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In this work, Molecular Dynamics (MD) simulation is employed to investigate femto
ond laser ablation of copper, with an emphasis on the understanding of the mechan
phase change during laser ablation. Laser induced heat transfer, melting, surface e
ration, and material ablation are studied. Theoretically, it has been suggested that u
intense femtosecond laser irradiation, the material undergoes a volumetric phase ch
process; its maximum temperature can be close to or even above the thermody
critical point. The MD simulations allow us to determine the transient temperature his
of the irradiated material and to reveal the exact phase change process, which exp
the mechanisms of femtosecond laser ablation. A finite difference calculation is
performed, which is used to compare results of heating and melting prior to a signifi
amount of material being ablated.@DOI: 10.1115/1.1797011#
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Introduction
In recent years, commercial, turn-key femtosecond pulsed

sers have been rapidly developed and employed in materials
cessing. Due to the extremely short laser pulse duration, heat
fusion is confined, resulting in more precise machining compa
with those obtained with longer laser pulses. On the other ha
femtosecond laser material interaction involves coupled, n
linear, and non-equilibrium processes, inducing extremely h
heating rate (1016 K/s) and high temperature gradient (1011 K/m)
near the laser irradiated surface. The purpose of this work is to
numerical techniques to investigate the rapid phase change
cess during femtosecond laser ablation. Both finite differe
~FD! and molecular dynamics~MD! calculations are carried out

A large amount of work has been dedicated to the numer
study of laser material interactions. Several finite differen
schemes have been reported in the literature. These works im
ment the two-temperature model first proposed by Anisimov et
@1#, which was later rigorously developed from the Boltzma
transport equation@2#. The two-temperature model considers ele
trons and the lattice as two sub-systems. The laser energy is
absorbed by electrons and subsequently coupled to the lattice
a time period of several picoseconds. Recently, this model
been extended to compute solid-liquid and liquid-vapor ph
change induced by a femtosecond laser pulse@3#. For MD calcu-
lations, due to the limitation of computing power, most work h
been restricted to systems with a small number of atoms.
example, MD calculations of laser ablation of a dielectric syst
consisting of 4851 atoms@4# and crystalline silicon containing
approximately 23,000 atoms@5# have been reported. A metal sy
tem consisting of 160,000 atoms was simulated@6# using the
Morse potential function@7#. Heat conduction by the electron ga
in metal, which dominated the heat transfer process, could no
predicted by the Morse potential function. Rather, it was sim
lated using the finite difference method based on the thermal
ductivity of electrons in metal. A larger argon crystal of about h
a million atoms irradiated by a laser pulse was investigated@8#.
Recently, Wang and Xu studied thermal and thermomechan
phenomena during picosecond laser ablation of an argon cryst

Contributed by the Heat Transfer Division for publication in the JOURNAL OF
HEAT TRANSFER. Manuscript received by the Heat Transfer Division August
2003; revision received June 3, 2004. Associate Editor: C. P. Grigoropoulos.
Copyright © 2Journal of Heat Transfer
la-
pro-
dif-
red
nd,
on-
igh

use
pro-
ce

cal
ce
ple-
al.
n
c-
first
over
has
se

as
For
m

-

s
t be
u-
on-
lf

ical
l of

a size of two million atoms@9,10#. Generation and propagation o
the thermal stress, and the coupling between the temperature
and the stress field were discussed in detail.

In this work, MD simulations are conducted to study femtose
ond laser ablation of copper. Over two million atoms are sim
lated using parallel computing techniques. Laser induced h
transfer, melting, surface evaporation, ablation~i.e., rapid removal
of a significant amount of material, also referred to as a volum
ric phase change process in this work! are studied. In addition,
finite difference~FD! calculations are carried out and results
laser induced heating and melting are compared with those f
MD calculations. The emphasis of this work is to investigate
mechanisms of laser ablation. Parameters relevant to laser
tion, such as the transient temperature history and superheatin
the melted material are presented.

