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ABSTRACT

ARTICLE INFO

Ultrafast laser has an undeniable advantage in laser processing due to its ex-
tremely small pulse width and high peak energy. While the interaction of ultra-
fast laser and solid materials is an extremely non-equilibrium process in which
the material undergoes phase transformation and even ablation in an ex-
tremely short time range. This is the coupling of the thermos elastic effect
caused by the pressure wave and the superheated melting of the material lat-
tice. To further explore the mechanism of the action of ultrafast laser and metal
materials, the two-temperature model coupling with molecular dynamics
method was used to simulate the interaction of the copper and laser energy.
Firstly, the interaction of single-pulsed laser and copper film was reproduced,
and the calculated two-temperature curve and the visualized atomic snapshots
were used to investigate the influence of laser parameters on the ablation re-
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sult. Then, by changing the size of the atomic system, the curve of ablation (Dong, Y.W.)

depth as a function of laser fluence was obtained. In this paper, the interaction
of multi-pulsed laser and copper was calculated. Two-temperature curve and
temperature contour of copper film after the irradiation of double-pulsed and
multi-pulsed laser were obtained. And the factors which can make a difference
to the incubation effect were analyzed. By calculating the ablation depth under
the action of multi-pulsed laser, the influence of the incubation effect on abla-
tion results was further explored. Finally, a more accurate numerical model of
laser machining metal is established and verified by an ultra-short laser pro-
cessing experiment, which provides a new calculation method and theoretical
basis for ultra-fast laser machining of air film holes in aviation turbine blades,
and has certain practical guiding significance for laser machining.
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1. Introduction

Ultrafast laser ablation, which uses ultrafast laser to remove the surface of solid materials, with
processing accuracy ranging from micron to nanometer scale, which allows material processing
with extremely high precision due to the relatively small heat affected zone from each pulse [1].
This feature makes the ultrafast laser have the advantage of ‘cold processing’ which means the
thermal influence on the surrounding material is extremely small. The surrounding material is
still in a ‘cold state’ while the electron temperature in the processed region reaches an extremely
high level from the solid state to the plasma state, which ensures the processing edge is neat [2].
In addition, due to the distribution characteristics of the Gaussian laser, the size of the ultrafast
laser processing can be smaller than the spot size of the laser to achieve microfabrication. In the
process of ultrafast laser processing, the absorption of laser light by the material is multiphoton
absorption [3], which is more dependent on the atomic properties of the material. This feature
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makes the range of materials for femtosecond laser processing no longer limited. Ultrafast lasers
have the above-mentioned significant advantages in the microfabrication process of materials,
while the further improvement in processing technology and precision is limited by the complex-
ity of its mechanism of action. In the process of ultrafast laser action, electronic excitation, internal
heat transfer of materials and melting of materials are involved. Fig. 1 shows an overview of the
physical phenomena involved in the time range considered.

The main methods used by domestic and foreign scholars of ultrafast laser ablation of solid
materials can be divided into numerical simulation and experimental determination.

Numerical simulation is widely used because of its low cost, good reflection of physical pro-
cesses, and ease of analysis. Annemie [4] et al. simulated atomic-scale material failures such as
melting, vaporization and spallation by combining molecular dynamics (MD) and finite difference
methods, derived the spatiotemporal evolution of density and pressure through the two-temper-
ature model (TTM), then discussed the heat transfer of the special alloy with anisotropy, and cal-
culated and verified the electron cooling time and ablation threshold. Ivanov [5] et al. presented
an atomistic-to-continuum (AtC) computational model to investigate the dynamic microscopic
mechanism of laser ablation of nickel and gold films. It is found that the interaction between the
growth front of the melting front end of the film (liquid-crystal interface) and the uniform nucle-
ation of the liquid phase inside the crystal is the reason that the laser fluence near the melting
threshold causes the metal film to melt. At higher laser fluence, the high tensile stress generated
inside the film is also a cause of cracking. Foumani [6] et al. used a TTM-MD method to investigate
the response of copper film at different laser fluences. Based on the model, the dependence of the
reflectivity of the copper film on the laser fluence and the evolution of density, electron tempera-
ture and lattice temperature with time were obtained. Porvanitsy [7] et al. used two different
methods to simulate the laser ablation of aluminum bulks by changing the laser fluence. The first
method is single-fluid two-temperature hydrodynamics (HD) completed with a two-temperature
equation of state (EOS), the second approach is a combination of classical molecular dynamics and
a continuum model of a free electron subsystem. After comparing the simulation results with the
experiment, it is found that the HD and MD methods show good consistency in describing the
phase explosion and cracking process. The TTM is a mainstream model for exploring the effects
of metals and ultrafast lasers. The researchers have continuously improved and reduced the TTM
[8] to apply to calculations in different materials and different media.
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Fig. 1 Physical phenomena involved in the action of ultrafast lasers and solid materials [2]

