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The ultrafast thermalization processes of Au film irradiated by multi-pulse sequences with variable temporal
separation were investigated by numerical simulations. Two temporally sequential thermal relaxation
mechanisms including the two temperature relaxation and the thermal diffusion relaxationwere demonstrated.
With inclusion of the electron ballistic effect, we obtained the full 2-D temperaturefields evolution dominated by
the two distinct relaxation mechanisms. It is proposed that the laser thermalization processes can be greatly
promoted through choosing the optimized temporal separation of the pulse train. We also found that the two
temperature relaxation period can be modulated by changing the pulse train parameters such as the temporal
separation, the pulse durations and the pulse number in a train.
).

ll rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, femtosecond laser has become one of the
most promising technologies in material processing because of the
little collateral damage and heat conduction produced in the material
[1–3]. For metal targets, it is believed that the potential advantages
are physically originated from the distinct thermalization mechan-
isms for femtosecond pulses and nanosecond pulses ablation. In
fact, the electron and phonon were out of equilibrium severely during
the femtosecond laser pulses ablation, which potentially leads to
the localization of laser energy deposition and the desired ablation
precision. Because of the potential energy deposition merit, the
femtosecond laser compared to nanosecond laser can well serve as
the tool for accurately manufacturing of super high precision
functional devices such as biochips, microfluidic channels and
integrated optical circuit. However, unfortunately, many experimen-
tal investigations still demonstrated that the inaccuracy ablation due
to melt and recast using a femtosecond laser can never be avoided
completely [4–6]. In fact, the pulse separation of the commercial
femtosecond amplifier is usually comparable to the melt and recast
period of the target material, which potentially leads to the inaccuracy
ablation. So, looking for a method to reduce the pulse separation for
facilitating the excellent application of femtosecond laser becomes
very urgently.

With recent advancement of laser pulse shaping techniques,
especially those based on the nonlinear optical devices and the
Fourier synthesis methods, almost arbitrarily shaped laser pulses in
the amplitude and the phase can be produced [7,8]. Many potential
applications emerged due to progress made in the pulse shaping
techniques, such as the optimal control of chemical reaction [9], the
enhanced ionization process [10] and the mass spectrometry analysis
[11]. More recently, it is found that temporally shaped pulses train
excitation enables new opportunities for optimal processing of
materials [12]. A more precise manufacturing process can be achieved
with such pulse train irradiation as observed by many groups in
different materials [13–15]. For femtosecond laser ablation of metals,
the diverse temperature relaxation mechanisms including the two
temperature relaxation and thermal diffusion relaxation can be found
to be responsible for the target thermalization in different timescales
[16], whereas, it is believed that the two temperature relaxation,
also called electron–phonon coupling relaxation mechanism plays an
important role in the target thermalization process in high fluence
regime [17]. So, understanding of the two temperature relaxa-
tion characteristics in the metal film is of great significance for the
optimal material processing of metal targets. In fact, a large number of
studies have been reported regarding the two temperature relaxation
and its effects on laser–metal interactions [18–20]. However, with the
temporally shaped pulses train excitation, namely multi-pulse
sequences with variable separation, the ultrafast temperature
relaxation characteristics, especially the two temperature relaxation
properties are not exactly known and so far less investigated.

In this paper, we numerically investigated the ultrafast thermaliza-
tion processes in Au film exposed to multi-pulses sequences. With
temperature dependent thermal properties of Au film, the full 2-D
temperature fields evolution in picosecond and nanosecond time
domains were obtained, in which the target was irradiated by the
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double pulse trainwithmodulated temporal separation. The effect of the
temporal separation of the pulse train on the non-equilibrium electron
and phonon thermalization characteristics of the Au filmwas examined.
Moreover, the dependence of the two temperature relaxation time on
the pulse train parameters such as temporal separation, pulse durations
and the pulse number was carefully analyzed. The results provide the
theoretical guideline for enhancing the optimal laser energy deposition
into the phonons of the Au target.

2. Modeling and method

2.1. Two temperature models

The well-known two temperature models which had been widely
applied in investigation of ultrashort pulses interaction with metals
are as follows [21]:

Ce
∂Te
∂t = ∇ Ke∇Teð Þ−G Te−Tp

� �
+ Q ð1Þ

Cp
∂Tp
∂t = G Te−Tp

� �
: ð2Þ

In Eq. (1), the temperature dependent electron heat conductivity is
expressed as follows [22]:

