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Phase change processes including melting, vaporization and resolidification during the multiple femto-
second laser pulses irradiations on a thin gold film are investigated numerically. A two-temperature
model is coupled with the phase interface track methods to describe the temperature variation and
the solid–liquid and liquid–vapor interface evolutions. The relationship between the maximum vaporiza-
tion temperature and melting depth, ablation depth are analyzed and compared with that of the single
pulse irradiation. It is found that for two pulses irradiation, if deeper melting depth is desirable, the
second pulse should be launched as soon as the melting depth induced by the first pulse reaches to
the maximum. In comparison to a single pulse irradiation resulting in the same lattice temperature, this
two-pulse approach leads to a greater melting depth. For laser irradiation with more than two consecu-
tive pulses, if the total laser fluence remains a constant, larger pulse number and longer separation times
between pulses leads to a smaller melting depth. However, the melting depth is much deeper compared
to that by induced by a single pulse that causes the same lattice temperature.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Phase changes are widely encountered in laser-material pro-
cessing, such as laser cutting, cladding, welding, surface treatment,
and Selective Laser Sintering (SLS). In SLS with a short-pulse laser,
for example, it is often desired that the interaction of the laser
beam with the powder particles raises the surface temperature
to the melting point and causes partial melting of the particle.
Resolidification of the liquid layer at the particle surface causes
powder particles to bind together. The porosity of the part fabri-
cated by SLS can be controlled by controlling the maximum melt-
ing depth through adjustment of the laser processing parameters.
In pulsed laser machining, a focused beam heats up the workpiece
to its boiling point and the material is removed by vaporization.

Numerous research works have been carried out to study phase
change processes, including melting, evaporation and resolidifica-
tion induced by laser pulse irradiation, using different methods
and aiming at different applications [1–7]. While CW lasers were
exclusively studied by the early researchers, pulsed laser has
drawn much more attentions recently due to its high efficiency,
high power density and many other unique merits. When the dura-
tion of a laser pulse is around or less than 10�13 s, which is the
mean free time between collisions of electrons in metals, nonequi-
librium between electrons and the lattice becomes significant and
ll rights reserved.
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cannot be analyzed by the classical heat transfer models. Two-tem-
perature model, which was originally put forward by Anisimov
et al. [8] and then rigorously derived by Qiu and Tien [9] based
on the Boltzmann equation, is widely accepted for simulating fem-
tosecond laser-material interactions. The dual-phase-lag model by
considering lagging behavior of different energy carriers [10,11] is
identical to the two-temperature model if material thermophysical
properties are constant. Jiang and Tsai extended the existing two-
temperature model to high electron temperatures with full-run
quantum treatments [12]. Chen et al. [13] proposed a semiclassical
two-step heating model to investigate thermal transport in metals
caused by ultrashort laser irradiation. While the above works con-
sider pure conduction only, the authors developed a model that
can track the evolution of both solid–liquid and liquid–vapor inter-
faces in a thin metal film under single ultrashort laser pulse inter-
action [14].

One of the key issues in laser-material processing is to control
residual thermal stress. Rapid cooling of the melted part will cause
thermal distortion due to uncontrolled temperature distribution.
Generally, lower peak temperature and smaller temperature gradi-
ent are helpful to reduce the undesirable residual stress. For single
pulse irradiation, the only controllable parameters are the fluence
and temporal shape of the laser beam. To obtain better control of
the phase change processes and reduce the peak temperature, mul-
tiple consecutive pulses can be employed. The experiment con-
ducted by Chowdhurry et al. [15] proved that by splitting a
single pulse into four pulses at separations ranging from 1 ps to
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Nomenclature

Be coefficient for electron heat capacity (J/m3 K2)
C heat capacity (J/m3 K)
cp specific heat (J/kg K)
G electron–lattice coupling coefficient (W/m3 K)
h latent heat of phase change (J/kg)
J heat source fluence (J/m2)
k thermal conductivity (W/m K)
L thickness of the metal film (m)
M molar mass (kg/kmol)
p pressure (Pa)
q00 heat flux (W/m2)
R reflectivity
Rg specific gas constant (J/kg K)
Ru universal gas constant (J/kmol K)
s interfacial location (m)
S intensity of the internal heat source (W/m3)
t time (s)
tp pulse width (s)
T temperature (K)
TF Fermi temperature (K)
Tm melting point (K)
u interfacial velocity (m/s)
V0 interfacial velocity factor (m/s)
x coordinate (m)