In the field of multi-pulsed laser ablation, researchers often use experimental methods to study
the changes of hole depth and hole morphology with incident laser parameters. Winter [9] et al.
used the experimental method to ultra-fast measurement of the refractive index of copper. At the
same time, the TTM and thermo-mechanical model with precise description of thermal and optical
properties were used as theoretical support to explore the refractive index n and the extinction
coefficient k in different time ranges. Wang [10] et al. used a double-pulsed femtosecond laser to
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irradiate copper and aluminum films of 50 pm. It has been found that both the copper film and the
aluminum film pore size decrease as the double pulse delay increases, but the diameters of the
redeposited materials of the two films are different. Karim [11] et al. studied the interaction be-
tween short-pulsed lasers and metal surfaces with solid transparent coatings by combining ex-
perimental and atomic simulations and revealed the structural modification mechanism of the
junction zone between metal and coating. Fokin [12] et al. used TTM-HD and TTM-MD method to
clarify the reaction mechanism of metal targets on laser irradiation.

In this paper, the TTM-MD method is used to simulate the metal copper film irradiated by sin-
gle-pulsed and multi-pulsed laser. We explored the factors that influence the ablation results and
the ablation depth at different laser fluences under the action of a single pulsed laser. Then, the
simulation of multi-pulsed laser ablation of metals reveals the existence of incubation effects and
its effects on ablation depth.

2. Computational model
2.1 TTM-MD model for Cu target

When we describe the change of the metal after exposure to laser light, the energy transfer from
the electron to the lattice is slow due to the large mass difference between the electron and the
phonon [13]. Therefore, it is unreasonable to assume that the electron and the lattice temperature
are the same when the duration of the laser pulse is no longer than the time at which the electron
and the lattice reach equilibrium. The two-temperature model proposed by Anisimov [14]in 1973
is a good description of the time evolution of electron and lattice temperatures of metals under
ultrafast laser irradiation. In recent years, TTM has become an effective model for studying the
evolution of electron and lattice temperature with time under the action of ultrafast lasers. The
two one-dimensional nonlinear differential equations are as follows:

T, _ 9 (, T

e§=a( eg)—g(Te—Ti)+5(X,t) (1)
oT;

¢is, =9(Te = T0) (2)

Where T, is the temperature of the electronic system and T; is the temperature of the lattice
system. The first term on the right side of Eq. 1 is the heat conduction term, the second term is the
energy coupling term, and the third term is the laser source term. When using a Gaussian beam
for numerical simulation, the source term can be rewritten as [15]:

ax) - exp[—41n(2)(t/7, — 2)2] (3)
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Where A is the surface transmittance «, is the material absorption coefficient, F is the laser
fluence, x is the depth from the calculated position to the surface of the material, and 7 is the
pulse width. When double-pulsed or multi-pulsed laser is used, the light source term can be
rewritten as [16]:

S(x,t) =

AaF

S(x,t) = mew( — ax) - exp[—4In(2)(t/1, — 2)* — 4In(2)((t — dt,) /7, — 2)?] (4)
S(x,t) = ﬁexp( — ax) - exp[—41In(2)(t/7, — 2)* — 4In(2)((t — dt,) /7, — 2)? — 4In(2)((t — dt,) /7, — 2)2] (5)

where dt; and dt, are the pulse interval time, respectively.