Theoretical Description of the Mechanisms of Femtosec-
ond Laser Ablation

There are two processes of laser induced material removal:
face evaporation and volumetric liquid-vapor phase transform
tion @11#. Surface evaporation occurs at any melted surface. D
ing pulse laser heating, however, surface evaporation norm
accounts for a small fraction of the total material that is remov
since the high temperature state only lasts for a short perio
time. Under high power, short pulse laser irradiation, another m
terial removal mechanism, the volumetric phase transforma
termed phase explosion becomes important@12,13#. Phase explo-
sion can be illustrated using the p-v diagram as shown in F
1~a!. With rapid heating by a laser pulse, it is possible to raise
temperature above the boiling point ‘‘A’’. This is because t
number of nucleation sites generated within the short heating
ration is small. On the other hand, there is a boundary of ther
dynamic phase stability, the spinode, which is marked as p
‘‘B’’ in Fig. 1 ~a!. The spinodal temperature can be calculated fr
the derivatives of the Gibbs’ thermodynamic potential using
propriate equation of state near the critical point. At the spino
homogeneous~volumetric! nucleation, or phase explosion occur
The liquid is turned into a mixture of liquid and vapor through
explosion~expansion! process as shown in Fig. 1~a! from state B
to state C. Therefore, phase explosion is accompanied with

4,
004 by ASME OCTOBER 2004, Vol. 126 Õ 727



l
i
t
e

s

i

t

u

l

e
a

p
l

-
os
are
pro-

ob-
was
to

ase

re-
laser
-

bla-
ion,
ab-

per-
ure
d by a
this
ond

to
lar
, a

of

,

ma-
ca-

res,

ta-
des
ns
lar

this
of

ve-
er
a
vel-

im-

es.
oms
om
expulsion. Experimental work has shown that phase explos
occurs during nanosecond laser ablation of a metal@11,13#.

The physical phenomena occurring in femtosecond laser a
tion are much more complicated than those in nanosecond
ablation. Due to the extremely short heating duration, the t
required to transfer energy from the electron system to the la
is longer than the laser pulse, leading to non-equilibrium betw
electrons and the lattice. Intense femtosecond laser pulses
cause electron emission. Because the mobility of electrons in
electrics and semiconductors is low, a localized high ion den
results which can exceed the lattice stability limit and cause C
lomb explosion—a type of nonthermal ablation@14,15#. Nonther-
mal Coulomb explosion is much more significant in dielectr
and semiconductors, while it plays a minor role in metal.

Femtosecond laser also causes an explosive type of ma
removal. An important factor that needs to be considered her
the time for vapor embryos to grow to nuclei prior to the vol
metric phase change taking place.~Embryos smaller than a critica
size will collapse, while those larger than the critical radius, cal
nuclei, will favor growing in order to reduce free energy.! The
time for nucleation, or the time lag for phase explosion, has b
estimated from the classical nucleation theory to be within 1
10 ns@16#. Experimental study showed that this time lag is abo
5 ns during nanosecond laser ablation of a nickel target@17#.
Since this time lag is longer than 1 ns, nucleation cannot oc
during laser heating if the laser pulse is shorter than 1 ns. With
use of a femtosecond laser, heating above the spinodal tem
ture or even above the critical temperature becomes possib
phase change process from the super-critical state to a two p
mixture is termed critical point phase separation@18#. The p-v
diagram of critical point phase separation is shown in Fig. 1~b!.
Under an extreme heating rate, a material reaches a state a

Fig. 1 „a… p -v diagram of phase explosion at spinode; and „b…
p -v diagram of critical point phase separation
728 Õ Vol. 126, OCTOBER 2004
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the thermodynamic critical temperature ‘‘B’’, followed by an ex
pansion~relaxation! process during which the nucleation embry
continue to grow. When a sufficient number of nucleation sites
generated in this expansion process, a violent phase change
cess takes place~state ‘‘C’’ to ‘‘D’’ !. The exact point when this
phase change occurs~i.e., above or below the critical point! is not
known, but is probably dependent on the peak temperature
tained during the process. In the past, such a phenomenon
only discussed in a theoretical context due to lack of means
achieve the required heating rate@18#. However, with femtosec-
ond laser heating, it was suggested that the critical point ph
separation could be responsible for ablation@19#.

