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We conduct an experimental study supported by theoretical analysis of single laser ablating copper to investigate the
interactions between laser and material at different sample temperatures, and predict the changes of ablation morphology
and lattice temperature. For investigating the effect of sample temperature on femtosecond laser processing, we conduct
experiments on and simulate the thermal behavior of femtosecond laser irradiating copper by using a two-temperature
model. The simulation results show that both electron peak temperature and the relaxation time needed to reach equilibrium
increase as initial sample temperature rises. When the sample temperature rises from 300 K to 600 K, the maximum lattice
temperature of the copper surface increases by about 6500 K under femtosecond laser irradiation, and the ablation depth
increases by 20%. The simulated ablation depths follow the same general trend as the experimental values. This work
provides some theoretical basis and technical support for developing femtosecond laser processing in the field of metal
materials.

Keywords: femtosecond laser, two-temperature model, sample temperature, ablation depth
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1. Introduction
Laser is a new type of processing tool. It does not use

sharp blades to cut and destroy materials like traditional tools.
It involves complex physical and chemical processes.[1–3]

Pulse laser has the characteristics of short action time, high
processing accuracy, and a wide range of processing materi-
als. It is widely used in various fields such as microfabrication,
healthcare, and aerospace.[4–7] Researchers often use nanosec-
ond laser pulses to process materials and have developed some
methods to improve the laser ablation rate, such as double-
pulse laser ablation of materials,[8,9] adding magnetic fields
near the samples,[10,11] and preheating the samples.[12,13] In-
creasing the target temperature can effectively improve laser
ablation rate. Hai et al.[14] conducted laser ablation of molyb-
denum tungsten alloy at different sample temperatures, and
their results showed that the ablation rate increased signifi-
cantly with the increase of sample temperature. Wang et al.[15]

simulated the thermal behaviors of Cu at different sample tem-
peratures by using a one-dimensional heat transfer equation,
finding that more substances were ablated as the Cu target was
heated. Zou et al.[16] studied the ablation behavior at different
matrix temperatures, finding that rising the matrix temperature
will improve the ablation volumes.

Compared with nanosecond laser, femtosecond laser has
the characteristic of high peak power, small heat-affected
zone, and short pulse width.[17,18] The high peak power of
a femtosecond laser acts on the surface of an object in a
short period, instantly generating high energy that can change

the absorption and motion of electrons. This is very dif-
ferent from the mechanism of conventional lasers such as
nanosecond lasers that melt and vaporize materials by rais-
ing the local temperature of the workpiece. Therefore, fem-
tosecond laser processing has become a non-hot-melt process-
ing technology with ultra-high accuracy and ultra-high spa-
tial resolution.[19,20] For femtosecond laser ablation, the pulse
duration is less than the relaxation time between the elec-
tron and the lattice. In addition, due to the absence of heat
loss in the femtosecond state, femtosecond laser occurs in the
mechanism of “cold ablation”.[21] Depending on the “thermal”
properties of the nanosecond laser, preheating sample temper-
ature (thermal ablation) increases the effectiveness of the abla-
tion. However, femtosecond and nanosecond lasers have dif-
ferent energy deposition mechanisms. Furthermore, because
of the “cold” nature of the femtosecond pulse, the effect of
increasing target temperature on improving femtosecond laser
ablation may or may not be small. After femtosecond laser
irradiation, the target material exhibits a highly nonequilib-
rium state at two different temperatures of the electron system
and the lattice system, and then reaches thermal equilibrium.
Electron–lattice coupling is the main feature of femtosecond
laser processing of target material. The theoretical research on
femtosecond laser ablation at different sample temperatures
is rare. Therefore, it is necessary to conduct theoretical and
experimental research on femtosecond laser ablation after pre-
heating the sample.