Although the two-temperature model is widely used to explore ablation mechanisms, predict
ablation thresholds and many other research fields, there are still deficiencies. Especially in de-
scribing the phase transition of metal material continuum under high imbalance conditions, it of-
ten involves many assumptions and simplifications. There are many controversies about the
phase transition mechanism under intense overheating, which requires TTM to be combined with
other methods to perform more accurate simulations.
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Therefore, we introduce molecular dynamics simulation. The significant advantage of molecu-
lar dynamics over hydrodynamic is that its priori includes nucleation kinetics and phase transi-
tions without any assumptions about nucleation kinetics. This solves the shortcomings of the two-
temperature model described before, so MD is suitable for the calculation of small scale fast un-
balanced processes. The MD simulation assumes that all particles satisfy Newton's second law and
are subject to the forces of other particles, this interaction satisfies the principle of superposition.
The MD simulation process is to calculate the potential energy of the system under the given initial
conditions, iteratively solve the motion equation to obtain the position information and spatial
coordinates of the particles, and select the appropriate difference formula to calculate the poten-
tial energy. Then the spatial information of the particles will be newly calibrated by the constraint
algorithm of temperature and pressure.

The classical molecular dynamics method only considers the lattice thermal conduction, but
the electron conduction in the metal dominates, so it underestimates the total thermal conductiv-
ity of the metal, and cannot be directly used to simulate the interaction between metal and ultra-
fast lasers without two-temperature model. The TTM-MD equations we used are shown as follow-
ing [17]:

ce(Te) 58 = 52 (ke (1) 59 = g(T, = T) + S(x,0), TTM (6)
m;#; = F; + E&mV[, MD (7
§ =230, gVu(Té = 1) / Sim (V) (8)

where m; and r; are the mass and position of the ith atom, respectively, F; is produced by the in-
teraction between atoms, that is, the force generated on the ith atom. The additional item fml-ViT
in the equation is brought by electron-phonon coupling. The thermal motion velocity V; in this
term is different from the velocity V representing the atom in the whole system, which is generally
a function of temperature. The lattice temperature and energy coupling coefficient £ are deter-
mined by each unit cell and summed. The TTM-MD method not only explains the electron energy
absorption, the energy exchange process between electrons and phonons, but also provides the
possibility to describe the non-equilibrium ablation process when the lattice is overheated.

2.2 Calculation parameters

In this calculation we need to choose the appropriate potential function and set the periodic
boundary conditions. The potential function between molecules represents the force of interac-
tion between molecules, and the gradient of the potential function is the force function. In this
calculation we use the metal potential function EAM (embedded-atom model), the mathematical
expression [15] of the model is as follows:

Upam = Dieq Djmit1 u(ry;) + X E(p) 9)

The first term on the right side of Eq. 9 is the two-body potential between the nucleus, the
second item is the mosaic energy of the nucleus, which is the result of multi-body action. Accord-
ing to the density functional theory (DFT), the nucleus is affected by other nuclei, and is also sub-
jected to the multi-body effect in the background of the electron cloud, which is the second term
of the equation.

Due to the limitation of computing resources, periodic boundary conditions are used in this
calculation. Because of the existence of periodic boundary conditions, the particles can not only
move in the central cell, but after the particles move out of one side boundary at a certain speed,
they will enter the central cell at the same speed from the other side, to ensure a certain number
of atoms and eliminate the boundary effect. The calculation model after applying periodic bound-
ary conditions is shown in Fig. 2.
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Fig. 2 Schematic diagram of boundary conditions of the model