We have conducted many experimental and numerical
searches on the phase change process during nanosecond
ablation@11,13,17#. This work continues our efforts on the inves
tigations of pulsed laser ablation, with the emphasis on the a
tion induced by a femtosecond pulse. From the above discuss
information such as the transient temperature during the laser
lation process, the creation of the vapor phase inside the su
heated liquid, and the time required to form a two-phase mixt
are needed to describe the phase change phenomena induce
femtosecond laser pulse. The MD calculations conducted in
work are intended to provide detailed descriptions of femtosec
laser ablation.

Numerical Approach
Molecular Dynamics simulation is a computational method

investigate the behavior of materials by computing the molecu
or atomic motion governed by a given potential. For copper
suitable potential is the Morse potential expressed as@7#

F~r !5D@e22b~r 2r «!22e2b~r 2r «!# (1)

whereD is the total dissociation energy andr « is the equilibrium
distance. The constantb in this equation determines the shape
the potential curve. Whenr→r « , the potentialF→2D. At very
large separation distancer, F→0. Using the potential function
the force between two atoms is obtained as

F~r !52
]F~r !

]r
52Db@e22b~r 2r «!2e2b~r 2r «!# (2)

The Morse potential has been proven to be a good approxi
tion to the interactions between atoms in fcc metals, and is
pable of predicting many material properties@7#. It has been
widely used in simulating laser ablation processes@6,20–23#. Al-
though there are other potentials for copper used in literatu
such as the embedded atom method@24#, we have chosen the
Morse potential since it requires the least amount of compu
tional time and also there is no evidence which potential provi
better description for the laser ablation problem. MD simulatio
of picosecond laser ablation of metal using EAM yielded simi
volumetric phase change phenomena as the one obtained in
work @25#, although direct comparison is not possible because
the different laser parameters used in the two works~different
pulsewidth, fluence, etc.!.

The general approach of MD is to obtain atomic positions,
locities, etc. at timet1dt based on positions, velocities, and oth
dynamic information at timet. The equations are solved on
step-by-step basis. Many different algorithms have been de
oped to solve Eqs.~1! and ~2!, of which the Verlet algorithm is
widely used due to its numerical stability, convenience, and s
plicity @26#. In this work, a modified Verlet algorithm is used@9#.

In the calculation, most time is spent on calculating forc
However, it is not necessary to calculate forces between all at
in a computational domain. When two atoms are far enough fr
each other, the force between them becomes very small~see Eq.
Transactions of the ASME
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~2!!. The distance beyond which the interaction force is negligi
is called the cutoff distance~potential cutoff!. In this work, r c is
taken as 2.4r « . At this distancer c , the potential is about 0.9% o
the equilibrium potentialD.

Using the two-temperature model, the laser energy is con
ered absorbed by electrons in copper first, and is then transfe
from electrons to the lattice. The governing equation for electr
and the electron-lattice coupling can be obtained from tw
temperature model and is expressed as@27#

Ce

]Te

]t
5

]

]x S ke

]Te

]x D2G~Te2Tl !1S (3)

The strength of energy coupling between electrons and the
tice is represented byG. The last termS represents absorption o
energy by electrons from the laser. The laser source termS is
expressed as the standard form for a laser pulse with a Gau
temporal distribution:

S50.94
12R

tpd
J•expS 2

x

d
22.77S t2t0

tp
D 2D (4)

The use of Eq.~3! for computing energy absorption and diffu
sion in the electron system is justified. This is because the time
electrons to absorb photon energy and reach thermal equilib
~electron thermalization time! is short, on the order of 500 fs@28#.
This time scale is less than the time for energy to transfer fr
electrons to the lattice~;ps! and the time of the subsequent pha
change process~;10 ps or longer!, which is the main focus of this
study. In other words, the detailed process of how the electr
reach equilibrium, which occurs much earlier than the latt
structural change, is not important for this work.