In this paper, experiments on and simulations of fem-
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tosecond laser ablation processing of preheated metal samples
are performed. In the experiments on femtosecond laser ab-
lation of copper, the ablation depth is measured by confocal
microscopy. Subsequently, the two-temperature model (TTM)
is used to simulate the femtosecond single-pulse laser abla-
tion of copper at different sample temperatures. Preheating is
achieved by controlling the initial temperature of the sample.
Once the lattice temperature exceeds the critical temperature
(0.9Tcr), the material is removed. The effect of sample tem-
perature on the electron temperature and lattice temperature
are analyzed and the ablation depth is simulated. Compared
with the ablation depths, the simulation results are in general
consistence with the trend of the experimental data. The re-
sults show that the sample temperature can improve the ab-
sorption rate of the target material, increase the optical pene-
tration depth, and reduce the thermal diffusivity, thus improv-
ing the ablation rate of the material processed by femtosecond
laser.

2. Model and computational setup
In the following are described the basic equations used to

define the TTM model and the formulas used to calculate some
important quantities that appear in the basic equations, includ-
ing the laser source term, electron–lattice coupling factor, heat
capacity and conductivity, and absorptivity and absorption co-
efficient. The last subsection provides some detailed informa-
tion about the calculation configuration, such as the boundary
and initial conditions, the axisymmetric model of laser abla-
tion, and surface ablation.

2.1. Two-temperature model

Unlike the ablation process of traditional long-pulsed
lasers, the ablation process that occurs in femtosecond laser
processing cannot be directly characterized by a macroscopic
heat exchange model.[22] During femtosecond laser ablation,
heat is transferred to the lattice through electron–phonon col-
lisions. According to Fourier’s law of heat conduction, two
equations for electron temperature and lattice temperature can
be obtained, called TTM. For the two-dimensional case, the
control equation is as follows:[23]

Ce
∂Te

∂ t
= ∇(ke∇Te)−G(Te −Tl)+S(z,r, t), (1)

Cl
∂Tl

∂ t
= ∇(kl∇Tl)+G(Te −Tl), (2)

where S(z,r, t) represents the absorbed laser heating source, t
is the time, r is the distance from the observation point to the
laser beam axis, z is the penetration depth from the top surface,
Ce and ke, represent the heat capacity and thermal conductiv-
ity of the electron, and Cl, and kl denote the heat capacity and

thermal conductivity of the lattice, Te and Tl are the electron
temperature and the lattice temperature, respectively, and G is
the electron–lattice coupling factor.

2.2. Laser source term

The intensity of a femtosecond laser follows a Gaussian
distribution in both time and space. Assuming that the focus
of the laser is located at z = 0 on the surface of the workpiece.
Considering the influence of free electron density, the laser in-
tensity inside the material can be expressed as[24]

S (z,r, t) =
A(Tl)

δ +δb

√
4ln2

π

F
τ

exp
(
− r2

r2
0

)
× exp

(
4ln2

(
(t −2τ)2

τ2

))
exp
(
− z

δ +δb

)
, (3)

where F is the laser fluence, A(Tl) is the absorptivity of the
material, r is the beam radius at the laser focal plane, and τ

is the pulse width. δ is the optical penetration depth for cop-
per, with 1/b(Tl) taken herein, and δb is the ballistic range of
copper, taken as 105 nm.[25]

2.3. Electron–lattice coupling factor

The energy transfer rate between electron and lattice is
constrained by electron–lattice coupling. For more accurate
simulations, the model uses a dynamic electron–lattice cou-
pling coefficient as follows:[26]

G =



0.56×1017, for Te ≤ 2750 K,

1.341×1017 −1.407×1014Te

+5.988×1010T 2
e −7.93×106T 3

e

+555.2T 4
e −0.023272T 5

e

+6.041×10−7T 6
e −9.529×10−12T 7

e

+8.377×10−17T 8
e −3.15×10−22T 9

e ,

for 2750 K ≤ Te ≤ 5×104 K.

(4)

2.4. Heat capacity and conductivity

Lin et al.[27] have obtained an expression of the electrical
thermal capacity of copper as follows:

Ce =



117.47Te, for Te ≤ 2×103 K,

−2.049×104 −26.64Te

+0.0996T 2
e −1.122×10−5T 3

e

+5.735×10−10T 4
e −1.524×10−14T 5

e

+2.044×10−19T 6
e −1.094×10−24T 7

e ,

for 2×103 K ≤ Te ≤ 5×104 K.