In this paper, pure copper crystal is used for simulation of ultrafast laser ablation. When inves-
tigating the effect of pulse parameters on temperature changes and ablation results, the model
size is 6a X 6a X 150a, the lattice parameter of copper is a = 0.3615 nm, the copper crystal is a
face-centered cubic structure, so the actual central cell model is 2.619 nm x 2.619 nm x 54.225 nm
and the number of atoms is 21672. When calculating the ablation depth, in order to avoid the
influence of thermal expansion caused by the system being too small, the model is expanded to
2.619 nm x 2.619 nm x 361.5 nm, and the number of atoms is expanded to 144072. The thermal
property parameters of copper are derived from the ‘Cu_ttm.mat’ file in LAMMPS (LAMMPS Mo-
lecular Dynamics Simulator), in which the specific heat of the electron and the specific heat of the
lattice are set to be constant, the electron-phonon coupling coefficient and the thermal conductiv-
ity of electrons and lattice are approximately linearly related to temperature.

Before the laser is incident during the simulation, the copper atoms in the system are relaxed
and balanced at 300 K, and a total of 100,000 steps are performed in time step of 0.001 ps. In this
way, the structural order parameters of the system are close to 1, and the atomic velocity distri-
bution inside the system is Maxwell distribution at 300 K, which ensures the accuracy of the initial
simulation system and the reliability of the calculation results.

3. Results and discussion
3.1 Interaction of single-pulsed laser with cooper film

In this section, firstly we reproduced the simulated laser ablation process of single-pulsed laser
with copper film, compared the results with existing literature [16] and further changed the pa-
rameters of laser to explore the mechanisms of ablation. Ablation depths under different laser
fluences are also considerable for our research.

The comparison of the following temperature contours directly reflects the correctness and
reliability of our simulation calculation. We selected the same laser parameters and potential
function as the existing literature [16] in the calculation process. As shown in Figs. 3 and 4, the
maximum electron temperatures are 16000 K both, the thermal influential area is 5 nm away from
the incident surface of the laser, and the highest temperature can reach is more than 15000 K in
the two pictures. Since the electron specific heat used in this paper is a fixed value and smaller
than the linear relationship of Ce = 96.6 T, (J/m3:K) used in the comparison literature, the time it
takes for the electron to reach the highest temperature is shorter.

Comparing Figs. 3 and 4, we found that since the electron-phonon coupling factor of this paper
is slightly higher than 1x1017 (W/m3:K) used in the comparative literature [16], the lattice can
reach its highest temperature faster. However, the thermal conductivity of the lattice is lower than
the linear relationship simulated in the literature, so the highest temperature that the lattice can
reach is lower than the comparative literature. In summary, this simulation is accurate and effec-
tive within the consideration of the selected parameters.
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Fig. 3 Electron temperature contour with pulse width of Fig. 4 lattice temperature contour with pulse width of

500 fs and laser fluence of 320 J/m2 500 fs and laser fluence of 320 J/m2

Different influence factors for ablation results

Laser pulse width and laser fluence are two important factors affect the ablation results, to explore
the mechanism of the action between laser and copper film, we changed these two parameters
and make the laser source perpendicular to the z = 0 surface to obtain different two-temperature
curves. In the first set of calculations, the fixed laser fluence is 1000 J/m2, and the pulse width is
selected to be 100 fs, 300 fs, and 500 fs, respectively.

The temperature shown in Figs. 5 to 8 are all refer to the average temperature. It can be seen
in Fig. 5 that at 0.5 ps, the electron reached a maximum temperature of 6010 K, and then the en-
ergy obtained by electron transferred to the lattice by electro-phonon coupling, so the tempera-
ture of electron rapidly fell back. The lattice reached a peak temperature of 522 K at about 1.6 ps,
after which the temperatures of the electron and the lattice tend to coincide. In Figs. 6 and 7, the
electron reached peak temperature of 7642 K and 9767 K at 0.3 ps and 0.1 ps, respectively. And
the process of electron-phonon coupling leading to a balance of electron and lattice temperature
is highly consistent with the process shown in Fig. 5.