The TDMA ~Tri-Diagonal Matrix Algorithm! method is used to
solve Eq.~3!. At each time step, the electron-lattice coupling te
G(Te2Tl) is added to the lattice by scaling the velocities of
atoms in a structural layer by a factorA11G(Te2Tl)dt/Ek,t,
whereEk,t is the total kinetic energy in the layer at the timet. This
is equivalent to increasing the lattice energy as

Cl

]Tl

]t
5G~Te2Tl ! (5)

Heat conduction in the lattice is always considered in the M
simulation, although it is insignificant compared with the electr
conduction in a metal. The change of density due to thermal
pansion or phase change is considered by scaling the thermal
ductivity and specific heat of electrons in each cell by the ratio
the local density to the original density. Therefore, when exp
sion happens, the effective thermal conductivity and specific h
decreases, which is consistent with the electron properties of
als @29#. The total energy of the two systems is monitored a
compared to the input laser energy at each time step. The pr
dure of handling heating of the lattice in a MD calculation h
been described elsewhere@9#.

A significant effect in femtosecond laser heating of metals is
ballistic motion of electrons@30,31#. This effect effectively leads
to a greater absorption depth and hence lower surface temp
tures@3#. However, no experimental data is available on the b
listic effect in copper, although it is expected to have some ef
in all s/p-band metals@31#. As the main emphasis in this work i
on identifying the material removal mechanisms rather than c
parison with experimental data, inclusion of the ballistic effect
not strictly necessary as it would simply lead to a modification
the optical penetration depth and hence increase the threshol
ences for phase change.

The computational domain consists of 30 fcc~face-centered
cubic! unit cells iny andz-directions, and 600 fcc unit cells in th
Journal of Heat Transfer
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x-direction, which is shown in Fig. 2. The total number of atoms
2,160,000. The whole computational domain before laser hea
is 10.97 nm310.97 nm3218.65 nm. This computational size
sufficient to track the propagation of the phase change interfac
the direction normal to the laser irradiated surface~the
x-direction!, as well as to maintain a large number of atoms in t
y-z cross-sectional area so that macroscopic properties suc
temperature can be determined from statistical analysis@9#. Peri-
odic boundary conditions are used iny andz-directions, and free
boundary conditions in thex-direction.

The large number of atoms in the simulation necessitates
use of parallel computing platforms to accelerate computation
the present time, a cluster of eight PCs is used, each with a
GHz AMD Athlon processor. The work across the processors
partitioned by dividing the whole domain into eight sub-doma
so that the number of atoms for each processor is almost the s
Each processor computes forces and updates positions of all
ticles in the sub-domain. MPICH, a Message Passing Interfac
used, which performs inter-processor communication for ato
close to inter-processor domain boundaries for both compu
forces and reassigning atoms based on updated positions. Fig
shows the schematic of the domain division and calculation p
cess. For simplicity, a four-node system is illustrated. Interfac
layers are designated in each sub-domain, where the informa
of the atom positions and velocities is identical in the neighbor
sub-domains. During each time step, each subdomain is first
culated by its processor, and atom position and velocity upda
and exchanging are carried out on the interfacial layers betw
sub-domains. In other words, each processor only computes
sub-domain; the interfacial layer does not need to be calculate
both processors as the information is passed from one sub-do
to the other as shown in Fig. 3. Therefore, no extra time is sp
on force calculations which are the most time consuming par
the computation. This technique greatly reduces the storage s
requirement, and more importantly, the information exchang
load between processors. Calculations show that the overall
ciency of the parallel program is excellent, about 90–92%
eight processors. This implies that the overhead associated
load imbalance and communication is small.

