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Abstract

The improved two-temperature model with quantum treatments is used to analyze the ultrashort laser pulse-train processing of gold
thin films. This study demonstrates that (1) as compared to ‘‘normal” laser heating, pulse-train technology can increase the photon effi-
ciency, i.e., less total laser energy is required to achieve the same lattice temperature or phase change; (2) the number of bursts required
for melting decreases with the repetition rate, but at tens of MHz or higher, the repetition rate has a negligible effect; (3) the lattice tem-
perature at the thermolization time first increases to a peak and then decreases as the pulse separation time increases.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In the past two decades, the ultrashort (typically <10 ps)
laser heating of metals and its non-equilibrium energy
transport have been very active research topics [1–10,4,
11–17]. Particularly, special attention has been paid to
the femtosecond laser heating of thin films [2,5–9,12–15].
Recent developments of optical devices make it possible
to obtain almost any arbitrary pulse shapes. A pulse train
consists of ‘‘bursts” or ‘‘trains” at a separation time of a
few miniseconds to microseconds, and each burst may con-
tain multiple pulses at a separation time of 100 of femtosec-
onds to a few picoseconds. A large number of studies have
been reported regarding pulse shaping and its effects on
laser-material interactions [18–28]. For example, using a
shaped pulse train, ionization process can be controlled
[18]; atoms can be selectively ionized [19]; molecular
ground-state rotational dynamics can be manipulated
[20]; chemical reactions can be controlled [21]; and X-ray
line emission from plasmas under the femtosecond pulse
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can be significantly enhanced [22]. These abilities of shaped
pulse trains are useful to control and improve micro-/nano-
scale processing of dielectrics [23,24], semiconductors [25],
and metals [26–28].

In the past, the well known two-temperature model has
been widely used for the ultrashort laser processing of met-
als [2,5–9,12–15]. However, in the existing two-temperature
model, the estimations for the important properties such as
electron heat capacity, electron relaxation time, electron
heat conductivity, and reflectivity are limited to tempera-
tures much lower than the Fermi temperature [8]. Using
the improved two-temperature model in which the quan-
tum treatments were employed to calculate the significantly
varying properties [2], this study investigates the pulse train
technology, especially the effects of the pulse number per
train, pulse separation, and repetition rate for gold thin
films.

2. Mathematical model

2.1. Two-temperature model

Using the improved two-temperature model [2], this
paper considers the laser pulse durations that are much

mailto:tsai@umr.edu


Nomenclature

B bulk modulus
bmax maximum collision parameter in Eq. (14)
bmin minimum collision parameter in Eq. (14)
c speed of light in vacuum
c velocity of light in vacuum
C heat capacity
Ce electron heat capacity
Cl lattice heat capacity
cs speed of sound
d film thickness
e electron charge
f complex refractive index
f1 normal refractive index
f2 extinction coefficient
F1/2 Fermi integral
G electron-lattice coupling factor
h Planck constant
�h reduced Planck constant
I laser intensity
F laser fluence in J/cm2

k heat conductivity
kB Boltzmann’s constant
ke electron conductivity
kl metal heat conductivity in the electron–phonon

thermal equilibrium
me mass of electron
ne density of the free electrons
hnki average number of electrons in energy state ek

Ne total number of free electrons
r distance to the Gaussian beam axis
r0 radius of the laser beam
R reflectivity
Rl heat loss due to surface irradiation
S laser source term
S0 laser source term used in existing models [5–8]
t time
tp pulse duration
TD Debye temperature

Te electron temperature
TF Fermi temperature
Tl lattice temperature
T0 ambient temperature
T metal temperature in the electron–phonon ther-

mal equilibrium
v velocity of light in the material
v2

e mean square of electron speed
Z* ionization state
z depth from the thin film surface
V volume

Greek symbols

a overall absorption coefficient
ah absorption coefficient through heating
d optical penetration depth
� complex dielectric function
�0 electrical permittivity of free space
�1 real part of the dielectric function
�2 imaginary part of the dielectric function
e kinetic energy of a free electron
hei average electron kinetic energy
hepi average phonon kinetic energy
ed d-band energy
ee the emissivity
eF Fermi energy
ek electron energy state
lnK Coulomb logarithm in Eq. (13)
k wavelength of the laser
l chemical potential
m laser frequency
q density of states
qF distribution of occupied electronic states
qm density
r Stefan–Boltzmann constant
se electron relaxation time
x laser frequency
xp plasma frequency
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longer than the electron relaxation time (typically sub to
tens of femtoseconds). Hence, the electron temperature,
characterized by the Fermi distribution, is well defined
and can be employed [1]. The two-temperature model is
given below:

