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Ihtesham H. ChOWthI‘V In this work, Mplecular Dynamjcs (MD) simu!ation is employed to investigate femtqsec-

ond laser ablation of copper, with an emphasis on the understanding of the mechanism of
phase change during laser ablation. Laser induced heat transfer, melting, surface evapo-
ration, and material ablation are studied. Theoretically, it has been suggested that under
intense femtosecond laser irradiation, the material undergoes a volumetric phase change
process; its maximum temperature can be close to or even above the thermodynamic
critical point. The MD simulations allow us to determine the transient temperature history
of the irradiated material and to reveal the exact phase change process, which explains
the mechanisms of femtosecond laser ablation. A finite difference calculation is also
performed, which is used to compare results of heating and melting prior to a significant
amount of material being ablated[DOI: 10.1115/1.1797011
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Introduction a size of two million atom§9,10]. Generation and propagation of

. Ithe thermal stress, and the coupling between the temperature field
In recent years, commercial, turn-key femtosecond pulsed 87 the stress field were discussed in detail
Sers _have been rapidly developed and employed in “?a‘e”a's P this work, MD simulations are conducted to study femtosec-
cessing. Due_to the extrc_eme_ly short Iaser_ pulse dl_Jrz_mon, heat (Bﬁd laser ablation of copper. Over two million atoms are simu-
fusion is confined, resulting in more precise machining compar

) ; X ed using parallel computing techniques. Laser induced heat
with those obtained with longer laser pulses. On the other haq nsfer, melting, surface evaporation, ablatioe., rapid removal

femtosecond laser material interaction involves coupled, noge  gignificant amount of material, also referred to as a volumet-
Imea_r, and non-equmbrlum_ processes, mducmg_ extremely hig phase change process in this woeke studied. In addition,
heating rate (1¥K/s) and high temperature gradient (18/m) finjte difference(FD) calculations are carried out and results of
near the laser irradiated surface. The purpose of this work is to Ygger induced heating and melting are compared with those from
numerical techniques to investigate the rapid phase change pifp calculations. The emphasis of this work is to investigate the
cess during femtosecond laser ablation. Both finite differenggechanisms of laser ablation. Parameters relevant to laser abla-
(FD) and molecular dynamic@vD) calculations are carried out. tion, such as the transient temperature history and superheating of

A large amount of work has been dedicated to the numericile melted material are presented.
study of laser material interactions. Several finite difference
schemes have been reported in the literature. These works imple-
ment the two-temperature model first proposed by Anisimov et al.
[1], which was later rigorously developed from the Boltzmanmhegretical Description of the Mechanisms of Femtosec-
transport equatiof2]. The two-temperature model considers elec- .

g .—ond Laser Ablation

trons and the lattice as two sub-systems. The laser energy is first
absorbed by electrons and subsequently coupled to the lattice oveFhere are two processes of laser induced material removal: sur-
a time period of several picoseconds. Recently, this model h@se evaporation and volumetric liquid-vapor phase transforma-
been extended to compute solid-liquid and liquid-vapor phagén [11]. Surface evaporation occurs at any melted surface. Dur-
change induced by a femtosecond laser p[83eFor MD calcu- ing pulse laser heating, however, surface evaporation normally
lations, due to the limitation of computing power, most work hagccounts for a small fraction of the total material that is removed,
been restricted to systems with a small number of atoms. Fgace the high temperature state only lasts for a short period of
example, MD calculations of laser ablation of a dielectric systeffine. Under high power, short pulse laser irradiation, another ma-
consisting of 4851 atomp4] and crystalline silicon containing terial removal mechanism, the volumetric phase transformation
approximately 23,000 atonj5] have been reported. A metal systermed phase explosion becomes imporfa@t13. Phase explo-
tem consisting of 160,000 atoms was simulafédl using the Sion can be illustrated using the p-v diagram as shown in Fig.
Morse potential functiofi7]. Heat conduction by the electron gas(@). With rapid heating by a laser pulse, it is possible to raise the
in metal, which dominated the heat transfer process, could not {§&perature above the boiling point “A’. This is because the
predicted by the Morse potential function. Rather, it was siméumber of nucleation sites generated within the short heating du-
lated using the finite difference method based on the thermal cd@tion is small. On the other hand, there is a boundary of thermo-
ductivity of electrons in metal. A larger argon crystal of about haflynamic phase stability, the spinode, which is marked as point
a million atoms irradiated by a laser pulse was investiga8id “B”in Fig. 1 (a). The spinodal temperature can be calculated from