As can be seen from Fig. 8, the smaller the pulse width of the incident laser, the shorter the time
required for the electron to reach the peak temperature, and the higher the peak temperature of
the electron. This is because a small pulse width means a more concentrated pulse energy power,
and the calculated electron and lattice equilibrium temperature for each calculation is constant
because the laser fluence is a fixed value for the energy injected into the system.

Taking the calculation at pulse width 300 fs as an example, the electron and lattice temperature
curves at the farthest end of the laser incident surface at z = 54.225 nm and the laser incident
surface at z = 0 are analyzed, we obtain the two-temperature curves as shown in Figs. 9 and 10:
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Fig. 5 Two-temperature curve with laser fluence of Fig. 6 Two-temperature curve with laser fluence of
1000 J/m2 and pulse width of 500 fs 1000 J/m2 and pulse width of 300 fs
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The electron on the laser incident surface shown in Fig. 10 rapidly rose to 34147 K at 0.3 ps,
and the lattice reached a maximum temperature of 1028 K at 1.4 ps. In the bottom region of the
model, which is less affected by heat, the electron reached a maximum temperature of 653 K at
0.9 ps, after which the cooled electron and the lattice would keep the same rising trend of temper-
ature due to the heat conduction from the front face. This is consistent with the change in the
average temperature of the entire system.

In another set of calculations, we fixed the laser pulse width to 300 fs to obtain the two-tem-
perature curves with different laser fluences of 1000 J/m?, 2232 J/m2, 3188 J/m?2 and 4782 J/m?
as shown in the Figs. 11 to 12. It can be easily seen that an increase in laser fluence can cause an
increase in electron and lattice temperature.

To clearly understand the ablation process, the trajectories of all atoms were imported in-to
Visual Molecular Dynamics (VMD) for visualization. As shown in Fig. 13, when the laser fluence is
small as 1000 J/m2, no ablation occurs, and the energy is not enough to cause phase transfor-
mation of the material. However, it can be seen the film undergoes periodic elongation and short-
ening un-der the action of laser from the visualization results. The periodic expansion and con-
traction of the film under the action of internal stress waves is known as the ‘film respiration’
phenomenon [16]. The film was rapidly heated and expanded within 0-15 ps after being irradiated
by the laser. During this time, since the heating time of the lattice is less than the time when the
thermal expansion occurs, the compressive stress transmitted from the upper surface to the lower
surface will be generated inside the film. After transmitting to the lower surface, a tensile stress
wave of negative reflection was formed, then the tensile stress wave caused by thermal expansion
and the tensile stress wave formed by negative reflection were superimposed on each other to
promote expansion of the film during this period. The tensile stress wave would decrease as the
film linear expansion value reached a maximum. At 15-30 ps, the tensile stress wave continued to
weaken and the compressive stress wave was still forming, and the film began to shrink. After the
film reached equilibrium at around 30 ps, it began to periodically expand and contract, and ex-
panded to a maximum at 45 ps. Such a peri-odic action consumes the injected energy when the
laser energy is insufficient to cause ablation.

As the laser fluence increases to 2232 J/m?2 shown in Fig 14, when the material is exposed to
energy-concentrated ultrafast laser, an extremely non-equilibrium process occurs. The electrons
were rapidly heated by the collision between the electrons after quickly absorbing a large amount
of photon energy. At the same time, the lattice has not warmed up while its temperature was still
close to room temperature. This will cause the unheated crystal lattice to be subjected to a strong
force from the potential energy surface [17] (PES), which is usually affected by the effective po-
tential of electrons acting on the ions. After the action of the force, the ions began to move and
caused the material to be disordered rapidly. Usually, this ultra-fast disorder is considered to be
a melting process. The front end of the material melts, some of the atoms are ablated from the
surface of the material, and the material has a relatively obvious thermal expansion effect.