CeðT eÞ
oT eðt; r; zÞ

ot
¼ r � ðkeðT eÞrT eÞ �GðT e � T lÞ þ Sðt; r; zÞ

ð1Þ

Cl

oT lðt; r; zÞ
ot

¼ rðklrT lÞ þGðT e � T lÞ � Rl ð2Þ

where Ce is electron heat capacity; Cl is the lattice heat
capacity; Te is the electron temperature; Tl is the lattice
temperature; ke is the electron conductivity; kl is the metal
heat conductivity when the electron–phonon is in thermal
equilibrium; t is the time; r is the distance to the Gaussian
beam axis; z is the depth from the thin film surface; S

represents the laser source term; Rl is the heat loss due to
surface irradiation; and G is the electron-lattice coupling
factor estimated by [5]

G ¼ p2menec2
s

6seðT eÞT eðt; r; zÞ
ð3Þ

where me is the mass of electron; ne is the density of the free
electrons; se is electron relaxation time; and cs is the speed
of sound in bulk material calculated by
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cs ¼
ffiffiffiffiffiffi
B
qm

s
ð4Þ

where B is the bulk modulus and qm is the density.

2.2. Free electron heat capacity

In a wide range of electron temperatures, the full-run
quantum treatment should be used to calculate the free
electron heat capacity. In spite of the non-equilibrium
states of the electrons within the free electron relaxation
time, the Fermi distribution and the corresponding temper-
ature of the free electrons can still be used in the limit when
the pulse duration is much longer than the electron relaxa-
tion time, which is proved by a model using the full Boltz-
mann transport theory [1]. The average number of
electrons, hnki, in energy state, ek, obeys the following
Fermi distribution

hnki ¼
1

ebðT eÞðek�lðT eÞÞ þ 1
ð5Þ

where b(Te) = 1/kBTe(t, r,z), l is the chemical potential,
and kB is the Boltzmann’s constant. For free electron gas,
the chemical potential can be calculated by [29]

lðne; T eÞ ¼ eFðneÞ

� 1� p2

12

kBT eðt; r; zÞ
eFðneÞ

� �2

þ p2

80

kBT eðt; r; zÞ
eFðneÞ

� �4
" #

ð6Þ

where the higher order terms are neglected and eF is the
Fermi energy. The Fermi energy is determined by [29]

eF ¼
ðhcÞ2

8mec2

 !
3

p

� �2=3

n2=3
e ð7Þ

where h is the Planck constant and c is the speed of light in
vacuum. The average kinetic energy per electron in J, hei, is
calculated by

hei ¼
P

khnkiek

N e

¼
R1

0
1

ebðT eÞðe�lðT eÞÞþ1
qðeÞedeR1

0
1

ebðT eÞðe�lðT eÞÞþ1
qðeÞde

ð8Þ

where e is the kinetic energy of a free electron; Ne is the to-
tal number of free electrons; and q(e) is the density of states
given by

qðeÞ ¼ 8
ffiffiffi
2
p

pm3=2
e

h3

ffiffi
e
p

ð9Þ

The heat capacity can be determined by

CeðT eÞ ¼ ne

ohei
oT e

� �
V

ð10Þ

where V is the volume.
The phonon heat capacity is also temperature-depen-

dent which, in Ref. [2], is calculated by the well-known
quantum treatment, the Debye model. However, at temper-
atures higher than the Debye temperature (165 K for gold),
the variation of gold phonon heat capacity is insignificant
[2]. At room temperature or higher, for gold phonons,
the molar phonon heat capacity predicted by the quantum
treatment (the Debye model) is similar to that predicted by
the classical estimation (the Law of Dulong and Petit) [2].
Hence, the lattice heat capacity of gold in the calculation
is reasonably considered as a constant in this paper.