Greek symbols
d optical penetration depth (m)
db ballistic range (m)
e total emissivity
q density (kg/m3)
r Stefan–Boltzmann constant (W/m2 K4)

Superscript
0 last time step

Subscripts
0 initial condition
e electron
eq thermal equilibrium state
i pulse sequence
l lattice
‘ liquid
‘v liquid–vapor interface
R thermal radiation
s solid
s‘ solid–liquid interface
sur surface
1 ambient environment

0 L x

t-tp /2 tp/2

Single laser Pulse 

Laser Pulse 

Fig. 1. Laser irradiation on thin film.
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1 ns, a better material removal rate can be achieved. Chen and Be-
raun [16] set up a model to study the material ablation caused by
phase explosion and found that if the first pulse fluence is higher
than the ablation threshold, two consecutive pulses split from a
single laser pulse could ablate more material. The best time for
the second pulse to impinge is right after the material ablation
by the first pulse is completed. Jiang and Tsai [17] studied the
ultrashort laser pulse-train processing of gold thin films. Their
simulation results show that using multiple consecutive pulses
would increase the photon efficiency, and less total laser energy
is required to achieve the same lattice temperature than a single
pulse.

In this paper, based on a numerical model which can describe
the ultrafast melting and evaporation processes, the rapid solid–li-
quid–vapor phase change in a free standing gold film induced by
irradiation of multiple femtosecond laser pulses will be studied
numerically. The effects of laser fluence and separation time be-
tween pulses on melting depth, ablation depth and peak tempera-
ture will be discussed in detail.

2. Physical model

Fig. 1 shows the physical model of the problem under consider-
ation. Each laser pulse impinging on the right side of a free stand-
ing gold film is assumed to be temporally Gaussian. The pulse
duration (tp), defined as the full width at half maximum (FWHM),
is fixed to be 100 fs in the current work. The separation time Dt is
defined as the interval between the peaks of two consecutive
pulses. The gold film has a thickness of L, which is very small in
comparison to the radius of the laser beam; therefore this problem
can be approximated to be one-dimensional.

The two-step heating model for free electrons and the lattice
are [8]

Ce
@Te

@t
¼ @

@x
ke
@Te

dx

� �
� GðTe � TlÞ þ S ð1Þ

Cl
@Tl

@t
¼ @

@x
kl
@Tl

dx

� �
þ GðTe � TlÞ ð2Þ
The heat capacity of electrons Ce, as suggest by Chen et al. [13], is
approximated by

Ce ¼

BeTe; Te < TF=p2

2BeTe=3þ C0e=3; TF=p2
6 Te < 3TF=p2

NkB þ C0e=3; 3TF=p2
6 Te < TF

3NkB=2; Te P TF

8>>><
>>>:

ð3Þ

where

C0e ¼ BeTF=p2 þ 3NkB=2� BeTF=p2

TF � TF=p2 ðTe � TF=p2Þ ð4Þ

The thermal conductivity of electron ke can be obtained by [18]

ke ¼ v ð#
2
e þ 0:16Þ5=4ð#2

e þ 0:44Þ#e

ð#2
e þ 0:092Þ1=2ð#2

e þ g#lÞ
ð5Þ

where #e = Te/TF and #l = Tl/TF.
In Eqs. (1) and (2), G is the electron–lattice coupling factor. A

phenomenological temperature-dependent G suggested by Chen
et al. [19] is adopted:

G ¼ GRT
Ae

B1
ðTe þ TlÞ þ 1

� �
ð6Þ

Since the electrons are more likely to collide with liquid atoms than
the atoms in solid crystals, in the liquid phase, G, is taken to be 20%
higher than that of the solid [20].
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The laser irradiation is considered as a source term S in Eq. (1):

S ¼
XN

i¼1

0:94Ji
1� R

tPðdþ dbÞ½1� e�L=ðdþdbÞ�

� exp � x
ðdþ dbÞ

� 2:77
t � ti

tp

� �2
" #

ð7Þ

where N is the number of pulses in a burst, ti is the time when the
corresponding single pulse reaches its peak, R is the reflectivity of
the thin film, d is the optical penetration depth, J is the laser pulse
fluence, db is the ballistic depth, and ½1� e�L=ðdþdbÞ� is to correct the
film thickness effect.