Recently, Wang and Xu studied thermal and thermomechani¢d$ derivatives of the Gibbs’ thermodynamic potential using ap-

phenomena during picosecond laser ablation of an argon crystaPg@Priate equation of state near the critical point. At the spinode,
homogeneougvolumetrig nucleation, or phase explosion occurs.

Contributed by the Heat Transfer Division for publication in tf@BRNAL OF The liquid is turned into a mixture of liquid and vapor through an

HEAT TRANSFER Manuscript received by the Heat Transfer Division August 4E€XPlosion(expansioh process as shown in Fig(d) from state B
2003; revision received June 3, 2004. Associate Editor: C. P. Grigoropoulos. ~ t0 state C. Therefore, phase explosion is accompanied with melt
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‘ the thermodynamic critical temperature “B”, followed by an ex-

12 pansion(relaxatior) process during which the nucleation embryos
continue to grow. When a sufficient number of nucleation sites are
generated in this expansion process, a violent phase change pro-
cess takes placestate “C” to “D” ). The exact point when this
phase change occuise., above or below the critical poinis not
known, but is probably dependent on the peak temperature ob-
tained during the process. In the past, such a phenomenon was
only discussed in a theoretical context due to lack of means to
achieve the required heating rdtE8]. However, with femtosec-

ond laser heating, it was suggested that the critical point phase
separation could be responsible for ablati@8].

We have conducted many experimental and numerical re-
searches on the phase change process during nanosecond laser
Specific volume, v ablation[11,13,17. This work continues our efforts on the inves-
tigations of pulsed laser ablation, with the emphasis on the abla-
tion induced by a femtosecond pulse. From the above discussion,
information such as the transient temperature during the laser ab-
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lation process, the creation of the vapor phase inside the super-

ém | heated liquid, and the time required to form a two-phase mixture
c are needed to describe the phase change phenomena induced by a
g 08 femtosecond laser pulse. The MD calculations conducted in this
ﬁ work are intended to provide detailed descriptions of femtosecond
%06 laser ablation.
J
_g 041 .
2 A Numerical Approach

02 Molecular Dynamics simulation is a computational method to

0 > investigate the behavior of materials by computing the molecular
(b) Specific volume, v or atomic motion governed by a given potential. For copper, a

suitable potential is the Morse potential expressefi7as

Fig. 1 (a) p-v diagram of phase explosion at spinode; and (b)
p-v diagram of critical point phase separation d(r)= D[efzb(r*m_ Ze*b(r*rg)] (1)

whereD is the total dissociation energy andis the equilibrium
distance. The constabtin this equation determines the shape of
.the potential curve. When—r ., the potentiab— —D. At very

occurs during nanosecond laser ablation of a nidth[13. Pﬁ}e??orsceepﬁﬁ\t/:/%r;r? ';flgngﬁﬁs_}g' Ol;ts;?r?e(tjhgspotentlal function,