2.3. Free electron heat conductivity and relaxation time

The free electron heat conductivity is expressed by the
following Drude theory of metals [29]

keðT eÞ ¼
1

3
v2

eðT eÞseðT eÞCeðT eÞ ð11Þ

where v2
e is the mean square of electron speed. In this study,

v2
e and Ce are determined directly by the Fermi distribution

based on Eqs. (5)–(10). In Eq. (11), the scattering effects are
indirectly considered through the calculation of the free
electron relaxation time. In TD < Te < 0.1 TF and using
the values of v2

e and Ce for an ideal gas, Eq. (11) can be sim-
plified to se ¼ 3me

p2nek2
BT eðt;r;zÞ

keðT eÞ [29] that is used in Ref. [7].
Regarding the temperature range, TD is the Debye temper-
ature that is 165 K for gold and TF is the Fermi tempera-
ture that is measured to be 5.9 � 104 K for gold.

In this study, by considering metals as dense plasma
[1,2,29–34], the free electron relaxation time is calculated
as follows by a quantum treatment derived from the Boltz-
mann transport equation [32,33]

seðt; r; zÞ ¼
3
ffiffiffiffiffiffi
me
p ðkBT eðt; r; zÞÞ3=2

2
ffiffiffi
2
p

pðZ�Þ2nee4 ln K

� ð1þ expð�lðT eÞ=kBT eðt; r; zÞÞÞF 1=2 ð12Þ

where e is the electron charge; Z* is the ionization state
and is 1 for gold; F1/2 is the Fermi integral; and lnK is
the Coulomb logarithm determined by

ln K ¼ 1

2
ln 1þ bmax

bmin

� �2
 !

ð13Þ

where the maximum (bmax) and minimum (bmin) collision
parameters are given by

bmax ¼
ðkBT eðt; r; zÞ=meÞ1=2

maxðx;xpÞ

bmin ¼ max
Z�e2

kBT eðt; r; zÞ
;

�h

ðmekBT eðt; r; zÞÞ1=2

 ! ð14Þ

where �h = h/2p is the reduced Planck constant; x is the
laser frequency and xp is the plasma frequency defined by

xp

ffiffiffiffiffiffiffiffiffi
nee2

me�0

s
ð15Þ

where �0 is the electrical permittivity of free space.
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2.4. Optical properties

A critical task is to determine the laser source term in
Eq. (1). A general expression for laser intensity (W/cm2),
I, inside the bulk material for both non-linear and linear
absorptions is [32,33]

Iðt; r; zÞ ¼ 2Fffiffiffiffiffiffiffiffiffiffiffiffiffi
p= ln 2

p
tp

ð1� Rðt; rÞÞ

� exp � r2

r2
0

� ð4 ln 2Þ t
tp

� �2

�
Z z

0

aðt; r; zÞdz

 !

ð16Þ

where F is the laser fluence in J/cm2; tp is the pulse dura-
tion; R is the reflectivity; r0 is the radius of the laser beam
that is defined as the distance from the center at which the
intensity drops to 1/e2 of the maximum intensity; and
a(t, r,z) is the absorption coefficient. S(t, r,z) = oI(t, r,z)/
oz. If the absorption coefficient is assumed to be a constant,
using the definition that optical penetration depth d = 1/a,
the laser source term (W/cm�3) is simplified to the follow-
ing expression commonly used in the existing models [5–8]

S0ðt; r; zÞ ¼ 0:94F
tpd
ð1� Rðt; rÞÞ exp � r2

r2
0

� 2:77
t
tp

� �2

� z
d

 !

ð17Þ

Rethfeld et al. have demonstrated that the ultrashort
laser–metal interaction can be well described by laser–
plasma interactions [1]. According to the Drude model
for free electrons, �, the electrical permittivity (dielectric
function) of metals modeled as a plasma, is expressed as
[34]

�ðt; r; zÞ ¼ �1ðt; r; zÞ þ i�2ðt; r; zÞ

¼ 1�
x2

pðneÞs2
eðt; r; zÞ

1þ x2s2
eðt; r; zÞ

 !
þ i

x2
pðneÞseðt; r; zÞ

xð1þ x2s2
eðt; r; zÞÞ

 !