As the laser fluence becomes 3188 ] /m2, ablation is more severe as shown in Fig. 14, the atomic
clusters began to break away from the system. Usually, the melting occurs at the disappearance of
the heterogeneous nucleation barrier on the surface of the material and then propagates inside
the material at a speed less than the speed of sound of hundreds of meters per second. In the case
of sufficient overheating (overheating ratio greater than 1.5), it is also possible to produce a uni-
form nucleation melting phenomenon. The nucleation inside the material can be observed at -8
nm in Fig. 15. Further increase the laser fluence as Fig. 16 shown the more intense mechanical
stress caused by thermal expansion and the melting generated inside the material cause the film
to crack. Compared with the ablation at lower laser fluence in Fig. 15, the ablation depth increases
and the linear expansion rate also increases significantly.
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Ablation depths under different laser fluences

To understand the ablation process better, it is necessary to correlate the numerical simulation
results with the actual drilling process and calculate the ablation depth. We increased the model
size and the time step of the calculation to obtain more efficient simulation results. It’s the way to
ensure that the system is large enough to keep the atomic temperature of the bottom surface from
being affected by heat at room temperature and make the simulation close to real processing con-
ditions. We mainly explore the influence of the difference of laser fluence on the ablation depth of
copper film, the pulse width for our simulation is a fixed value of 300 fs and the four parameters
3188]/m2,4782]/m2,6377 ]/m2, and 7971 ] /m2 are used to obtain the curve as shown as Fig. 17.
The other curve in the figure is from the experimental data of the comparative literature [18]. The
experimental curve obtained in the experiments of the literature [18] is shown in Fig. 18. Within
the laser fluence range calculated in this paper, the ablation depth of the material exhibits an ap-
proximately linear relationship with the laser fluence. It can be seen that in the range of laser
fluence simulated in this paper, the calculated value of the ablation depth is highly consistent with
the experimental values in the comparative literature. Obviously, the ablation caused by single
pulse is in the order of nanometers, and there is a certain gap with the actual processing needs in
engineering. Therefore, it is necessary to carry out numerical simulation of multi-pulsed laser ab-
lation of metal copper film.
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3.2 Interaction of double-pulsed and multi-pulsed laser with copper film

In recent years, domestic and foreign scholars have done some research on the interaction of sin-
gle-pulsed and double-pulsed with metal, while the field of multi-pulsed laser action on metal is
less involved due to its extremely complex internal mechanism.

To explore the interaction of multi-pulsed laser and metal, we must explain the concept of ab-
lation thresholds [19] firstly. The ablation threshold refers to the laser fluence required for the
laser to irreversibly destroy the metal and remove the surface of the material during the ultrafast
laser action of the metal. Usually, a certain value is obtained during the single-pulsed laser abla-
tion of the metal, but as the number of pulses increases, the ablation threshold of the material will
be inversely proportional to the number of pulses. The ablation process of the material can also
be done with a small laser fluence, which is called the incubation effect [20], and its mathematical
expression is:

Fip(N) = Fep (1) - Ns—q (10)

where N represents the number of pulses, F;;, (N) is the corresponding ablation threshold when
the number of pulses is N, Fy;, (1) is the ablation threshold corresponding to single pulse, and S is
the coefficient of incubation effect. The laser source rewriting term in the two-temperature equa-
tion for simulating multi-pulsed laser has been described in Section 2.1.

Temperature analysis

Firstly, we would have a preliminary understanding of incubation effects by the temperature
change of electron and lattice caused by the change of pulse number. The two-temperature curve
of the material under the irradiation of single-pulsed, double-pulsed and multi-pulsed laser are as
shown in Figs. 19 to 21, respectively. The laser fluence for each pulse is 1594 ]/m?, the pulse 7,
width is 300 fs, and the pulse interval dt; is 1 ps.