(5)

Chen et al.[28] have developed an expression for electronic
thermal conductivity as follows:

ke = χ
(v2

e +0.16)5/4(v2
e +0.44)ve

(v2
e +0.092)1/2(v2

e +ηv1)
, (6)
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where χ and η are the constants, v1 = Tl/TF, ve = Te/TF, TF

is the Fermi temperature. For copper, TF = 8.16 × 1014 K,
χ = 377 W·m−1·K−1, and η = 0.319.

The lattice heat capacity used in the simulation experi-
ment is[26]

Cl = 313.7+0.324Tl −2.687×10−4T 2
l

+1.257×10−7T 3
l . (7)

The thermal conductivity of metal lattice is much lower
than that of electrons. Usually, free electrons dominate the
thermal conduction process, and the lattice thermal conduc-
tivity is taken as 1% of the thermal conductivity keq.[29] The
expression of keq is[26]

keq= 407.9−0.0272Tl −2.658×10−5T 2
l −3.0×10−9T 3

l . (8)

2.5. Absorptivity and absorption coefficient

Under the same laser irradiation, the surface temperature
is one of the most important parameters. Ignoring other ef-
fects, the energy absorbed by the sample surface depends only
on the laser fluence and the absorptivity and absorption coeffi-
cient of the sample. In an ideal vacuum environment, the sin-
gle wavelength absorptivity of copper can be calculated from

the Hagen–Rubens equation[30,31]

A(Tl) = 2

√
2ωε0

σ
= (8ε0ωΩ(Tl))

1/2 . (9)

The absorption coefficient is expressed as[31]

b(Tl) =

√
4πσ

ε0λc
=

√
4π

ε0λcΩ (Tl)
, (10)

where A(Tl) denotes the absorptivity, b(Tl) represents the ab-
sorption coefficient, and Ω(Tl) refers to the metal resistively,
which is a function of temperature. The dielectric constant ε

in vacuum is a constant, and ε = 8.85×10−12 F/m. In Eq. (9)
ω = 2πc/λ , with c being the speed of light in vacuum and
λ being the laser wavelength. The absorptivity and absorp-
tion coefficient of copper at temperature Tl are approximated
expressed as

A(Tl) = 408.54
√

Ω(Tl), (11)

b(Tl) =
5.916×104√

Ω(Tl)
. (12)

Metal resistance makes an important contribution to laser ab-
sorption, and the metal resistively of copper varies with the
surface temperature of the target[30]

Ω(Tl) =

{
10−8

(
−0.125+0.675×10−2T

)
, for 273.15 K ≤ Tl ≤ 1358 K,

10−8
(
6.2+1.02×10−2T

)
, for 1358 K ≤ Tl ≤ 2835 K.

(13)

The Hagen–Rubens formula for laser absorption, which is commonly used as a resistance function, is used for the absorption of
metals in 800-nm-wavelength laser. The absorptivity and absorption coefficient of metal to 800-nm laser can be expressed as

A(Tl) =

{
408.54×10−4

√
−0.125+0.675×10−2Tl, for 273.15 K ≤ Tl ≤ 1358 K,

408.54×10−4
√

6.2+1.02×10−2Tl, for 1358 K ≤ Tl ≤ 2835 K,
(14)

b(Tl) =


5.916×108√

−0.125+0.675×10−2Tl
, for 273.15 K ≤ Tl ≤ 1358 K,

5.916×108√
6.2+1.02×10−2Tl

, for 1358 K ≤ Tl ≤ 2835 K.

(15)

2.6. Boundary and initial conditions

According to the heat source term in the transient heat
transfer equation, boundary conditions and heat flow functions
must be set at the boundary of a specific system to constrain
the heat transfer relationship between the heat transfer system
and the external environment. The boundary conditions are set
as follows:

∂Te,l

∂n

∣∣∣∣
r=100 µm

= 0, (16)

∂Te,l

∂n

∣∣∣∣
z=50 µm

= 0. (17)

According to Eq. (3), the peak of a single Gaussian laser
pulse reaches the film surface when t = 2τ . The initial condi-
tions for Te and Tl are[32]

Te(z,r,0) = Tl(z,r,0) = T, (18)

where T is the initial sample temperature.