ð18Þ

Eq. (18) shows how the plasma frequency in Eq. (15) is
defined. The relationship between the complex refractive
index, f, and the complex electrical permittivity is given by

c

v

� �
¼ f ¼ ðf1 þ if2Þ ¼

ffiffiffi
�
p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�1 þ i�2

p
ð19Þ

where c is the velocity of light in vacuum; v is the velocity
of light in the material; f1 is the normal refractive index;
and f2 is the extinction coefficient. Thus, the f1 and f2 func-
tions can be express as

f1ðt; r; zÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�1ðt; r; zÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2

1ðt; r; zÞ þ �2
2ðt; r; zÞ

p
2

s

f2ðt; r; zÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
��1ðt; r; zÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2

1ðt; r; zÞ þ �2
2ðt; r; zÞ

p
2

s ð20Þ
The reflectivity and the absorption coefficient of the metal
are determined by the following Fresnel expression

Rðt; rÞ ¼ ðf1ðt; r; 0Þ � 1Þ2 þ f 2
2 ðt; r; 0Þ

ðf1ðt; r; 0Þ þ 1Þ2 þ f 2
2 ðt; r; 0Þ

ahðt; r; zÞ ¼
2xf2ðt; r; zÞ

c

ð21Þ

However, the Drude model for metals, Eq. (18), does
not consider the interband transition and the Fermi distri-
bution. For gold, the d-band transition plays a critical role
in the optical properties [4,35]. In d-band transition, elec-
trons jump from the top of the d-band to the unoccupied
states near the Fermi level in the conduction band (p-
band). For noble metals like gold, the contribution of inter-
band absorption to optical properties can be directly added
to the Drude model, Eq. (18), for electrical permittivity
[36]. Experiments have shown that the transient reflectivity
of gold films is directly related to the change in occupation
number of electrons near the Fermi energy [35]. The change
in occupied state distributions near the Fermi level caused
by electron heating is called the Fermi distribution smear-
ing [35]. Eesley et al. estimated the distribution of occupied
electronic states near the Fermi energy by [35]

qF ¼
1

1þ expf½hm� ðeF � edÞ�=kBT eðt; r; zÞg
ð22Þ

where m is the laser frequency; (eF � ed) = 2.38 eV for gold
[4] is the difference between the Fermi energy and the d-
band energy, ed. It is seen the absorption of photon energy,
hm, is directly affected by the d-band transition. The smear-
ing of the electron distribution is given by

DqF ¼ qFðhm; T eÞ � qFðhm; T 0Þ ð23Þ

which is linearly proportional to the imaginary component
of the electrical permittivity in Eq. (18) [4]

D�2

�2

¼ DqF

qF

ð24Þ

In Eq. (23), T0 is the ambient temperature, 300 K [4]. After
adding D�2 to �2 in Eq. (18), the reflectivity and the absorp-
tion coefficient with the consideration of d-band transition
can be determined by Eq. (21).

3. Results and discussion

3.1. Single burst

The proposed model is first validated by considering the
damage thresholds under single pulse per train. As shown
in Fig. 1, the proposed model significantly increases the
prediction accuracy of the damage thresholds compared
with the existing model [5–7]. At the wavelength of
1053 nm, the damage thresholds of single pulse per train
processing of 200 nm film predicted by the proposed model
are almost independent of the pulse duration in 140 fs–
100 ps, which is confirmed by the experimental data [3].
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Fig. 1. Damage threshold fluences of 200 nm gold film processed by single
pulse per train at the wavelength of 1053 nm and different pulse durations.
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Then, using the validated model, this section investigates
a 140 fs (tp), 1053 nm (K) laser heating of gold film with the
size of 10 mm (width) � 10 mm (length) � 200 nm (thick-
ness) by a single burst consisting of 1, 2, 4, or 10 pulses.
Perfect insulation is assumed between the thin film and
its substrate in the calculation. Our calculation starts with
�2tp, and t = 0 corresponds to the peak energy of the first
pulse in the train. Fig. 2 compares the electron tempera-
tures and phonon temperatures at the center surface point
(r = 0; z = 1 nm) heated by one burst of four cases: (a) sin-
gle pulse per train at 0.1 J/cm2; (b) 2 pulses per train at
0.05 J/cm2 per pulse; (c) 4 pulses per train at 0.025 J/cm2

per pulse and (d) 10 pulses per train at 0.01 J/cm2 per pulse.
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Fig. 2. Surface center (r = 0; z = 1 nm) temperatures of electrons and phonons
per pulse; (b) 2 pulses per train at 0.05 J/cm2 per pulse; (c) 4 pulses per train
The pulse separation time between the two next pulses
within a train is 1 ps. It is seen the highest electron temper-
ature of each case occurs right after the last pulse in each
train due to the incubation effect of the previous pulses,
and it is, respectively, 8.9 � 103 K, 7.4 � 103 K, 5.3 � 103