The physical phenomena occurring in femtosecond laser ab‘a—
tion are much more complicated than those in nanosecond laser
ablation. Due to the extremely short heating duration, the time dd(r) —ob(r—r1.) _ a—b(r—r.)
required to transfer energy from the electron system to the lattice F(r)=———=2Dble Te “'] @)
is longer than the laser pulse, leading to non-equilibrium between
electrons and the lattice. Intense femtosecond laser pulses calhe Morse potential has been proven to be a good approxima-
cause electron emission. Because the mobility of electrons in ¢tibn to the interactions between atoms in fcc metals, and is ca-
electrics and semiconductors is low, a localized high ion densipable of predicting many material properti€g|]. It has been
results which can exceed the lattice stability limit and cause Cowidely used in simulating laser ablation procesg20—-23. Al-
lomb explosion—a type of nonthermal ablatidi®,15. Nonther- though there are other potentials for copper used in literatures,
mal Coulomb explosion is much more significant in dielectricsuch as the embedded atom metH@d], we have chosen the
and semiconductors, while it plays a minor role in metal. Morse potential since it requires the least amount of computa-
Femtosecond laser also causes an explosive type of matetiahal time and also there is no evidence which potential provides
removal. An important factor that needs to be considered herebistter description for the laser ablation problem. MD simulations
the time for vapor embryos to grow to nuclei prior to the voluef picosecond laser ablation of metal using EAM yielded similar
metric phase change taking plaéEmbryos smaller than a critical volumetric phase change phenomena as the one obtained in this
size will collapse, while those larger than the critical radius, calledork [25], although direct comparison is not possible because of
nuclei, will favor growing in order to reduce free eneilg¥he the different laser parameters used in the two waidifferent
time for nucleation, or the time lag for phase explosion, has bepulsewidth, fluence, etc.
estimated from the classical nucleation theory to be within 1 andThe general approach of MD is to obtain atomic positions, ve-
10 ns[16]. Experimental study showed that this time lag is abouobcities, etc. at timé+ 6t based on positions, velocities, and other
5 ns during nanosecond laser ablation of a nickel taf@@&. dynamic information at timg. The equations are solved on a
Since this time lag is longer than 1 ns, nucleation cannot occstep-by-step basis. Many different algorithms have been devel-
during laser heating if the laser pulse is shorter than 1 ns. With tbped to solve Eqs1l) and (2), of which the Verlet algorithm is
use of a femtosecond laser, heating above the spinodal tempevadely used due to its numerical stability, convenience, and sim-
ture or even above the critical temperature becomes possibleplity [26]. In this work, a modified Verlet algorithm is uséél].
phase change process from the super-critical state to a two phase the calculation, most time is spent on calculating forces.
mixture is termed critical point phase separat{d8]. The p-v However, it is not necessary to calculate forces between all atoms
diagram of critical point phase separation is shown in Fi@).1 in a computational domain. When two atoms are far enough from
Under an extreme heating rate, a material reaches a state abeaeh other, the force between them becomes very gs&sl Eq.
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(2)). The distance beyond which the interaction force is negligible
is called the cutoff distancgpotential cutoff. In this work,r is

taken as 2.4, . At this distance ., the potential is about 0.9% of 10.9nm laser
the equilibrium potentiaD. —

Using the two-temperature model, the laser energy is consid- z 10.9nm —
ered absorbed by electrons in copper first, and is then transferrec

from electrons to the lattice. The governing equation for electrons
and the electron-lattice coupling can be obtained from two-
temperature model and is expressed 2§

218.6nm

Fig. 2 Schematic of the computational domain

ITe 0 JTe

et~ x| Keoy | TC(Te=TN+S (3)
x-direction, which is shown in Fig. 2. The total number of atoms is

4:160,000. The whole computational domain before laser heating

IS 10.97 nm<10.97 nmx218.65 nm. This computational size is
energy by electrons from the laser. The laser source ®iis sufficient to track the propagation of the phase change interface in

expressed as the standard form for a laser pulse with a Gaus%(t}j?re%triigm;s V\Ttglgnaqgltotr?wait:t?slinlzslzz ér:%d%aggf ofsgtg?n(?i?q the
temporal distribution: ’ ¢}

y-z cross-sectional area so that macroscopic properties such as
temperature can be determined from statistical analy@gisPeri-
1-R X t—tg)2 odic boundary conditions are usedyirand z-directions, and free
5=0-94WJ'9XF{ 5 2-77( t_) ) (4)  boundary conditions in the-direction.
P P The large number of atoms in the simulation necessitates the
use of parallel computing platforms to accelerate computation. At
present time, a cluster of eight PCs is used, each with a 2.0