In addition to the MD calculations, finite difference calculatio
are also carried out. As will be shown later, the FD calculat
does not provide correct results about the material removal sin

Fig. 2 Schematic of the computational domain

Fig. 3 Schematic of domain division and position and velocity
exchange in parallel calculation
OCTOBER 2004, Vol. 126 Õ 729



Fig. 4 Comparison of electron „left column … and lattice temperatures „right column … obtained from MD and FD calculations
b
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does not account for the volumetric phase change described
viously. The purpose here is to compare with the MD results
fore the volumetric phase change occurs. The FD calculatio
based on the non-equilibrium hyperbolic two-step model@2#. For
730 Õ Vol. 126, OCTOBER 2004
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the present simulation, the model is simplified to consider o
one-dimensional heat conduction and the hyperbolic part is
glected to yield a simpler parabolic set of equations. These
sumptions are justified as the laser spot size is large compare
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the heat penetration depth and the laser pulse width~100 fs! is
long compared to the electron relaxation time@2#. The coupled
equations of the model are:

Ce

]Te

]t
5

]

]x S ke

]Te

]x D2G~Te2Tl !1S (6a)

Cl

]Tl

]t
5

]

]x S k l

]Tl

]x D1G~Te2Tl ! (6b)

It is seen that absorption of laser energy by electrons is mod
in the same way as in the MD calculation, while heat transfe
the lattice is modeled using the heat diffusion equation~Eq. 6~b!!.
The laser source termS is identical to what is shown in Eq.~4!.
The initial electron and lattice temperatures are taken to be e
to the room temperature and the top and bottom surfaces o
target are assumed to be insulated.

At high fluences and short pulse widths considered in t
study, rapid solid-liquid phase changes are controlled by nu
ation dynamics rather than by heat transfer at the phase ch
interface@32#. At the solid-liquid interface, the relation betwee
the superheating/undercooling at the interface,DT5Tsl2Tm , and
the interface velocityVsl is given by

Vsl~Tsl!5V0F12expS 2
LslDT

kbTslTm
D G (7)

whereTsl is the temperature of the solid-liquid interface,Tm the
equilibrium melting temperature, andLsl the enthalpy of fusion
per atom.V0 is a velocity factor. The energy balance equation
the solid-liquid interface is

ks

]Tl

]x U
s

2k liq

]Tl

]x U
liq

5rs Vsl Lsl (8)

Procedures of solving Eqs.~5!–~7! have been described else
where@3#.

In general, material removal by evaporation during femtos
ond laser heating can be modeled using the Clausius-Clape
equation to provide for superheating at the liquid-vapor interfa
the energy loss due to evaporation, and the amount of mat
evaporated@3,32#. However, it was noticed that evaporation co
tributes very little to the actual material removal process. It w
seen that for femtosecond heating of gold, evaporation would c
tribute only about 0.1 nm of materials removal@3#. The energy
lost due to evaporation is also negligible compared with the
ergy absorbed by the system. As such, in this calculation,
evaporation process was neglected and the material was allo
to stay liquid past the equilibrium evaporation temperature.

For both calculations, the laser beam is considered uniform
space, with a temporal Gaussian distribution~Eq. ~4!! of 100 fs
FWHM centered at 1 ps. The laser beam energy is absorbed
ponentially in the target, with an absorption depthd of 12.6 nm.
Other parameters used in the calculations are:Ce52.1
3104 J/m3-K, ke5386 W/m-K, G54.831016 W/m3-K, Cl

5383.817 J/kg-K, k l50.013ke , Lsl52.073105 J/kg, Tm

51358.0 K, rs58.963103 kg/m3, D50.3429 eV, b
513.588 nm21, andr «50.2866 nm. The laser fluence~absorbed!
is 0.4 J/cm2. Properties used here are considered temperat
independent, since temperature dependent properties nea
critical point are not available. However, the uncertainties in
properties will not affect this study since the focus is on t
mechanisms of laser ablation, rather than obtaining the abso
thermodynamic parameters at the laser fluence used in
calculation.

Results and Discussion
Figure 4 shows electron and lattice temperature distribution

the target computed using the MD and FD methods. The surfa
at the right edge, and laser pulse is incident on the surface f
Journal of Heat Transfer
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right to left. In the MD simulation, the temperature of the lattice
different locations is calculated as an ensemble average of a
main with a thickness of 2.4r « in the x direction.