K, and 3.3 � 103 K for Cases (a)–(d). The decrease of the
maximum electron temperature is expected, since the laser
energy in Case (a) was delivered within 140 fs, as compared
to 1.14 ps, 3.14 ps, and 9.14 ps, respectively, in Cases
(b)–(d). Hence, at the same total energy per train and same
pulse separation time, the non-equilibrium effect between
the electrons and phonons is significantly reduced as the
number of pulses per train increases. The thermolization
times are 12 ps, 12.5 ps, 13 ps, and 17 ps, respectively, for
1, 2, 4, and 10 pulses per train. The pulse train technology
tends to reduce the problems associated with thermal
cycles, such as stress-fracturing caused by repeated phase
changes and their inverse processes. Also, the transient
heat conductivity is lowered by the pulse train technology.

The responses of electron temperatures at the depths of 0,
40, 80, 120, and 160 nm are shown in Fig. 3 where the arrows
indicate the directions toward which the depth increases.
The trends at all the depths are quite similar to each other.
The perturbations induced by the femtosecond pulses are
significantly weakened as the depth increases, due to the
attenuation of transmitted laser energy distribution. Before
the thermolization time, the ratio of electron temperature
change to time significantly decreases with the increases of
the number of pulses per train. This tends to decrease the
temperature gradient in space domain and the associated
stress especially in the multiple-burst heating process.
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The lattice temperatures at several sampling instants as
a function of the thin film depth are given in Fig. 4. The
highest lattice temperatures at the surface center (r = 0;
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30 ps are 418 K, 438 K, 440 K, and 440 K, respectively.
The thin film is heated to slightly higher temperatures by
pulse trains, because the pulse(s) changes the optical prop-
erties (reflectivity and absorption coefficient) during the
subsequent pulse irradiations. On the other hand, within
the first three picoseconds, the lattice temperature in single
pulse increases much faster than those in the pulse trains.
At 3.14 ps, the surface temperatures are 467 K, 458 K,
417 K, and 358 K, respectively, for Cases (a)–(d), due to
much higher transient electron temperatures in Case (a)
at the same total energy per train.

3.2. Multiple bursts

The frequency (the reciprocal of the repetition rate) of a
femtosecond laser (and its pulse trains) is typically a few Hz
to tens of kHz. Hence, a burst period is on the order of
0.1 s to 0.1 ms, which is 108–1014 times longer than any
femtosecond pulse duration. Within the burst period after
the thermolization time (tens of picoseconds), the electrons
and lattice have the same temperature, Tl, and the two-tem-
perature model in this period can be simplified to

oT ðt; r; zÞ
ot

¼ rðkrT Þ=CðT Þ � eer½T 4ðt; r; 0Þ � T 4
0�

CðT Þd ð25Þ

where k is the heat conductivity; C is the heat capacity;
T is the metal temperature; d is the film thickness, r is
the Stefan–Boltzmann constant, and ee is the emissivity ta-
ken as 0.03 [37]. The last term in Eq. (25) represents the
radiation heat loss to the ambient, which could also be con-
sidered as the boundary condition.

The pulse energy and the pulse separation within the
pulse train in this section are the same as those in Section
3.1. At a repetition rate 10 kHz, it takes 139, 133, 126,
and 110 bursts, respectively, for 1, 2, 4, and 10 pulses per
train to the melting temperature, 1337.33 K for gold.
Hence, the pulse train technology can increase the photon
efficiency in heating. In fact, this effect can be more effective
for dielectrics [23,24] as compared to metals.

Due to the surface irradiation heat loss, the temperature
change at z = 1 nm, r = 0 per burst cycle (including both
burst irradiation and cooling between two bursts) decreases
as a function of the burst number, which is depicted in
Fig. 5 for the case of 10 pulses per train. The first burst
cycle increases the center (r = 0) temperature by 28 K,
while the 109th burst cycle increases it by only 3.7 K.
Hence, at a 10 kHz frequency, surface radiation loss plays
a significant role in the femtosecond laser heating of the
metal thin film especially before the melting occurs. The
surface lattice temperature increase per burst cycle in Cases
(b)–(d) are very similar to that in Fig. 5 and, hence, they are
omitted here.