As can be seen from Fig. 20, after the first pulse, the electron rapidly heated up to 11718 K after
0.3 ps, transferred energy to the lattice, and the lattice continued to heat up. The second pulse was
irradiated after 1 ps, the electron has cooled to 1380 K before the laser action, and the lattice was
still warming. The injection of the second pulse energy caused the electron to reach a maximum
temperature of 12403 K at 1.6 ps, after which the electron continued to transfer the energy to the
lattice that was not fully heated. Then the electron and the lattice tended to be balance with the
same trend after 3 ps. The lattice temperature caused by the first pulse is about 487 K, after the
second pulse, the lattice temperature rose 556 K to reach the highest temperature. Compared to
the single pulse action, the lattice has a more conspicuous temperature drop before the electron-
phonon relaxation. Analyzing the two-temperature curve as Fig. 21 shown under the action of
multi-pulsed laser, we find that both the electron and the lattice underwent three temperature
rises, and the peak temperature of the three temperature rises is increasing. Since the pulse width
and the pulse interval have not changed, the temperature change of the electron and the lattice
under the first two pulses are consistent with the two-temperature curve under the action of the
double pulse. After the third pulse, the electron reached the highest temperature of 12812 K at 2.9
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ps, and the energy was transferred to the lattice. The lattice was heated to 1838 K at 3.5 ps. After
3.5 ps, the temperature of the electron and the lattice decreased and tended to be consistent.

It can be seen from the atomic snapshots in Figs. 22 to 24 that the increase of the number of
pulses not only further increases the temperature of the electron and the lattice, but also actually
reduces the ablation threshold of the material. The copper film in Fig. 22 only produces ‘film res-
piration’ under the irradiation of laser pulse with laser fluence of 1594 J/m?2. Increasing the num-
ber of pulses, we can see the nucleation inside of the material in Fig. 23, in the Fig. 24, we can find
that there is a crack occurring and the ablation becomes more severe.
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To further explore the temperature change of the electron and the lattice of each cross section
of the material after the pulse action, we made a temperature contour with the time as the hori-
zontal axis and the distance from the incident surface as the vertical axis as shownin Figs. 25 to 30.

Fig. 25 shows the electron temperature change of the internal sections of the metal material
under the action of a single-pulsed laser. At 0.3 ps, the excitation made the electron 5 nm away
from the incident surface rose to about 50000 K, the area with a large heat influence is 25 nm near
the surface, which reached a maximum temperature of about 10000 K at 0.5 ps. Electron contin-
uously transferred energy to the lattice through electron-phonon coupling. After 1 ps, the electron
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temperature dropped below 5000 K. From Fig. 27, we can see that the electrons were excited
twice, and the second laser was irradiated at 1.3 ps. At 1.6 ps, the electrons 5 nm from the front of
the surface reached the highest temperature of about 55000 K, while the heat-affected zone was
further expanded to 26.5 nm, and the electron temperature dropped back to 5000 K at around 2.2
ps. It can be seen from the temperature contour Fig. 29 that the highest temperature the electron
could reach is 55000 K, which is the same as the highest temperature that can be achieved when
the double-pulsed is applied. The difference is that the third pulse expands the heat-affected zone,
and the electrons within 27 nm of the incident laser surface could be heated to more than 10000
K, and the thermal effect time of each pulse is also increased. As for the change of the lattice tem-
perature, we can see from Fig. 26, Fig. 28 and Fig. 30 that the peak temperature of the lattice can
be gradually increased due to the increase of the number of pulses, so as the heat-affected area.
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Exploration of incubation effects

The existence of incubation effect causes the material to ablate at a single-pulse laser fluence that
would otherwise not cause ablation, reducing the ablation threshold of the material. This is un-
doubtedly advantageous in engineering. However, in order to effectively remove the material, in
addition to the research on the mechanism of action of multi-pulsed laser and metal, it is necessary
to further explore the influencing factors of incubation effects. The greater the laser fluence, the
more laser energy is injected into the system, and the ablation is more severe obviously.

