eq. (3) can
be neglected. Numerical analysis, however, showed that a much smaller time increment is
needed for the solution convergence if the electron relaxation term is excluded. For that
reason, the electron relaxation term is retained in Eq. (3). In the study of the convergence of
grid size on the numerical results, three ditferent sizes of grid space, 0.5, 1.0, and 2.0 nm,
were examined in the computation of the temperatures and the ablation depth. It was found
that a grid size of | nmis adequate to resolve the problem, Therefore, uniform-mesh models
with the grid size of 1 nm are employed in the following numerical analysis. Figures 4—12
present the results for the single-pulse lasers, while Figs. 13 and 14 present the results for
the two consecutive pulses split from a laser beam.
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Fig. 4. Electron temperature as a function of distance x’ for a 500-nm gold film irradiated
by a 500-fs UV laser pulse of A =248 nm and J, =0.4 Jfem?, where x' =L, — x, with L,
being the initial film thickness.
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Fig. 5. Lattice femperature as a function of distance x’ for a 500-nm gold film irradiated
by a 500-fs UV laser pulse of A =248 nm and J, = 0.4 J/cm?, where x' =L, — x, with L,
being the initial film thickness.

Figure 4 shows the transient electron temperature in a 500-nm gold film as a function
of distance x’ at different time instants, where x’ =L, — x, with L, denoting the initial
film thickness. In this calculation J, = 0.4 J/cm?, For clarity, only the result for the depth
from x’ =0 to 200 nm is plotted in Fig. 4, The electron temperature reaches the maximum
at £ = 1.351 ps. The missing portion of the temperature curves for + = 10 and 16 ps are
the material that is ablated. The lattice temperature distribution is depicted in Fig. 5. As
indicated, there are small plateaus on the five temperature curves for r > 2 ps. These plateaus
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Fig, 6. Time history of the material loss from a 500-nm gold film irradiated by a UV laser
pulse of £, =500 fs and A =248 nm at five laser fluences.

are the interface layer in which the material is undergoing the melting. The right points of
the plateaus are where the phase transformation begins, and the left points are where the
transformation is completed. The region where the temperature exceeds the normal boiling
temperature (3,081 K) is the superheated liquid. For this laser fluence (0.4 J/cm?), the depth
of the superheated liquid is, for example, about 46 nm at = 16 ps.

The time history of material ablation is illustrate in Fig. 6 for five different laser fluences.
It appears, as expected, that the higher the laser fluence, the earlier the sputtering starts
and the more the material is removed. Note that the laser ablations of the five cases all are
completed prior to ¢t = 16 ps. The results in Fig. 6 also show that one grid potnt is removed
at a time.

Figure 7 shows the amount of ablated material as a function of laser fluence, The electron—
phonon coupling factor at room temperature (G =2.6 x 10'¢ Wm3K~") was first used in
the calculation. As shown in Fig. 7, the simulated results are well off the experimental data.?!
Other values of G were then tested. The results computed with G = 8.0 x 10'6 Wm—3K ',
apparently, are in very good agreement with the experimental data except for the region
near the ablation threshold. The calculated Jy;, is about 0.257 J/cm?, which is slightly higher
than the measurement ~0.17 J/cm?. Another value calculated with the analytical formula'?
is 0.118 J/cm?. It is worth noting the different dependency of laser fluence for the material
ablation. The ablation rate {(material removal by an increment of laser fluence) is quite small
for the laser fluences lower than ~0.24 J/cm?, compared to that for the higher fluences. This
significant difference implies that material ablation by the lower power laser may not be
controlled by phase explosion. Instead, nonthermal damage that is caused by high stresses
could be the dominating ablation mechanism.”23

The solid line in Fig. 8 represents the ablation depth obtained from a different approach
that includes the heat conduction in the lattice. In this analysis the thermal conductivity
given in Fig. 2 is assumed for K, and a larger value of G, 1.2 x 10" Wm—*K ™, is adopted.
It is interesting to note that the computed ablation depth does not increase smoothly with
the laser fluence; instead, the increase is somewhat snaky. Figure 9 shows the time history
of the material loss. For this model, the point-by-point material removal occurs only in
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Fig. 7. Sensitivity study of the electron—phonon coupling factor on material ablation for a
500-nm gold film irradiated by a 500-fs UV laser pulse of A =248 nm.
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Fig. 8. Comparison of the material ablation behavior simulated with the approaches with
and without heat conduction in the lattice.