2.7. Axisymmetric model of laser ablation

Due to the rotational symmetry of laser ablation, a two-
dimensional finite element model is established. Meanwhile,
in order to simplify the calculation, geometric symmetry re-
lated to the central axis of the laser beam is also adopted. The

024207-3



Chin. Phys. B 33, 024207 (2024)

computational domain is 100 µm in the radial direction and
50 µm in the axial direction, representing the right half of the
target material as shown in Fig. 1. The mesh refinement is
performed on the laser beam in the axial direction.
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Fig. 1. Schematic diagram of the mesh profile.

2.8. Surface ablation

When the surface ablation is involved, the removed nodes
caused by femtosecond laser ablation are removed from the
calculation results. The result shows the existence of the
isotherm and it is set to fill only the part with Tl < 0.9Tcr so
as to obtain the expected ablation results at the correspond-
ing laser energy. Therefore, once the lattice temperature is 0.9
times higher than the thermodynamic critical temperature of
the copper (Tcr = 7696 K) at the ablation temperature, abla-
tion is triggered off and the material region above the ablation
temperature is removed.[33,34] As a result, the contour of the
ablation crater is obtained.

3. Experiment setup
Figure 2 shows the experimental setup of femtosecond

laser ablation of copper. In this experiment, a regeneration
amplified Ti:sapphire laser system (Libra, Coherent) is used
to deliver a laser beam with a pulse width of 50 fs and wave-
length of 800 nm. The laser system operating in single shot
mode is fired by sending a command (‘man:trig’) to the se-
rial port (RS232) of the synchronization and delay generator
(SDG). The corresponding controlled repetition ratio of the
femtosecond laser is approximately 1 Hz. By adjusting the
compression grating, it is ensured that the laser pulse duration
is 50 fs. A halfwave plate and a Glan laser polarizer allowed
for the adjustment of laser energy. The laser beam is focused
onto the surface of the sample through the focal length lens L,
and copper adheres to the heating table through the thermally
conductive adhesive. The heating table is fixed on a three-
dimensional translation stage, and its movement is controlled
by computer programming. A constant temperature-heating
table is used to heat the sample. All measurements are con-
ducted in the air.

Femtosecond laser

M

M

L

x
y

z

Thermal

detecter

GLλ/2

Fig. 2. Diagram of the experimental setup.

4. Results and discussion
In this section, the established model is verified by com-

paring the calculated ablation depth with the experimentally
measured ablation depth. The influence of sample tempera-
ture on ablation depth, electron and lattice temperature under
single pulse are analyzed.

4.1. Experimental ablation depth and model verification

We use confocal microscopy to measure the morpholo-
gies and ablation depths of experimental samples. Confocal
microscopy technology is a high-resolution imaging technique
in which the sample surface is scanned by a laser scanning
system, and the laser light and reflected light are focused on
the same plane through using the confocal technique to obtain
clear, high-quality images. Figures 3(a) and 3(b) show the cor-
responding experimental results for multi-pulse ablation with
100 pulses and 200 pulses, respectively. With the help of con-
focal laser scanning microscope software, the ablation crater
cross-section profile is obtained as shown in Fig. 3(c). The 22-
µm-deep blation craters are obtained at 100 pulses and 40 µm-
deep blation craters at 200 pulses.

200 300 400 500

-45

-30

-15

0

D
e
p
th

 (
m
m

) 

Path length (mm) 

 100 pulses

 200 pulses

(c)

(a) (b)