For a metal at equilibrium, the thermal conductivity, keq, is the
sum of the electron thermal conductivity, ke, and the lattice ther-
mal conductivity, kl. In most cases ke dominates keq because free
electrons contribute to the majority part of heat conduction, For
gold, kl is usually taken to be 1% of keq [21], i.e.,

kl ¼ 0:01keq ð8Þ

A uniform temperature distribution is set to be the initial
condition:

Teðx;�2tpÞ ¼ Tlðx;�2tpÞ ¼ T0 ð9Þ

On the right side of the film which receives laser irradiation, the
heat loss caused by radiation will be considered while on the other
side adiabatic boundary condition is applied:

@Te

@x

����
x¼0
¼ @Te

@x

����
x¼L

¼ @Tl

@x

����
x¼0
¼ 0 ð10Þ

q00Rjx¼L ¼ reðT4
sur � T4

1Þ ð11Þ

Before onset of evaporation, Tsur is the surface lattice temperature at
x = L. Once evaporation begins, Tsur is the liquid–vapor interface
temperature which varies with the heating condition and needs to
be determined.

The energy balance at the solid–liquid interface is described by
[22]:

kl;s
@Tl;s

@x
� kl;‘

@Tl;‘

@x
¼ q‘hmus‘ x ¼ sðtÞ ð12Þ

where Tl,s and Tl,‘ are, respectively, solid and liquid lattice tempera-
ture, q is the density, hm is latent heat of fusion, and us is solid–liquid
interfacial velocity. The additional interfacial velocity due to the den-
sity change during melting and resolidification has been considered.

For rapid melting/solidification processes, the velocity of the inter-
face is dominated by nucleation dynamics, instead by energy balance,
Eq. (12). For ultrashort-pulsed laser melting of gold, the velocity of the
solid–liquid interface is described by [20]

us‘ ¼ V0 1� exp � hm

RgTm

Tl;I � Tm

Tl;I

� �� �
ð13Þ

where V0 is the maximum interface velocity, Rg is the gas constant
for the metal, and Tl,I is the interfacial temperature. The interfacial
temperature, Tl,I, is higher than the normal melting point, Tm, during
melting and lower than Tm during solidification.

For the liquid–vapor interface, energy balance at the interface and
the vaporization rules derived from kinetics laws will be applied to
find its temperature, velocity, and location. The energy balance at
the liquid–vapor interface is:

qh‘vu‘v þ reðT4
‘v � T4

1Þ ¼ �kl
@Tl

@x
ð14Þ

where h‘v is the latent heat of evaporation of gold, u‘v is the velocity
of the interface, T‘v is the temperature of the interface. With a
known interface velocity, Eq. (14) will be used to calculate the
interface temperature T‘v.
To characterize the vaporization process, Clausius–Clapeyron
equation is employed to describe the slope of saturation pres-
sure–temperature curve, with the assumption of ideal gas and ther-
mal equilibrium:

dp
dT‘v

¼ ph‘vðT‘vÞ
RuT2

‘v
ð15Þ

where Ru is the universal gas constant, which is related to boiling
temperature T as:

h‘vðT‘vÞ ¼ h‘v0 1� T‘v

Tc

� �2
" #1=2

ð16Þ

where h‘v0 is the latent heat of vaporization at absolute zero and Tc

is the critical temperature [23]. By integrating Eq. (15), the relation-
ship between interfacial temperature and pressure can be obtained
as:

p ¼ p0 exp

(
�q‘L0
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ð17Þ

The molar evaporation flux jv at the surface can be calculated by
Hertz–Knudsen–Langmuir equation derived from kinetic theory of
gases [24],

jv ¼
Apffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pMRuT‘v
p ð18Þ

where A is an accommodation coefficient that shows which portion
of vapor molecules striking the liquid–vapor surface is absorbed by
this surface [25]. Xu et al. [23] recommended a value of 0.82 for this
coefficient. The liquid–vapor interfacial velocity can be obtained
from jv as given below:

u‘v ¼
Mjv
q‘

¼ AMp
q‘

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pMRuT‘v
p ð19Þ

It should be noted that while normal evaporation is the dominant
mechanism for material ablation when the liquid temperature is
below 0.9Tc, phase explosion can take place when the liquid tem-
perature reaches to 0.9Tc. In this work, only the ablation caused
by evaporation is considered, so the pulse fluence is controlled to
avoid the lattice temperature to exceed 0.9Tc.