The strength of energy coupling between electrons and the |
tice is represented b@. The last termS represents absorption of

The use of Eq(3) for computing energy absorption and diffu-

sion in the electron system is justified. This is because the time AMD Athl Th K th .
electrons to absorb photon energy and reach thermal equilibri z on processor. 1heé work across he processors 1

(electron thermalization timés short, on the order of 500 fgg].  Partitioned by dividing the whole domain into eight sub-domains

This time scale is less than the time for energy to transfer fro that the number of atoms for each processor is almost the same.
electrons to the lattice~ps) and the time of the subsequent phas ach processor computes forces and updates positions of all par-
change process-10 ps or longer, which is the main focus of this icles in the sub-domain. MPICH, a Message Passing Interface is

study. In other words, the detailed process of how the electro;Fed’ which performs inter-processor communication for atoms

reach equilibrium, which occurs much earlier than the latticgoS€ 0 inter-processor domain boundaries for both computing
structural change ' is not important for this work orces and reassigning atoms based on updated positions. Figure 3

The TDMA (Tri-Diagonal Matrix Algorithm) method is used to shows the schematic of the domain division and calculation pro-
solve Eq.(3). At each time step, the electron-lattice coupling terrf{eSS: FOr simplicity, a four-node system is illustrated. Interfacial
G(T.—T)) is added to the lattice by scaling the velocities of all?Y$'> are designated in each sub-domain, where the information
atonﬁs in'a structural layer by a factqfiT G(To—T,) SUE,, of the atom positions and velocities is identical in the neighboring

e Ael

whereE, ; is the total kinetic energy in the layer at the titn&@his sub-domalns. During each time step, e_a_ch SUbdoma"? is first (_:al-
is equivailent to increasing the lattice energy as culated by its processor, and atom position and velocity updating
and exchanging are carried out on the interfacial layers between

sub-domains. In other words, each processor only computes one

aT, sub-domain; the interfacial layer does not need to be calculated by

Cig =G(Te—T) (5)  both processors as the information is passed from one sub-domain
to the other as shown in Fig. 3. Therefore, no extra time is spent
n force calculations which are the most time consuming part of

simulation, although it is insignificant compared with the electroff'€ computation. This technique greatly reduces the storage space

requirement, and more importantly, the information exchanging

conduction in a metal. The change of density due to thermal d betw Calculati how that th I effi
pansion or phase change is considered by scaling the thermal cQRY PEtWeenN processors. Laiculations show that the overall efli-

ductivity and specific heat of electrons in each cell by the ratio gtency of the paraIIe_I program IS excellent, about 90_.92% on
the local density to the original density. Therefore, when expaffldnt Processors. This implies that the overhead associated with
sion happens, the effective thermal conductivity and specific h q d mba_lance and communication Is _sma_II. .
decreases, which is consistent with the electron properties of met:" addition _to the MD calt_:ulatlons, finite difference calculatlo_ns
als [29]. The total energy of the two systems is monitored angre also carried out. As will be shown later, the FD calculation
compared to the input laser energy at each time step. The pro ges not provide correct results about the material removal since it
dure of handling heating of the lattice in a MD calculation has

been described elsewhdi@).

A significant effect in femtosecond laser heating of metals is tt
ballistic motion of electron$30,31. This effect effectively leads
to a greater absorption depth and hence lower surface tempg
tures[3]. However, no experimental data is available on the ba
listic effect in copper, although it is expected to have some effe
in all s/p-band metalg31]. As the main emphasis in this work is
on identifying the material removal mechanisms rather than cor
parison with experimental data, inclusion of the ballistic effect i
not strictly necessary as it would simply lead to a modification ¢
the optical penetration depth and hence increase the threshold
ences for phase change.