Ke = χ
θ2e + 0:16
� �5=4

θ2e + 0:44
� �

θe

θ2e + 0:092
� �1=2 θ2e + ηθp

� � ð3Þ

here θe=Te /TF and θp=Tp /TF are the normalized electron and
phonon temperatures with TF denoting the Fermi temperature; χ
and η are material constants. For the high electron temperature,
namely θeNN1, Eq. (3) results in the dependence Ke~Te5/2, which
characterizes the low-density electron plasma. However, under the
low temperature limit θebb1, the electron heat conductivity reduces
to Ke=K0Te /TF with K0 means the electron thermal conductivity in
room temperature. The heat capacity of electrons is assumed to be
proportional to the electron temperature for the case of Teb0.1TF as
can be found in themost existing works [23], i.e. Ce=ATe. In Eq. (2), CP
is the phonon thermal capacity, considered as a constant here, and G is
the electron–phonon coupling strength. The phonon heat conduction
is normally ignored in the two temperature model due to the quite
longer phonon diffusion period compared to the electron–phonon
relaxation time.

The 2-D laser energy absorption rate Q is

Q = S x; yð Þ · T tð Þ ð4Þ

where S and T represent the spatial and temporal energy absorption
rates, respectively.

For a Gaussian spatial distribution laser beam, S(x,y) is written as:

Sðx; yÞ =
ffiffiffiffiffiffiffiffiffiffiffi
4 ln2
π

r
1−R

tpðδ + δbÞ
F
n

× exp − x
δ + δb

− y−y0
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here, R and δ are the wavelength dependent surface reflectivity and
the optical penetration depth, δb=100 nm is the electron ballistic
transport length for Au film. tp is the FWHM (full width at half
maximum) pulse duration, F is the total fluence of the pulse train. y0 is
the coordinate of the light front center at the target surface and ys is
the profile parameter.

The proposed model for prediction of the pulse train thermaliza-
tion in Au film was also related in our previous works [16]. The main
difference exists in the thermal source term in Eq. (1). Here, we only
considered the temporal modulation of the pulse train, and the
spatial shape of the pulse train is fixed as a Gaussian type. For the
multi-pulse sequences, the temporal energy absorption rate can be
described as

TðtÞ = ∑
n

i=1
exp −4 ln2

t−2tp−ði−1ÞΔ
tp

 !2 !
ð6Þ

where n is the pulse number in a train and Δ denotes the temporal
separation between pulses in a train.

2.2. Normal thermal diffusion model

After the electron–phonon relaxation termination, the bulk
temperature field evolution of the metal target is mainly dominated
by the normal thermal diffusion mechanism which is represented by
the following Fourier thermal diffusion equation:

C
∂T
∂t = ∇ k∇Tð Þ−εσ T4−T4

0

� �
d−1 ð7Þ

where C is the heat capacity of Au film in the electron–phonon
equilibrium state, k is the heat conduction

k = 320:973−0:0111 × T−2:747 × 10−5 × T2

−4:048 × 10−9 × T3 ð8Þ

here, ε is the emissivity taken as 0.03 [24], σ is the Stefan–Boltzmann
constant, d is the film thickness and T0 is the ambient air temperature
taken as 300 K in room temperature. The last term represents the
radiation heat loss to the ambient environment, which could also be
considered as the boundary condition. In fact, the heat loss to ambient
environment is smaller in our calculation due to the slight
temperature difference between Au surface and the ambient air.

2.3. Initial and boundary conditions

Because of the flexibility of finite element method FEM in dealing
with theheat transfer equations, the couplingpartial differential Eqs. (1)
and (2) are simultaneously solved by the FEM. The calculation starts at
time t=0. The initial conditions for both electrons and phonons are
assumed to be room temperature. Thus

Te x; y;0ð Þ = Tpðx; y;0Þ = 300 K ð9Þ

During the femtosecond-to-picosecond time period, it is reason-
able to assume that heat losses from themetal film to the surrounding
as well as to the front surface are neglected, and the perfect thermal
insulation between Au film with substrate is assumed at the rear
surface. Therefore, the boundary conditions can be written as

∂Te
∂n j

Ω
=

∂Tp
∂n j

Ω
= 0 ð10Þ

here, Ω represents the four borderlines of the 2-D Au film.
For the thermal diffusion model that works in the nanosecond

timescale, the four boundaries of the 2-D Au film should be carefully
considered for solving the normal thermal diffusion equation. We
treat the radiation heat loss to the front surface as a built-in heat loss
term during the thermal diffusion period as referred in Eq.(7),
however, mathematically, we deal with thermal diffusion equation as
thermal insulation at the front surface of the Au target. For the
surrounding sides of the 2-D Au film, considering that the laser spot
size is smaller compared to surface dimension of the target, the heat
transfer dominated by the thermal diffusion mechanism can seldom
reach the edges of the target, so it is reasonable to assume the thermal
insulation at both surrounding sides in the nanosecond timescale; In
addition, for the rear surface of the 2-D target, although a small
quantity of heat energy can actually arrive at the rear surface of the Au
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film during the nanosecond timescale, it is almost impossible for the
weak heat wave to pass through the rear interface getting into the
substrate because of large thermal resistance between the rear surface
of the Au film and the substrate. Therefore, it is also appropriate to
apply the thermal insulation condition at the interface between the
Au film and substrate.