Fig. 3. Morphologies of laser ablation at (a) 100 and (b) 200 pulses, and
comparison of cross-sectional profiles (c) at 100 and 200 pulses. Laser
width is 50 fs, wavelength is 800 nm, energy is 50.5 J/cm2, and sample
temperature is 303 K.
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We determine the variations of average ablation depth of
each pulse with the ablation depth of a single pulse by us-
ing multi-pulse ablation. Figure 4 shows the single-pulse ab-
lation depths versus sample temperature for 100 pulses and
200 pulses. Two different numbers of pulses are chosen in the
figure. As can be seen, the single-pulse ablation depths for
100 and 200 pulses are very consistent. This result indicates
that the number of pulses hardly affects the average value of
ablation depth. The laser operates in a single-shot mode with
no heat accumulation effect. Every time the laser irradiates
the sample, the temperature of the sample will quickly return
to the ambient temperature. The heat generated by the previ-
ous pulse does not accumulate on the material to be irradiated
by the next laser. The single-pulse ablation depths for 100 and
200 pulses in Fig. 4 change with sample temperature. It may
be that the energy reaches the sample surface unequally at dif-
ferent substrate temperatures during the experiment, and the
energy loss will be different, which in turn will affect the re-
sult of ablation depth. The ablation depth is measured by laser
scanning confocal microscopy on the outline of the crater. The
ablation depth is the thickness of the metal film in the portion
of the target material irradiated by the laser where the phase
explosion occurs.

300 350 400 450 500 550 600

200

220

240

260

280

100 pulses
200 pulses

A
b
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ti
o
n
 d

e
p
th

 (
n
m

/
p
u
ls

e
)

Sample temperature (K)

Fig. 4. Variations of ablation depth of single-pulse with sample temper-
ature for different pulses.

To obtain a more accurate single-pulse femtosecond laser
ablation depth, the square dots in Fig. 5 show the average ab-
lation depth. When a laser irradiates the metal target at high
temperatures, due to the interaction between the laser and the
molecules and atoms (ions) in the target, the target will absorb
more laser energy and be heated. The result indicates that un-
der a certain laser irradiation intensity, the higher the sample
temperature, the higher the ablation efficiency is.

The ablation crater depths at different sample tempera-
tures are shown in Fig. 5. The phase explosion mechanism
determines the ablation pattern of the metal in the higher re-
gion of the sample temperature. As shown in Fig. 5, the simu-
lated depth increases from 221.4 nm to 261.1 nm as the sample
temperature increases from 303 K to 603 K, and the experi-
mental ablation depth continues to increase from 210 nm to
275 nm. Some interesting observations of the ablation depth
can be noted. The measured ablation depths are slightly over-
estimated compared with the simulated values in the sample
temperature range of 303 K–423 K and slightly underesti-
mated in the higher sample temperature range (≥ 423 K). An

ablation depth is measured to be 242.5 nm for an energy den-
sity at 423 K, and a simulated ablation depth is obtained to
be 239.9 nm. Theoretical trend and experimental trend are the
identical. However, the ablation depth is a few nanometers
greater than the simulated depth. In the higher temperature
region, the phase explosion mechanism exhibits high uncer-
tainty in simulation results and experimental results. Unlike
the simulation results, multiple femtosecond laser irradiations
are used in the experiments to measure the ablation depth,
which may change,[35] and the measurement equipment dur-
ing the experiments may also affect the results. The reason for
the error could also be that the loss of laser energy is neglected
during the calculation of the theoretical values and that the en-
ergy reaching the sample surface is assumed to be equal for
different substrate temperatures during the experiments. The
experimental errors can be minimized by taking the average of
the ablation depths. In general, the simulated and experimen-
tal temperature-dependent ablation depths are similar to each
other essentially.
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Ablation depth simulation
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e
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Sample temperature (K)

Fig. 5. The simulated and measured variations of single-pulse abla-
tion depth with sample temperature under irradiation of laser with width
50 fs, wavelength 800 nm, and fluence 50.5 J/cm2.