3.3. Effects of repetition rate

As expected, the number of bursts required for melting
decreases as the repetition rate increases as shown in
Fig. 6. But at 10 of MHz to 100 of THz, (although cur-
rently the frequency of a femtosecond laser cannot be this
high), the repetition rate has a negligible effect on the num-
ber of bursts required for metal melting in our simulation
conditions. This shows that the thermal factors (lattice
temperatures) dominate in pulse trains with millisecond
to nanosecond train separation time, while the optical fac-
tors through electron temperature changes dominate in
pulse trains with femtosecond-to-picosecond train separa-
tion time. It is also demonstrated that at 5 kHz, 308 and
227 bursts are required for melting by using 1 and 10 pulses
per train, respectively, which confirms the photon-effi-
ciency advantage of the pulse train due to the changes of
the optical properties in the subsequent pulse(s). Consider-
ing the technology feasibility and cost, the repetition rate of
100 of kHz would be ‘ideal’ if the number of bursts
required for metal melting is used as the target function.
3.4. Pulse separation

An important parameter in the pulse train technology is
the delay (separation) time between the two next pulses
within a train, which is called the pulse separation. This
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section studies the temperature responses under a single
burst consisting of 3 pulses each at 0.1 J/cm2 with the pulse
separation of 0.5, 1, 2, 4, 8, and 16 ps, respectively, as
shown in Fig. 7. The corresponding lattice temperatures
after the thermolization time are: 1050, 1074, 1110, 1135,
1106, and 1088 K, respectively. Hence, the temperature
right after the thermolization time first increases to a peak
and then decreases as the pulse separation increases. This
implies the existence of an optimum value of pulse separa-
tion time at which the metal heating (ablation) can be max-
imized by manipulating the temporal pulse distribution.
There is no analytic method to directly calculate the opti-
mal value of the pulse separation time. However, using
the golden section search or simplex search, an optimal
value with respect to a certain target function can be
achieved.

With the pulse separation time of 0.5 ps or shorter, the
three pulses are so close to each other and they act like a
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Fig. 7. Surface center (r = 0; z = 1 nm) temperatures of electrons and lattice un
pulse separation of (a) 0.5 ps; (b) 1 ps; (c) 2 ps; (d) 4 ps; (e) 8 ps; and (f) 16 ps
whole big pulse to excite electrons, which loses the major
advantage of pulse trains. As the pulse separation
increases, the three peaks of electron temperatures induced
by the three pulses become obvious. However, when the
pulse separation increases to the extent comparable to the
single pulse thermolization time, (12 ps, which is different
from the thermolization time of a pulse train), the electron
responses induced by each pulse becomes independent
to each other, which again loses the advantage of pulse
trains.

4. Conclusions

This study uses the full-run quantum treatments to the
two-temperature model for several critical optical and ther-
mal properties, including the electron heat capacity, elec-
tron relaxation time, electron conductivity, reflectivity,
and absorption coefficient. The improved two-temperature
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der a single train consisting of three pulses at 0.1 J/cm2 per pulse with the
.
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model is used to analyze the pulse train technology with the
following major conclusions:

� Pulse train technology. The highest transient electron
temperature (thus heat conductivity) is lowered and
the thermolization time is prolonged by a pulse train,
which preserves the advantages of ultrashort lasers,
while it can reduce the problems associated with thermal
cycles, such as stress-fracturing. The pulse train technol-
ogy can increase the photon efficiency in melting
(micromachining), which requires less number of pulses
for melting.
� Repetition rate. The number of bursts required for melt-

ing decreases with the repetition rate. But at tens
of MHz or higher, the repetition rate has a negligible
effect on the number of bursts required for phase
change.
� Pulse separation. The lattice temperature right after the

thermolization time first increases to a peak and then
decreases as the pulse separation increases. At a very
short time separation, the pulses within a train are too
close and act like a whole big pulse, which loses the
major advantage of a pulse train. However, when the
pulse separation increases to be comparable to the
thermolization time of each single pulse, the electron
responses induced by each pulse becomes independent
to each other, which again loses the advantage of pulse
trains.
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