3. Numerical solution

The computational domain is discretized using fixed uniform
grid with 2052 control volumes. On each control volume, the dis-
cretized electron temperature equation is arranged as:

ae;PTe;P ¼ ae;W Te;W þ ae;ETe;E þ a0
e;PT0

e;P þ be ð20Þ

where:

ae;W ¼
ke;w

dxw
ð21Þ

ae;E ¼
ke;e

dxe
ð22Þ

a0
e;P ¼

Ce;PDx
Dt

ð23Þ

b ¼ GT�l;PDx ð24Þ
ae;P ¼ a0

e;P þ ae;W þ ae;E þ GDx ð25Þ

Similarly, by integrating Eq. (2) on each control volume, the
lattice energy equation can be obtained and rearranged as:
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al;PTl;P ¼ al;ETl;E þ al;W Tl;W þ a0
l;PT0

l;P þ bl ð26Þ

where:

al;W ¼
kl;w

dxw
ð27Þ

al;E ¼
kl;e

dxe
ð28Þ

a0
l;P ¼

Cl;PDx
Dt

ð29Þ

b ¼ GT�e;PDx ð30Þ
al;P ¼ a0

l;P þ al;W þ al;E þ GDx ð31Þ

In each time step, an iterative procedure is employed to deal
with the non-linear relationship between electron energy equa-
tion, lattice energy equation, solid–liquid interface and liquid–va-
por interface. Electron energy equation (20) will be solved first
using tri-diagonal matrix method (TDMA), then the lattice energy
equation (26) will be solved. After obtaining an estimated electron
and lattice temperature field, the velocity and temperature of so-
lid–liquid interface will be calculated by using the method pro-
vided in Ref. [26], which is repeated briefly here:

(1) The solid–liquid interfacial temperature Tsl is assumed and
the solid–liquid phase interfacial velocity is determined
according to the interfacial energy balance;

(2) The interfacial velocity from the nucleation dynamics is
obtained from Eq. (13);

(3) The interfacial velocities got from Steps (1) and (2) are com-
pared. If the interfacial velocity obtained from the energy
balance is higher than that from the nucleation dynamics,
the interfacial temperature will be increased; otherwise,
the interfacial temperature is decreased.

Steps (1)–(3) are repeated until the difference between the
interfacial velocities obtained from the two methods is less than
10�5 m/s.

The following iterative procedure will be employed to track the
liquid–vapor interface:

(1) Assume an interfacial velocity V�‘v , then the new interface
location s�‘v is determined;
Table 1
Thermophysical and optical properties of gold.

Coefficient for electronic heat capacity, Be 70 [9]
Material constant, Ae 1.2 � 107 [1
Material constant, B1 1.23 � 1011

Electron–lattice coupling factor at room temperature,
GRT (W/m3 K)

Solid 2.2 � 1016 [1
Liquid 2.6 � 1016 [1

Specific heat, Cp (J/kg K) Solid 105:1þ 0:29
Liquid 163.205 [20

Latent heat of evaporation at Tb, hlv (J/kg) 1.698 � 106

Latent heat of fusion, hm (J/kg) 6.373 � 104

Molar weight, M (kg/kmol) 196.967 [27
Reflection coefficient, R 0.6
Universal gas constant, Ru (J/K kmol) 8314.0
Boiling temperature, Tb (K) 3127
Critical temperature, Tc (K) 5590
Melting temperature, Tm (K) 1336
Fermi temperature, TF (K) 6.42 � 104

Limit velocity, V0 (m/s) 1300 [20]
Coefficient for electronic conductivity, v (W/m K) 353 [18]
Optical penetration depth, d (nm) 20.6
Ballistic range, db (nm) 105 [20]
Thermal conductivity at equilibrium, keq (W/m K) Solid 320:973� 0

Liquid 37:72þ 0:07
Density, q (kg/m3) Solid 19.3 � 103

Liquid 17.28 � 103
(2) Solve the energy balance equation at the liquid–vapor inter-
face, Eq. (14), to obtain the interface temperature T‘v;

(3) According to Eqs. (17) and (19), obtain the new interface
velocity V��‘v ;

(4) Go to Step 2 and use V���‘v as the new interface velocity.