4.2. Effect of sample temperature on ablation crater

The two-dimensional images of copper ablation at a laser
fluence of 10 J/cm2 and a pulse width of 50 fs are shown in
Figs. 6(a) and 6(b). As can be seen from Fig. 6(a), at a sam-
ple temperature of 300 K, a crater with a depth of 39.0 nm
and a radius of 17.8 µm is created. When the sample tempera-
ture is 600 K, single pulse irradiation is applied to the sample,
a crater with a depth of 81.4 nm and a radius of 31.1 µm is
shown in Fig. 6(b). The two-dimensional images of copper
ablation at a laser parameter of 40 J/cm2 and a pulse width
of 50 fs are shown in Figs. 6(c) and 6(d). When the sample
temperature is 300 K, a crater with a depth of 195.5 nm and
a radius of 54.1 µm is created in Fig. 7(c). When the sample
temperature is 600 K, a crater with a depth of 235.2 nm and a
radius of 59.7 µm is created in Fig. 6(d). As the sample tem-
perature rises, the depth of the crater deepens and the radius
of the crater significantly increases. At high sample tempera-
ture the ablation depth and ablation radius can be higher than
those at room temperature under the same incident laser en-
ergy. Therefore, there is a heat accumulation between the laser
ablation and increasing the sample temperature.
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Fig. 6. Two-dimensional images of single pulse femtosecond laser ablation crater under simulation.

The simulation results in Figs. 7(a) and 7(b) respectively
show the influences of sample temperature on the depth and
radius of copper ablation under a single pulse. The results
indicate that the ablation depth and radius significantly grow
with the increase of sample temperature, which is because of
the decrease in ablation threshold. At the same sample tem-
perature, the ablation depth and radius mainly depend on the
laser fluence.
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Fig. 7. Variations of (a) ablation depth and (b) ablation radius with
sample temperature under different laser fluences.

4.3. Effect of sample temperature on electron temperature
and lattice temperature

The relationship among the electron temperature, lat-
tice temperature, and sample temperature of ablated copper is

shown in Fig. 8. The sample temperature affects not only the
peak temperature of electrons and relaxation time required to
reach the equilibrium state, but also the lattice temperature and
the final temperature after the electrons have reached equilib-
rium with the lattice. As shown in Fig. 8, since the time scale
of electron energy absorption is on the order of femtoseconds,
when the laser energy is deposited, the electrons are heated,
and the electron temperature rises sharply to a peak that is
far greater than the lattice temperature. The sample temper-
ature in a range from 300 K to 600 K is used for simulation
research. With the increase of sample temperature, the max-
imum value of the electron temperature rises. At the same
time, the electron temperature increases after it has reached
equilibrium, and the relaxation time required to reach the
equilibrium state also becomes longer. The lattice temperature
rises rapidly, and after reaching the equilibrium temperature, it
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Fig. 8. Electron and lattice temperatures at different sample tempera-
tures, with laser fluences being (a) 10 J/cm2 and (b) 40 J/cm2.

024207-6



Chin. Phys. B 33, 024207 (2024)

begins to keep relatively stable. It can be seen that the higher
the sample temperature, the faster the lattice temperature rises
and the shorter the time required the material to reach the criti-
cal temperature (0.9Tcr). Therefore, preheating the sample can
effectively perform laser processing.

4.4. Effect of sample temperature on radial and axial lat-
tice temperatures

When the sample temperatures are 300 K and 600 K, the
lattice temperature distribution of the ablated crater is obtained
as shown in Fig. 6. It can be observed that the lattice temper-
ature gradually decreases along the axial direction and radial
direction, indicating that the sample temperature has a small
thermal influence on the processing process and has little ef-
fect on the surrounding area of the ablated material.
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(b) 40 J/cm2.
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Fig. 10. Lattice temperature distribution in axial direction at different sam-
ple temperatures, with laser fluences being (a) 10 J/cm2 and (b) 40 J/cm2.

By selecting different sample temperatures, the radial lat-
tice temperature distribution and the axial lattice temperature
distribution of copper are obtained, and the results are shown

in Figs. 9 and 10, respectively. As shown in Fig. 9, the maxi-
mum lattice temperature of the target surface significantly in-
creases with the sample temperature rising. The temperature
of each point in the radial position increases with the sam-
ple temperature increasing, which is determined mainly by the
thermal accumulation effect of sample preheating. Figure 10
shows the rapid decrease of temperature in the thin layer of
the copper surface layer. As the sample temperature increases,
the lattice temperature of each point in the axial direction in-
creases. This is due to the heat accumulation effect of sam-
ple preheating. Preheating the sample can effectively increase
the radial lattice temperature and the axial lattice temperature,
thus making it easier for the target to reach the removal tem-
perature point.