the beginning of the ablation. After some certain period of time, two or more grid points
are removed at a time. This reveals that phase explosion no long occurs at the surface
grid point but somewhere beneath the surface. The lattice temperature distribution over the
region of x’ = 0-200 nm is plotted in Fig. 10 for the case of J, =047, Jcm?. When the heat
conduction in the lattice with the phonon relaxation effect is taken into account, the peak
lattice temperature would travel from the irradiated surface to inside the material with the
speed of thermal wave.® Since the superheated liquid explodes from the location where the
temperature first reaches the critical point 0.97,,, the movement of the peak temperature
can explain why the phase explosion occurs at the surface grid point in the early time and
shifts to somewhere beneath the surface at the later times. Besides, conduction of the heat
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Fig. 9. Time history of the material loss simulated with heat conduction in the lattice.
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Fig. 10. Lartice temperature as a {unction of distance x” for a 500-nm gold film irradiated
by a 500-fs UV laser pulse of A =248 nm and ./, =0.4 Jjem?, where x’ =L, —x, with L,
being the initial film thickness, simulated with heat conduction in the lattice.

in the lattice from the hot region to the colder one continues to reduce the peak temperature
as time lengthens.® To make up the conduction loss, more laser power is needed to raise
the temperature of the hottest grid point to 0.97,.. Accordingly, the amount of ablated
material could be the same for two laser pulses unless the fluence of one pulse is greater by
a certain amount than the other. Once the hottest grid point (inside the material) explodes,
multiple grid points are removed, i.e., there is a sudden jump of the ablation depth. This
cxplains the snaky behavior as seen in Fig. 8. The phase explosion discussed here is a
possible phenomenon for materials such as alloys and semiconductor materials, for which
the contribution of K; to K is significant.
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Fig. 11. Effect of film thickness on the ablation depth for gold films heated by a 500-fs UV
laser pulse.
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Fig. 12, Effect of laser pulse duration on the material ablation for a gold film heated by UV
laser pulses.

The influence of film thickness on the material ablation by ultrashort lasers is shown in
Fig. 11. Three laser fluences are studied. It is clearly seen that the calculated ablation depth
is independent of the film thickness provided that films are thicker than 300 nm. For films
thinner than 300 nm, a higher ablation rate is achieved.

Figure 12 shows the effect of laser pulse length on the material ablation. Ninc laser pulse
durations, from 7, = 10 fs to 20 ps, are examined. In these calculations the same surface
reflectivity is assumed. Evidently, the amounts of ablated material are almost identical for
the laser pulse durations shorter than a few picoseconds. For longer laser pulses, on the other
hand, less material is ablated as the pulse length increases. This confirms that compared
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Fig. 13. Influence of the fluence of the second pulse on the ablation depth for a 500-nm
gold film heated by the split pulses; Az =16 ps and J,» =0.05, 0.1, 0.15, and 0.2 Jem?.

with longer laser pulses, femtosecond lasers need lower fluence to accomplish material
ablation.?*

The lattice temperature distribution shown in Fig. 5 indicates that after laser ablation,
a considerable amount of residual thermal energy remains in the superheated liquid. This
suggests that ultrafast laser ablation can be optimized if the residual thermal energy is
utilized. Therefore, ablation of the gold films by two consecutive pulses split from a laser
beam is investigated in this paper. Let J,; and J,2 be the laser fluences of the first and
second pulses, respectively; thus the total fluence is J, = J,1 + J,2. In view of the laser
ablations studied above all being completed before ¢ = 16 ps (Fig. 6), the separation time
At of the two split pulses is assumed to be 16 ps. The film used in the analysis is 500 nm
thick. Figures 13 and 14 show the influence of the second laser pulse fluence on the amount
of ablated material. The fluences of the second pulse presented in Fig. 13 are constant,
Jo2 =0.05, 0.1, 0.15, and 0.20 J/em?, while those presented in Fig. 14 vary with the first
pulse fluence, J,o = J, and J,2 = 2J,, respectively. As seen in Fig, 13, for the total fluence
near the threshold the amount of ablated material by the split pulses is nearly independent
of the second pulse fluence. As the total fluence increases, however, the dependency of the
second pulse fluence for the material ablation becomes discernible. Interestingly, the total
fluence at which the curves of the two split pulses cross the curve of the single pulse is
slightly greater than the sum of ./, and J,,. This is also true for the case J,2 = J,| (Fig. 14).
Although Fig. 14 shows that the case of J,; =2J,; has a worse performance than that of
the single pulse, according to the above statement, the total amount of ablated material
should be able to be improved if J, is at least 0.771 J/em? (the sum of Jy; = 0.257 J/cm?
and Jop = 0.514 J/cm?). In fact, further analysis finds that the ablation depth is 53.5 nm by a
0.8-J/cm? single pulse, for instance, whereas it increases to 56.5 nm by the two split pulses.