Steps (2)–(4) are repeated until the difference between the
interfacial velocities obtained from two consecutive iterations is
less than 10�5 m/s. After obtaining the estimated locations of so-
lid–liquid and liquid–vapor interfaces, the material properties in
the electrons and lattice energy equations will be re-evaluated
and Eqs. (26) and (20) will be solved again. The above procedures
will be repeated till the maximum difference between the lattice
temperatures obtained from two consecutive iterative steps is less
than 10�5 K.

4. Results and discussion

The gold film thickness for all cases is fixed at 1 lm in the cur-
rent work. The initial temperature T0, is set to be 300 K. The laser
pulse duration is 100 fs. The thermophysical and optical properties
are given in Table 1.

4.1. Single pulse

To provide benchmark for the cases of multiple pulses, melting,
evaporation and resolidification processes caused by single pulse
irradiation are studied first. For a single pulse of 0.5 J/cm2, the evo-
lutions of surface electron and lattice temperature, the solid–liquid
interface velocity and location, and the liquid–vapor interface
velocity and location are shown in Fig. 2. It can be seen that elec-
tron temperature rapidly shoots up to 22,000 K due to their low
heat capacity, and the lattice temperature reaches to its peak at
20 ps. Melting begins from the irradiated surface at t = 2.4 ps when
the lattice temperature is 1336 K. Evaporation starts at about
12.7 ps and stops at about 43.5 ps. The melting process continues
until a maximum melting depth of 143.5 nm is reached at 756 ps,
then melting ceases and the liquid metal starts to resolidify.

In the current model, the melting and resolidification processes
are controlled by nucleation dynamics. The solid–liquid interface
can be heated well above the normal melting point (1336 K) and
the solid can become superheated. Fig. 3(a) shows the dependence
9]
[19]
9]
9]
41T1 � 8:731� 10�4T2

1 þ 1:787� 10�6T3
1 � 7:051� 10�10T4

1 þ 1:538� 10�13T5
1 [15]

]
[27]
[27]
]

:0111T1 � 2:747� 10�5T2
1 � 4:048� 10�9T3

1
11T1 � 1:721� 10�5T2

1 þ 1:064� 10�9T3
1
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of maximum solid–liquid interfacial temperature on laser fluence.
It can be seen that in all cases superheating take place during the
melting process and higher laser fluence leads to higher degree
of superheating. Fig. 3(b) shows the relationship between the max-
imum lattice temperature and maximum melting depth. Obvi-
ously, higher pulse fluence leads to a deeper melting.
The liquid–vapor interfacial temperature is controlled by the
energy balance and saturation pressure. Because of the backflow
of evaporated vapor to the surface, the saturation pressure will
be lifted, which leads to higher liquid–vapor interfacial tempera-
ture. Fig. 4(a) shows the dependence of maximum liquid–vapor
interfacial temperature on laser fluence. Fig. 4(b) shows the rela-
tionship between the maximum ablation depth and maximum
vaporization temperature. While higher pulse fluence leads to a
deeper ablation, the ablation depth is much smaller than the melt-
ing depth. This shows that under 0.9Tc, the ablation caused by
evaporation is insignificant.

Figs. 3(b) and 4(b) will serve as the bases of the comparison be-
tween multiple pulses and single pulse. If the resultant point of a
multiple pulses irradiation is located in the upper part of
Fig. 3(b), it means with the same maximum temperature, multiple
pulses will achieve deeper melting, and vice-versa. Similarly, a
point of multiple pulses located in the upper part of Fig. 4(b) means
with the same maximum temperature, multiple pulses will obtain
deeper ablation depth. In other words, it means that multiple
pulses can achieve the same ablation depth with lower tempera-
ture, which is desirable in laser-material processing.