4.5. Effect of sample temperature on maximum lattice
temperature of target surface

The model uses the absorptivity and absorption coeffi-
cient of the target to express the laser utilization rate. It is indi-
cated that the absorptivity and absorption coefficient are tem-
perature dependent as expressed in Eqs. (14) and (15). There-
fore, the higher the temperature, the greater the absorptivity,
the smaller the absorption coefficient, and the higher the laser
utilization rate.

In order to study the influence of preheating temperature
on the temperature rise of the target, the maximum lattice tem-
perature of the copper surface is extracted. The relationship
between the sample temperature and the maximum lattice tem-
perature of the copper surface is shown in Fig. 11. The upward
trend of temperature is consistent with the change trend of ab-
sorptivity of the target. It can be concluded that preheating
is not a simple temperature superposition between the sample
temperature and the temperature of femtosecond laser abla-
tion, but a heat accumulation effect that increases the target
temperature through preheating, leading to the increase of the
target surface absorptivity and optical penetration depth. The
higher the sample temperature, the higher the absorption rate
of the target is. This can better improve the energy utilization
rate of subsequent femtosecond laser and increase the temper-
ature of the metal target. The target surface quickly reaches the
critical temperature, the laser induced damage effect increases
and thereby the ablation efficiency is improved.

There are many potential reasons that can affect the ab-
lation rate and quality. Ujihara[36] calculated the surface re-
flectances of metals (aluminum, copper, sodium, potassium,
silver, and gold) as a function of temperature. The calcula-
tion results indicate that the surface reflectance of the sam-
ple decreases with temperature increasing. On the contrary,
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the surface absorption rate of the sample increases. The in-
crease of sample temperature accelerates the movement speed
of free electrons. The collision between free electrons and lat-
tice becomes more frequent. It hinders the directional move-
ments of free electrons in metal materials. This leads to an in-
crease in the resistivity of metal materials as shown in Eq. (12).
For higher sample temperatures, the lattice temperature (see
Fig. 11) increases, owing to the increase of metal surface ab-
sorption rate. In addition, the thermal conductivity of metal is
affected by temperature.[37] Two parts in metal material play a
role in generating thermal conductivity. One part is the energy
exchange between free electrons through collisions at different
temperatures, and the other part is the temperature transferring
from the lattice through different vibration frequencies. The
ablation threshold is also a factor affecting femtosecond laser
ablation. Thorstensen and Foss[38] studied the effect of sub-
strate temperature on the ablation threshold, and their results
show that an increase in target temperature results in a lower
ablation threshold and weaker lattice bonding.
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Fig. 11. Variations of maximum lattice temperature with sample tem-
perature at F = 10 J/cm2 and 40 J/cm2.

Increasing the sample temperature can enhance the ab-
lation rate. Preheating the ablation target increases the ini-
tial energy on the target surface, which means that more ini-
tial energy is available for femtosecond laser ablation of the
metal. The thermal decomposition of the hot sample requires
less laser energy, which increases the laser ablation rate by
30%.[39] Therefore, increasing the sample temperature is a
more effective way to increase the ablation rate. These re-
sults are in agreement with the present simulations (see Fig. 4).
Thus, we can confirm that this method allows a better coupling
between sample and laser pulse, producing a higher ablation
quality.

5. Conclusions
In this work, we conducted the simulation of and the ex-

periment on the characteristics of copper ablated by femtosec-
ond laser at different sample temperatures. The ablation depth

of copper is measured by using confocal microscopy. The
single-pulse femtosecond laser ablation of copper is simulated
by using the TTM. The simulation results show that increasing
the sample temperature can improve the utilization of laser en-
ergy and enhance the ablation effect. The comparison between
the experimental results and the simulation results shows that
they are well consistent in the ablation depth. The enhancing
effects of sample temperature on the electron temperature and
lattice temperature are analyzed. Therefore, preheating the
sample can improve femtosecond processing efficiency. This
work provides some rules to explain the temperature rise and
ablation depth changes caused by femtosecond laser at differ-
ent sample temperatures. In addition, an extended TTM model
considering hydrodynamic effects will be further developed to
help better understand the ablation characteristics of femtosec-
ond laser at different sample temperatures.
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