The computational domain consists of 30 f@ace-centered Fig.3 Schematic of domain division and position and velocity
cubig) unit cells iny andzdirections, and 600 fcc unit cells in the exchange in parallel calculation

Heat conduction in the lattice is always considered in the M

Node 1

Position and
Node 2 velocity

exchanging
Q ? Interfacial
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Node 4
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Fig. 4 Comparison of electron  (left column ) and lattice temperatures  (right column ) obtained from MD and FD calculations

does not account for the volumetric phase change described e present simulation, the model is simplified to consider only

viously. The purpose here is to compare with the MD results bene-dimensional heat conduction and the hyperbolic part is ne-
fore the volumetric phase change occurs. The FD calculationgkected to yield a simpler parabolic set of equations. These as-
based on the non-equilibrium hyperbolic two-step md@&l For  sumptions are justified as the laser spot size is large compared to
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the heat penetration depth and the laser pulse witifi® f9 is 500 T T T T
long compared to the electron relaxation tif®d. The coupled |  -----o--- IéD
H . ®
equations of the model are: 400 e MD |
aTe 0 aT = .
et = x| Ke gy | ~C(Te=T)+S e £ |
p= 300 .
T _ J Al G(T.—T &b % @
o0 = x| K | FC(TeT) (6b) %200_ . N
It is seen that absorption of laser energy by electrons is modeled = o

the lattice is modeled using the heat diffusion equat®g. 6b)).
The laser source ter8 is identical to what is shown in Ed4). I | | | |
The initial electron and lattice temperatures are taken to be equal 0 20 40 60 80 100 120
to the room temperature and the top and bottom surfaces of the Time (ps)
target are assumed to be insulated.

At high fluences and short pulse widths considered in thiig.5 Comparison of the melt depth obtained from MD and FD
study, rapid solid-liquid phase changes are controlled by nuclealculations
ation dynamics rather than by heat transfer at the phase change
interface[32]. At the solid-liquid interface, the relation between
the superheating/undercooling at the interfac€=T,—T,,, and
the interface velocity/y is given by

in the same way as in the MD calculation, while heat transfer in 1OOF m
0

right to left. In the MD simulation, the temperature of the lattice at

different locations is calculated as an ensemble average of a do-
L AT main with a thickness of 2r4 in the x direction.

1—ex;< TRTT ” (7 From Fig. 4, it is seen that the electron temperature on the
bisiim surface increases from room temperature to a very high \alue

whereTy is the temperature of the solid-liquid interfadg, the the order of 1BK) within half a picosecond. However, at that

equilibrium melting temperature, arld, the enthalpy of fusion time, the lattice temperature only increases tens of degrees. As

per atom.V, is a velocity factor. The energy balance equation aflectrons transfer energy to the lattice, the thermal expansion

Va(Ts)=Vo

the solid-liquid interface is causes the length of the domain to increase. Note this lattice ex-
T pansion is computed in the MD simulation only. It is observed
Al dl from the figures that th lts from the two calculati
ks—| —kKjq— =ps Vg Lg (8) from the figures that the results from the two calculations are
S 9x lig ax | s Vs s ) . .
s lig comparable until about 9 ps. After that time, the results diverge as

Procedures of solving Eq5)—(7) have been described else-Ihe FD calculation does not account for thermal expansion and the
actual material removal caused by material breakup as observed in

where[3]. .
In general, material removal by evaporation during femtose 1e MD calculation. For example, at 18 ps, the length of the MD

. ! . culation domain becomes more than 20 nm longer than the
ond laser heating can be modeled using the CIausms-CIapeyé&rJ?gth of the FD calculation domain, which does not change with

equation to provide for superheating at the liquid-vapor interfac h A
the energy loss due to evaporation, and the amount of mate fgl]e' Further, at about 30 ps, the material starts breataspyil

evaporated3,32]. However, it was noticed that evaporation con-c >cen N Figs. 6 and),7which leads to a much longer total
%omaln length. This type of volumetric phase change is not ac-

tributes very itte to the actual material removal process. It wa ounted for in the FD calculation. The temperature distributions
seen that for femtosecond heating of gold, evaporation would ¢ rom the FD and MD calculations diverge further after this volu-

tribute only about 0.1 nm of materials remo\&l. The energy H}_etric phase change occurs.