From Fig. 4, it is seen that the electron temperature on
surface increases from room temperature to a very high value~on
the order of 105 K) within half a picosecond. However, at tha
time, the lattice temperature only increases tens of degrees
electrons transfer energy to the lattice, the thermal expan
causes the length of the domain to increase. Note this lattice
pansion is computed in the MD simulation only. It is observ
from the figures that the results from the two calculations
comparable until about 9 ps. After that time, the results diverge
the FD calculation does not account for thermal expansion and
actual material removal caused by material breakup as observ
the MD calculation. For example, at 18 ps, the length of the M
calculation domain becomes more than 20 nm longer than
length of the FD calculation domain, which does not change w
time. Further, at about 30 ps, the material starts break up~as will
be seen in Figs. 6 and 7!, which leads to a much longer tota
domain length. This type of volumetric phase change is not
counted for in the FD calculation. The temperature distributio
from the FD and MD calculations diverge further after this vol
metric phase change occurs.

A plot of the melt front position as a function of time shown
Fig. 5 also indicates that the two calculations yield similar resu
before liquid-vapor phase change begins. Before 20 ps, the
depth calculated from MD is slightly larger than that from MD
which is caused by the thermal expansion as seen from the
results in Fig. 4 and Fig. 6. After about 30 ps, the melt fro
positions calculated from the two methods start to differ sign
cantly. This is because that the volumetric phase change is
considered in the FD calculation. In Fig. 5, the melt depth fro
the MD calculation is evaluated as the distance between the s
liquid interface and the liquid surface, which includes gas bubb
formed inside the liquid~see Figs. 6 and 7! and therefore results in
a much longer melt depth. The comparisons of the surface t
perature and the melt depth indicate that the two methods pro
similar results for heating and solid-liquid phase change prior
the beginning of the volumetric phase change.

The atomic number density at different times computed fr
the MD simulation is shown in Fig. 6. For solid, the value
number density at the location of a lattice layer is much hig
than the average value, and the value at the location betw
lattice layers is almost zero. For liquid, the atomic number den
is uniform due to the lack of periodic structures. For the gas st
the number density is very low compared with the liquid. The
fore, the atomic density shows clearly the state of matter at
ferent locations in the computational domain. Figure 6 indica
that the lattice structure is intact within the first 1 ps or so, wh

Fig. 5 Comparison of the melt depth obtained from MD and FD
calculations
OCTOBER 2004, Vol. 126 Õ 731



Fig. 6 Atomic number density at different time steps
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is reflected by the oscillation of the atomic number density o
the entire calculation domain. Melting has occurred at 2.4 ps
most of the target still has the lattice structure. On the surface
number density drops from a uniform value to almost zero, sh
ing evaporation occurs at the surface. At 9 ps, the melt propag
further into the target, and more atoms are evaporated. Fluctua
of the number density is seen near the surface at 36 ps, indica
bubbles are forming inside the liquid. This will be shown mo
732 Õ Vol. 126, OCTOBER 2004
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clearly in Fig. 7. At later times of 72 ps and 108 ps, more bubb
are generated and the sizes of the bubbles grow larger.

Figure 7 presents several snapshots of two-dimensional (z-x)
projections of atomic positions. Because of the large numbe
atoms, the lattice structure, if it exists, cannot be seen clearl
Fig. 7. Rather, this figure provides another way to show the ph
change process inside the melted layer. Bubbles are seen at 3
As time progresses, more bubbles grow from inside the dom
Transactions of the ASME
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At 108 ps, the liquid layer is broken into a number of pieces a
has essentially ablated. It is found that the velocity of the abla
part near the surface is about 1960 m/s, while the inside par~at
the location of 200 nm! is about 900 m/s.

Smaller bubbles may not be seen easily in Fig. 7. In order
observe the exact time when the bubble growth begins, ato
positions are re-plotted over 1/10th of the thickness in
y-direction ~about 1 nm! at every time step. Bubbles can be se
as early as 18 ps, which is shown in Fig. 8. These bubbles are
observed in the 18 ps plot in Fig. 7 since they are obstructed
the atoms in front of and behind them along they-direction.