The change of the laser ablation result by allocating different energy to the two pulses can
be explained as follows. For the total fluence near the threshold, 0.28 J/cm? for instance, all
the first pulse fluences studied in this work are lower than J,, (= 0.257 J/cm?). Hence, part of
the laser energy of the second pulses is used to continue to heat the material up to the critical
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Fig. 14. Influence of the fluence of the second pulse on the ablation depth for a 500-nm
gold film heated by the split pulses; Ar = 16 ps and J,; < J,3.

temperature (0.97,.). As aresult of the similarity of the heating and ablation process to that
of a single beam, material ablation by the two split pulses is nearly independent of the energy
allocated to the pulses for the same total fluence. The smaller amount of material ablated by
the two split pulses than by the single pulse is attributed to the cooling of the superheated
liquid during the interruption of the laser energy deposition. For the total fiuence much
greater than the threshold, in contrast, the first pulse fluence plays an important role in the
material ablation. Let us consider the two split pulses whose total power is 350 J/cm?, For the
case of J,» =0.05 J/cm?, the amount of ablated material by the first pulse (/,; = 0.3 J/em?)
is 17.5 nm. Assuming that the cooling effect is of no consequence, the amount of ablated
material by the second pulse can then be estimated with the ablation rate near the threshold.
From the ablation result of the single pulse shown in Fig. 13, the ablation rate for the fluence
0.257 ~0.307 J/cm? is significantly higher than that for 0.3 ~ 0.35 J/cm?. This leads to a
larger amount of ablated material, 27.5 vs 25.5 nm by a single pulse. For the other case of
J,2 =0.20 Jjem?, no material is removed by the first pulse since J,; = 0.15 Jem? < J,.
Because of the cooling of the superheated liquid during the interruption of the laser energy
deposition, it is impossible for the split pulses to ablate more material than the single pulse.
The above discussion draws a conclusion that the first pulse fluence must be greater than
the ablation threshold in order to improve energy efficiency of material ablation. Tt should
be pointed out here that the At studied in this paper is 16 ps, just a little longer than the
completion time of the ablation by the first pulse. If At is quite large, the improvement in
material ablation would be reduced due to the significant cooling of the superheated liquid.

5. Conclusions

The two-step heating equations along with an isothermal solid-liquid phase transfor-
mation are proposed to evaluate the superheating and material ablation of a pure metal
irradiated by multiple ultrashort laser pulses. When the temperature of the superheated lig-
uid at a grid point reaches 0.97;., phase explosion is assumed and thus the material point
is removed. Good correlation between computations and experimental data on gold films
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is achieved through the use of a specific value of the electron—phonon coupling factor. The
theoretical model presented in this paper appears capable of defining phase explosion as the
dominating mechanism of material ablation of pure metals by high-power, ultrashort-pulse
lasers. Failure of the present model to capture the ablation response for the laser power near
the ablation threshold is attributed to different ablation mechanisms such as nonthermal
damage from high stresses.

The numerical analysis shows that there is an insignificant difference in material ablation
response as long as the laser pulse duration is shorter than 4 few picoseconds. For the longer
pulses, the amount of ablated material decreases as the pulse length increases. It is also
found that for ultrashort-pulse lasers, the simulated ablation depth is independent of the
film thickness provided that gold films are thicker than 300 nm. On the other hand, more
material can be ablated for films thinner than 300 nm. In addition, two consecutive pulses
split from a high-power, ultrashort-pulse laser beam could improve the ablation performance
if the first pulse fluence is greater than the ablation threshold.
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