lost due to evaporatki]on Is also negligiblhe (_:omkﬁ)_aredlwi}h _the A plot of the melt front position as a function of time shown in
ergy absorbed by the system. As such, in this calculation, t 5 also indicates that the two calculations yield similar results

evaporation process was neglected and the material was allo fore liquid-vapor phase change begins. Before 20 ps, the melt
to stay liquid past the equilibrium evaporation temperature. pth calculated from MD s slightly larger than that from MD,

For both calculations, the laser beam is considered uniform Jry" " " . ;
: ’ - PR which is caused by the thermal expansion as seen from the MD
space, with a temporal Gaussian distributi@y. (4)) of 100 fs results in Fig. 4 a¥1d Fig. 6. Afterpabout 30 ps, the melt front

FWHM centered at 1 ps. The laser beam energy is absorbed Soéitions calculated from the two methods start to differ signifi-

%?ﬂgpt'%Iz;%glgrtsargue;é;wt?nantﬁ : s%rglgz?at(ijgﬁbf aléf:gnl cantl_y. This_is because that t_he volumetric phase change is not
X100 UMK r.—386 WIM-K  G=4.8x 108 W/m3-K C considered in the FD calculation. In Fig. 5, the melt depth from

' e ' ) ’ I the MD calculation is evaluated as the distance between the solid/
=383.817 J/kg-K, «=0.01Xke, Lg=2.07x10°Jkg, Ty liguid interface and the liquid surface, which includes gas bubbles
=1358.0K,  ps=8.96<10°kg/m’,  D=0.3429eV, b formed inside the liquidsee Figs. 6 and)&and therefore results in
=13.588nm*, andr,=0.2866 nm. The laser fluen¢absorbedl a much longer melt depth. The comparisons of the surface tem-
is 0.4 J/crA. Properties used here are considered temperatuffsrature and the melt depth indicate that the two methods provide
independent, since temperature dependent properties near dfgilar results for heating and solid-liquid phase change prior to
critical point are not available. However, the uncertainties in th@e beginning of the volumetric phase change.

properties will not affect this study since the focus is on the The atomic number density at different times computed from
mechanisms of laser ablation, rather than obtaining the absolgie@ MD simulation is shown in Fig. 6. For solid, the value of
thermodynamic parameters at the laser fluence used in fh@nber density at the location of a lattice layer is much higher
calculation. than the average value, and the value at the location between
lattice layers is almost zero. For liquid, the atomic number density
. . is uniform due to the lack of periodic structures. For the gas state,
Results and Discussion the number density is very low compared with the liquid. There-
Figure 4 shows electron and lattice temperature distributionsfiore, the atomic density shows clearly the state of matter at dif-
the target computed using the MD and FD methods. The surfacdégent locations in the computational domain. Figure 6 indicates
at the right edge, and laser pulse is incident on the surface frdhat the lattice structure is intact within the first 1 ps or so, which
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Fig. 6 Atomic number density at different time steps

is reflected by the oscillation of the atomic number density ovetearly in Fig. 7. At later times of 72 ps and 108 ps, more bubbles
the entire calculation domain. Melting has occurred at 2.4 ps bate generated and the sizes of the bubbles grow larger.

most of the target still has the lattice structure. On the surface, theFigure 7 presents several snapshots of two-dimensiana)) (
number density drops from a uniform value to almost zero, showrojections of atomic positions. Because of the large number of
ing evaporation occurs at the surface. At 9 ps, the melt propagastsms, the lattice structure, if it exists, cannot be seen clearly in
further into the target, and more atoms are evaporated. Fluctuatkig. 7. Rather, this figure provides another way to show the phase
of the number density is seen near the surface at 36 ps, indicataignge process inside the melted layer. Bubbles are seen at 36 ps.
bubbles are forming inside the liquid. This will be shown mor@s time progresses, more bubbles grow from inside the domain.
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At 108 ps, the liquid layer is broken into a number of pieces and ) )

has essentially ablated. It is found that the velocity of the ablated Fig. 9 Surface temperature history
part near the surface is about 1960 m/s, while the inside (part

the location of 200 nmis about 900 m/s. ) ) )