3. Results and discussion

Thefilm thickness andwidth are takenas 3 μmand8 μm, respectively.
Thematerial propertyparameters for theAufilmare listedas follows [25]:
K0=315 W/(m K),A=2.1×104 J/(m3 K), Cp=2.5×106 J/(m3 K),
G=2.6×1016 W/(m3 K), The laser related parameters we used are:
ys=1.5 μm, y0=4 μm, λ=800 nm, δ=15.3 nm.

The non-equilibrium electron and phonon temperature fields
evolution for the Au film triggered by double pulse train with temporal
separation of 4 ps is shown in Fig. 1. We can see that the electron and
phonon sub-systems are out of equilibrium dramatically at 200 fs, and
the maximal electron temperature on the irradiated surface reaches
7000 K. However, the phonon sub-system of the Au film keeps
undisturbed at this time, whose temperature is still close to the room
temperature of 300 K. At time of 2 ps, the phonon temperature of the Au
film begins to rise, and the electron temperature undertakes a severe
drop. The maximal electron and phonon temperatures on the front
surface of the Au film are 4174 K and 399 K, respectively. At time of 4.2
ps, the second pulse of the double pulse train strikes the Au film surface.
It can obviously be seen that the electron temperature field takes on an
Fig. 1. Ultrafast 2-D non-equilibrium temperature fields evolution in Au film exposed to
temperature fields. (B) Phonon temperature fields.
abrupt enhancement, and climbs to themaximumvalue of 7805 K at the
irradiated surface. It is indicated that the electrons sub-systemgets out of
the pre-existing non-equilibrium state again, and is stimulated to an
even higher non-equilibrium state. However, the temperature field of
the phonon sub-system keeps a regular ascending tendency, and the
maximal phonon temperature at the front surface of the Au film gets
475 Kat this time. It should be emphasized that the phonon temperature
field penetrates into the deeper inner region at 4.2 ps, whichmeans that
the electron–phonon energy exchange dominates the temperature field
evolution during this period. At time of 10 ps, the overheated electrons
continuously dissipates it's energy to phonon due to the sustaining
energy exchange between electron andphonon sub-systems dominated
by the two temperature relaxation mechanism. The maximal electron
and phonon temperatures on the irradiated Au film surface get 2949 K
and 716 K, respectively. At time of 20 ps, the electron and phonon sub-
systems get the thermal equilibrium state, and themaximal equilibrium
temperature on the front surface of the Aufilm arrives at 794 K. It should
be noticed that the phonon heat conduction and the radiation thermal
loss to the ambient air had be rationally ignored because the two
temperature relaxation time is quite shorter than the phonon thermal
diffusion and the thermal radiation cycle. In fact, the phonon thermal
diffusion and the thermal radiation mechanisms will play a more
important role in the equilibrium thermal diffusion process of the Au
film after the two temperature relaxation termination.

Fig. 2 shows the equilibrium temperature field evolution of the Au
film following the two temperature relaxation termination. We can
see that the temperature field significantly penetrates into the deeper
double pulse train. R=0.93, tp1= tp2=100 fs, F=0.8 J/cm2, Δ=4 ps. (A) Electron



Fig. 2. Ultrafast 2-D equilibrium temperature fields evolution at different time after termination of two temperature relaxation.
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inner region of the target at 5 ns, and themaximal temperature on the
front surface of Au film sharply drops to 413.5 K. At time of 10 ns, the
temperature field front arrives at the bottom of the Au film, and
themaximal Au film temperatures on the front and rear surfaces come
to 367.7 K and 322 K, respectively. At time of 15 ns, the Au film
continues to dissipate its energy into the inner bulk. However, the
diffusion speed of the thermal wave front slows down at this time, the
maximal front surface temperature falls to 349 K and the rear surface
temperature of the Au film slightly rises to 329 K. At time of 20 ns, the
Au film temperature difference between the front and rear surfaces
becomes marginal, indicating that the thermal diffusion relaxation
mechanism driven by the temperature gradient is becomingmore and
more unimportant during this time. In this way, the Au film cools
down, and ultimately gets thermal equilibrium with the ambient air.