4.2. Two pulses

Two consecutive pulses with same fluence and a separation
time of Dt are studied first. A typical lattice temperature evolution
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Fig. 5. Irradiation by two consecutive 0.3 J/cm2 laser pulses with a separation time
of 280 ps.
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with a separation time of 280 ps and single pulse fluence of 0.3 J/
cm2 is shown in Fig. 5. In Fig. 5(a), each pulse arouses a peak in
electron and lattice temperature. The second peak of lattice
temperature is much higher, because of the utilization of residual
thermal energy deposited by the first pulse. The melting process
is also intensified as indicated by Fig. 5(b). In Fig. 5(c), there is only
one peak in liquid–vapor interfacial velocity, which is caused by
the second pulse. This is because a single pulse of 0.3 J/cm2 is lower
than the threshold value for evaporation.

The irradiation processes caused by two 0.3 J/cm2, 100 fs laser
pulses with a separation time ranged from 10 ps to 6000 ps are
then simulated. The dependence of maximum melting depth on
maximum lattice temperature with different separation time is
shown in Fig. 6(a). The arrows indicate the directions toward
which the separation time Dt increases. The solid line in Fig. 6(a)
is the result of single pulse, as shown in Fig. 3(b). All the results
of two pulses are located in the upper side of the solid line, which
means that with the same peak temperature, the melting depth of
two pulses will always be deeper than that of a single pulse. Fur-
thermore, it can be seen that when the separation time increases
from 10 ps, the maximum temperature will decrease without an
obvious drop of melting depth. The result points of two pulses
deviate from the single pulse line gradually. When the aim of laser
irradiation is to obtain deeper melting depth, this is a desirable
trend because the same melting depth can be achieved with lower
temperature, i.e., the residual thermal stress will be lower.
However, when the separation time is longer than 280 ps, the re-
sult points of two pulses approach to the single pulse line again,
melting depth drops soon with the same temperature. When the
separation time equals to 800 ps, the difference between two
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Fig. 6. Relationship between maximum temperature and melting depth by two
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pulses and single pulse is very small. After that, with the increase
of separation time, the results caused by two pulses will deviate
from the solid line again. In comparison to Fig. 6(b), which is the
variation of solid–liquid interface velocity, it can be found that
280 ps is just the time when the solid–liquid interfacial velocity
turn from positive to negative, i.e., when the resolidification pro-
cess starts; 800 ps is the time when the interfacial velocity
achieves maximum negative value. Fig. 6 shows that if a deeper
melting depth is the aim of laser metal interaction, the second
pulse should be launched when the melting process caused by
the first pulse reaches the maximum value. On the other hand, if
the second pulse is launched when the resolidification process is
about to stop, two pulses irradiation shows no advantage over
the single pulse. To verify this, the irradiation process caused by
two 0.4 J/cm2 pulses is also simulated. The results are shown in
Fig. 7, which shows the same findings as Fig. 6.

Fig. 8 shows the dependence of ablation depth caused by two
0.3 J/cm2 pulses on the maximum surface temperature. In most
cases, the ablation depth caused by two pulses is slightly deeper
than a single pulse which would cause the same peak temperature.
However, it should be noticed that when the separation time is
around 20 ps, the points are located at the lower part of the solid
line, which means smaller ablation depth. As shown in Fig. 8(b),
the surface temperature variation with time caused by a single
0.3 J/cm2 pulse, 20 ps is exactly the time that surface lattice tem-
perature reaches peak. This means that if a deeper ablation depth
is wanted, the second pulse should not be launched when the tem-
perature caused by the first pulse reaches its peak value.

4.3. Multiple pulses

The cases of more than two pulses interaction with the gold film
are also studied. To compare with a single pulse of 0.6 J/cm2, six
cases are considered: (a) 2 pulses at 0.3 J/cm2 per pulse; (b) 3
pulses at 0.2 J/cm2 per pulse; (c) 4 pulses at 0.15 J/cm2 per pulse;
(d) 5 pulses at 0.12 J/cm2 per pulse; (e) 6 pulses at 0.1 J/cm2 per
pulse; (f) 10 pulses at 0.06 J/cm2 per pulse. The separation time
ranged from 1 ps to 15 ps.