A comparison between Fig. 4 and Fig. 6 provides more inf
mation on the relation between phase change and tempera
distribution. In Fig. 4, the MD calculations show that there a
two lattice temperature plateaus at 9 ps. One is at about 140
from the surface~86 nm measured from the bottom, or left!. Fig-
ure 6 shows that at that time step, the solid-liquid interface
located at 86 nm. The other is at 185 nm, which is the evapora
surface as shown in Fig. 6. It is also seen that the lattice temp
tures at these two locations are about 3200 K and 8200 K, res
tively. For comparison, the equilibrium melting and boiling poin
of copper are 1358 K and 2835 K@33#. ~The melting temperature
of copper computed from the Morse potential is 2090 K@34#.!
Therefore, strong superheating at these interfaces is obse
from the MD calculation.

To better illustrate the temperature history and to explain
ablation process, the transient lattice temperature at the surfa
plotted in Fig. 9. It is seen that within a few picosecond, t
surface temperature increases rapidly to its peak value of a
1.53104 K. This temperature is above the critical temperature
copper, 7625 K@35#. After that, the temperature decreases due
the expansion of the high temperature material as shown in F
6 and 7. The volumetric phase change does not occur until
expansion process continues for more than 10 ps. Since the v
metric phase change process occurs above the critical point
critical point phase separation process described previously c
have occurred. However, this may not be conclusive since
critical temperature used for comparison is not obtained from
MD calculation. Computations of the critical temperature are c
rently underway.

Comparing calculation results with experimental data is gen
ally difficult because of the different criteria used in experimen
to judge ablation. This is mainly due to the difficulty in distin
guishing material removal from surface modification caused

Fig. 7 Atomic positions at different time steps

Fig. 8 Atomic position at 18 ps, showing a layer in the
y -direction from yÄ4 nm to 5 nm
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melting and fluid flow. We conducted calculations of 248 nm, 0
ps KrF excimer laser ablation of copper, and found that the thre
old for volumetric phase change is about 410 mJ/cm2 ~total flu-
ence!, while the threshold for melting is about 160 mJ/cm2. The
ablation threshold reported in literature@36# is 170 mJ/cm2. It is
difficult to assess whether the reported threshold value was a
ally the melting or surface damage threshold, or there was a
crepancy between calculation and experiments. Various fac
can contribute to the discrepancy between calculations and ex
ments, including inaccurate potentials and properties used in
calculation, and oxidation of the surface in a normal experimen
condition which leads to a much different absorptivity compar
with that used in the calculation.

Conclusions
In summary, femtosecond laser material interaction is stud

using numerical simulations. It is found that before the stro
volumetric material removal process takes place, heat transfer
the solid liquid phase change predicted using the FD appro
agrees with the result of the MD simulation. At the solid-liqu
and liquid-vapor interfaces, strong superheating is observed.
MD simulation predicts a volumetric type of phase change un
the evaporating surface, which accounts for material removal
ing laser machining that is not computed by the FD method.
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Nomenclature

b 5 constant in Morse potential
Ce 5 specific heat of electron
Cl 5 specific heat of lattice
D 5 total dissociation energy in Morse potential
F 5 force between two atoms
G 5 electron-lattice coupling factor
J 5 laser fluence

kb 5 Boltzmann constant
ke 5 thermal conductivity of electron
kl 5 thermal conductivity of lattice

kliq 5 thermal conductivity of liquid
ks 5 thermal conductivity of solid

Lsl 5 enthalpy of fusion per atom
r 5 distance between two atoms
R 5 reflectivity
r c 5 cutoff distance
r « 5 the equilibrium distance between two atoms

Fig. 9 Surface temperature history
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S 5 source term of laser heating
t 5 time

t0 5 center time of the laser pulse
Te 5 electron temperature
Tl 5 lattice temperature

Tm 5 equilibrium melting temperature
tp 5 laser pulse width

Tsl 5 temperature of solid-liquid interface
V0 5 factor to calculate solid-liquid interface velocity
Vsl 5 velocity of solid-liquid interface

x 5 coordinate in the direction of laser irradiation
F 5 potential between two atoms
d 5 absorption depth

rs 5 density of solid
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