The maximal surface electron temperature change vs. temporal
separation of double pulse train for different fluences was shown in
Fig. 3. We can see that the maximal electron temperature change
decreases with increasing the temporal separation, and becomes
constant once the pulse separation exceeds 10 ps. In our analysis, we
assume that the change in reflectivity be proportional to the change in
the electron temperature, ΔR∝ΔTe. This is particularly right for the
case of the peak electron temperature changeΔTe max =Te max −T0, as
proved experimentally [26]. So, we conclude that the laser energy
deposition into the Au film can be promoted with increasing the
Fig. 3. Maximal Au film surface electron temperature change as a function of temporal
separation of double pulse train for different laser fluences, R=0.93, tp1= tp2=100 fs.
temporal separation of the pulse sequences until it reaches to 10 ps as
a result of the surface reflectivity reduction. It can be seen from Fig. 4
that when the separation of the double pulse trainwas less than 10 ps,
the maximal surface phonon temperature increases intensely with
increasing the separation, and once the temporal separation exceeds
10 ps, the phonon temperature performs a slow decrease. It should be
emphasized that the optimal choice of almost the identical temporal
separation will be both beneficial for laser energy absorption and
subsequent phonon excitation processes, which potentially results in
the enhancement of the laser thermalization process in the Au film
target.

In fact, incubation effect of double pulses plays an important role in
the enhancement of laser thermalization. As the pulse separation
increases, the temperature profiles of the two successive pulses begin
to overlap, and the incubation effect of previous pulse become
significant. Once the pulse separation reaches the timescale compa-
rable to the single pulse relaxation time of 10 ps, electron temperature
responses to each laser pulses of the pulse train become independent,
and the incubation effect of previous pulse vanishes. When the pulse
separation continues to increase, the two temperature relaxation time
rises and more thermal energy is transferred into the inner region of
the target, so, as we see from Fig. 4, when the pulse separation exceeds
10 ps, the maximal surface phonon temperature decreases slowly
with increasing the pulse separation.
Fig. 4. Maximal Au film phonon temperature as a function of temporal separation of
double pulse train for different laser fluences, R=0.93, tp1= tp2=100 fs.

image of Fig.�2
image of Fig.�3
image of Fig.�4


Fig. 5. Two temperature relaxation time as a function of total laser fluence of pulse train
with different pulse number, R=0.93, tp1= tp2=100 fs, Δ=4 ps.

Fig. 7. Two temperature relaxation time as a function of pulse duration in a train with
different pulse number, R=0.93, F=0.6 J/cm2, Δ=9 ps. (A) In femtosecond time
domain. (B) In picosecond time domain.
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Fig. 5 shows the two temperature relaxation time as a function of
total laser fluence for three different pulse trains (including the single,
double and triple pulse in a train). It is clearly suggested that the
increase of total laser fluence can wholly lead to the significant
increase of the two temperature relaxation time for the three different
pulse trains, and a large pulse number in the pulse train also
potentially causes the increase of the two temperature relaxation
time. Fig. 6 shows the two temperature relaxation time as a function
of the temporal separation of double pulse train for three different
fluences. We can see that the two temperature relaxation time
increases obviously with increasing the temporal separation of the
pulse train for all laser fluences. The dependence of the two
temperature relaxation time on the pulse duration for different
pulse trains was shown in Fig. 7. We can see from Fig. 7(a) that the
two temperature relaxation time increases slightly with increase of
pulse duration in femtosecond time domain for the single, double and
triple pulses in a train. However, it is different that the two
temperature relaxation time increases violently with increasing the
pulse duration in picosecond time domain for the three different pulse
trains as shown in Fig. 7(b). Considering the fact that the heat
deposition in the ultrashort pulses ablation process is mainly limited
by the two temperature relaxation mechanism, so, the less depen-
Fig. 6. Two temperature relaxation time as a function of the temporal separation of
double pulse train for three different fluences, R=0.93 tp1= tp2=100 fs.
dence of the two temperature relaxation time on the pulse duration in
femtosecond domain is greatly beneficial for the stable heat
deposition into the Au film target, even though the pulse duration
of pulse train is subjected to perturbation due to the material
dispersion.
4. Conclusion

In this paper, we numerically investigated the transient thermal-
ization processes of Au film exposed to multi-pulse sequences with
variable separation. The full 2-D temperature fields evolution
processes including the two temperature relaxation and thermal
diffusion relaxation evolution were obtained. It was revealed that the
surface maximal electron temperature change during the two
temperature relaxation period can be greatly reduced through
increasing the temporal separation of the pulse train, which
potentially results in the significant promotion of the laser energy
deposition into the Au target. We also found that themaximal phonon
temperature of the Au film can be significantly enhanced with the
optimal choice of the pulse train separation. Moreover, it was shown
that the two temperature relaxation time increases obviously with
increasing temporal separation or total laser fluence of the pulse
train, and a large pulse number also leads to the increase of two
temperature relaxation time.
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