Figs. 9 and 10 show the dependence of maximum temperature
and melting depth on the number of pulses and separation time. It
can be seen that with more pulses, the temperature and melting
depth will decrease. The increase of separation time also leads to
lower temperature and melting depth. If the relationship between
maximum temperature and melting depth caused by multiple
pulses is plotted and compared with that of a single pulse,
Fig. 11 can be obtained. It is clear that all the points are located
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on the upper side of the single pulse line, which means deeper
melting depth will be achieved with the same lattice temperature.
And this difference will be larger with higher number of pulses and
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longer separation time. In comparison to a single 0.6 J/cm2 pulse
irradiation, the maximum lattice temperature caused by 10 con-
secutive pulses with a separation time of 15 ps can reduce
22.01%, while the melting depth only decreases 4.93%. This means
in practical application, if deeper melting is wanted, multiple
pulses is preferable than the single pulse, because it will lead to
lower temperature and consequently smaller residual stress and
distortion.

Similarly, Figs. 12 and 13 show that larger pulse number and
longer separation time will lead to lower surface temperature
and smaller ablation. Fig. 14 shows the comparison between multi-
ple pulses and single pulse. The points of multiple pulses are
located just upon the solid line, which means that if the maximum
temperature is controlled to be the same for multiple pulses and
single pulse, using multiple pulses will not lead to much difference
in ablation depth in comparison with a single pulse.

5. Conclusion

Rapid phase change processes including melting, vaporization
and resolidification in a gold thin film irradiated by multiple laser
pulses is investigated in this paper. A two-temperature model in
conjunction with interfacial track method was employed to de-
scribe the temperature variation, solid–liquid and liquid–vapor
interface evolution. The relationship between peak lattice temper-
3200 3400 3600 3800 4000 4200

188

192

196

200

M
el

tin
g 

de
pt

h 
(n

m
)

Maximum lattice temperature (K)

 single pulse
Δt=1.0ps
Δt=3.0ps
Δt=5.0ps
Δt=7.5ps
Δt=10.0ps
Δt=15.0ps

Fig. 11. Comparison of melting depth between multiple pulses irradiation and
single pulse irradiation.



1 2 3 4 5 6 7 8 9 10 11
3000

3200

3400

3600

3800

4000

4200
M

ax
im

um
 s

ur
fa

ce
 te

m
pe

ra
tu

re
 (K

)

Number of pulses

Δt=1.0ps
Δt=3.0ps
Δt=5.0ps
Δt=7.5ps
Δt=10.0ps
Δt=15.0ps

Fig. 12. Dependence of surface temperature on pulses number and separation time.

0 1 2 3 4 5 6 7 8 9 10 11
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Ab
la

tio
n 

de
pt

h 
(n

m
)

Number of pulses

Δt=1.0ps
Δt=3.0ps
Δt=5.0ps
Δt=7.5ps
Δt=10.0ps
Δt=15.0ps

Fig. 13. Dependence of ablation depth on pulses number and separation time.

3200 3400 3600 3800 4000 4200
0

1

2

3

4

Ab
la

tio
n 

de
pt

h 
(∗

10
-1

2 m
)

Maximum surface temperature (K)

 single pulse
Δt=1.0ps
Δt=3.0ps
Δt=5.0ps
Δt=7.5ps
Δt=10.0ps
Δt=15.0ps

Fig. 14. Comparison of ablation depth between multiple pulses irradiation and
single pulse irradiation.

J. Huang et al. / International Journal of Heat and Mass Transfer 52 (2009) 3091–3100 3099
ature and melting depth, ablation depth are analyzed and com-
pared with that of the single pulse irradiation.

It is found that for two pulses irradiation, if deeper melting
depth is desirable, the second pulse should be launched when
the melting depth caused by first pulse reaches the peak. In
comparison to single pulse irradiation with the same lattice
temperature, this leads to a greater melting depth. If the second
pulse is launched at the time when the resolidification process is
about to end, two pulses irradiation shows no difference to a single
pulse process. For ablation caused by evaporation, if the second
pulse is launched when the surface temperature reaches the peak,
ablation depth will be smaller than a single pulse.

For laser irradiation with more than two consecutive pulses, if
the total laser fluence remains a constant, higher pulse number
and longer separation times between pulses lead to smaller melt-
ing depth, but in comparison with a single pulse that causes the
same lattice temperature, the melting depth is much deeper. At
the same time, multiple pulses irradiation shows no advantage in
ablation over single pulse with the same peak temperature.
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