Smaller bubbles may not be seen easily in Fig. 7. In order fpelting anql fluid flow. We _conducted calculations of 248 nm, 0.5
observe the exact time when the bubble growth begins, atonfie KrF excimer Iaser ablation of copper, and found that the thresh-
positions are re-plotted over 1/10th of the thickness in tHfd for volumetric phase change is about 410 mJ/¢ratal flu-
y-direction (about 1 nm at every time step. Bubbles can be seeBNCO, while the threshold for melting is about 160 mJ?crﬁhe
as early as 18 ps, which is shown in Fig. 8. These bubbles are ﬁg{_atlon threshold reported in literatur@6] is 170 mJ/crA. It is
observed in the 18 ps plot in Fig. 7 since they are obstructed gifficult to assess whether the reported threshold value was actu-
the atoms in front of and behind them along thdirection. ally the melting or surface qamage threshpld, or therg was a dis-

A comparison between Fig. 4 and Fig. 6 provides more infof"epancy between ca_IcuIatlon and experiments. Various factorg
mation on the relation between phase change and temperaf8 con_trlbute_' to t_he discrepancy bc_atween calculatlpns and experi-
distribution. In Fig. 4, the MD calculations show that there arB'ents, including inaccurate potentials and properties used in the
two lattice temperature plateaus at 9 ps. One is at about 140 faiculation, and oxidation of the surface in a normal experimental
from the surfacé86 nm measured from the bottom, or JefEig- C(_)ndltlon whlch leads to a m_uch different absorptivity compared
ure 6 shows that at that time step, the solid-liquid interface With that used in the calculation.
located at 86 nm. The other is at 185 nm, which is the evaporatin .
surface as shown in Fig. 6. It is also seen that the lattice tempefa@nclusions
tures at these two locations are about 3200 K and 8200 K, respecin summary, femtosecond laser material interaction is studied
tively. For comparison, the equilibrium melting and boiling pointsising numerical simulations. It is found that before the strong,
of copper are 1358 K and 2835[83]. (The melting temperature volumetric material removal process takes place, heat transfer and
of copper computed from the Morse potential is 209G34].) the solid liquid phase change predicted using the FD approach
Therefore, strong superheating at these interfaces is obsergg@ees with the result of the MD simulation. At the solid-liquid
from the MD calculation. and liquid-vapor interfaces, strong superheating is observed. The

To better illustrate the temperature history and to explain th@D simulation predicts a volumetric type of phase change under
ablation process, the transient lattice temperature at the surfacenis evaporating surface, which accounts for material removal dur-
plotted in Fig. 9. It is seen that within a few picosecond, thihg laser machining that is not computed by the FD method.
surface temperature increases rapidly to its peak value of about
1.5x 10* K. This temperature is above the critical temperature ?i
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have occurred. However, this may not be conclusive since thtomenclature
critical temperature used for comparison is not obtained from the | — constant in Morse potential
MD calculation. Computations of the critical temperature are cur- ¢_ — gpecific heat of electron
rently underway. , ) , C, = specific heat of lattice

Comparing calculation results with experimental data is gener- p — total dissociation energy in Morse potential
ally difficult because of the different criteria used in experiments

F = force between two atoms

to judge ablation. This is mainly due to the difficulty in distin- G — glectron-lattice coupling factor

guishing material removal from surface modification caused by  j — |aser fluence

k, = Boltzmann constant

ke = thermal conductivity of electron
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kiq = thermal conductivity of liquid
ks = thermal conductivity of solid
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Fig. 8 Atomic position at 18 ps, showing a layer in the r. = cutoff distance
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