In this section we would discuss the effect of pulse interval on the results of laser ablation of
metals caused by multi-pulsed laser. Therefore, the fixed laser fluence and the pulse width 7, are
4782 J/m2 and 300 fs, the pulse intervals of three groups we chose for the calculation are dt; =
1 ps,dt, = 1ps;dt;= 0.3 ps,dt, = 1 psand dt; = 1 ps,dt,= 3 ps, the calculated two-tempera-
ture curve are shown in Figs. 31 to 33.
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Analyzing the following three two-temperature curves Figs. 31 to 33, 1 ps is just about the ap-
proximate time required for the temperature to fall back after the electron rise to the peak tem-
perature, which is roughly the time required for electron-phonon coupling, Therefore, when the
pulse interval is 1 ps, the lattice temperature shows a steady upward trend. The highest lattice
temperature appears at 3.7 ps, which is 6607 K, and the excited electron temperature can reach
21812 K.

When the first pulse interval is shortened to 0.3 ps, the electron temperature did not fall from
the peak temperature completely when the second pulse irradiated. At the same time, the internal
heat transfer of the electron and electron-phonon coupling was continuing, the thermal impact of
the first pulse was still intense, the electron can be heated up to 46298 K, which is far greater than
when the pulse interval of 1 ps. The energy obtained by the lattice is further increased, and the
maximum temperature can reach 6697 K, which is also higher than the case when the pulse inter-
val of 1 ps. Then we increase the second pulse interval to 3 ps, the temperature of the electron has
dropped to 2955 K before the third pulse, and the peak temperature of the last pulse is only 37170
K, which is less than the above two cases.
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According to the above analysis results, it can be found that the electron temperature, the
lattice temperature, and the final equilibrium temperature are all improved when the pulse inter-
val time is shortened to less than the electron-phonon coupling time. If the pulse interval time is
longer than the electron-phonon coupling time, the inside of the material has already close to
reaching the equilibrium state before the subsequent pulse action, and the effect of the energy of
the subsequent pulse injection cannot be well exerted, which is not conducive to ablation. There-
fore, the choice of pulse interval time is an important issue to improve the ablation efficiency.
Shortening the pulse interval time is more conducive to energy accumulation.

Ablation depth is a visual representation of the pros and cons of processing results. In order
to explore the influence of the important factor of the pulse interval on the ablation depth, the
fixed pulse width is still 300 fs, and the first pulse interval is fixed at 1 ps. The second pulse interval
for the four sets of calculations are 0.3 ps, 1 ps, 10 ps and 30 ps. To ensure the reliability of the
calculation results, the visual result we obtain is shown in Fig. 34 by calculating 180,000 steps or
180 ps.

It can be seen from Fig. 34 that the ablation depth increases first and then decreases with the
increase of the multi-pulsed laser time interval. Although the electron and the lattice can reach a
higher temperature as shown in Fig. 31 at a pulse interval of 0.3 ps, the duration of the tempera-
ture above the ablation threshold is small compared to the case where the pulse time interval is
close to the electron-phonon coupling time. Comparing the time when the first temperature rise
of the electron reaches the peak to the start of the relaxation in Fig. 31 and Fig. 32, the pulse width
is 3 psat 0.3 ps, and the pulse width is about 5 ps at 1 ps. From this point of view, the pulse interval
close to the electron-phonon coupling time allows the system to be maintained at a higher tem-
perature for alonger time, resulting in an increase in the ablation depth. The shorter pulse interval
makes the subsequent pulse and the pre-pulse to work together close to a single pulse, although
a higher temperature is reached, but a shorter high temperature duration limits the increase in
ablation depth. As the pulse interval is further increased to 10 ps and 30 ps, the thermal effect of
the pre-pulse has been dissipated by the system, the lattice and electron temperatures have also
fallen, and the ablation depth has gradually decreased. In summary, a pulse interval close to the
electron-phonon coupling time of the material can complete a more efficient ablation of the ma-
terial.

10ps

30ps

-100nm -50nm 0 50nm

Fig. 34 Atomic snapshots of different pulse interval (at the moment of 180 ps)

4. Conclusion

The effect of ultrafast laser on metal is an extremely complex process with high imbalance, includ-
ing the absorption of laser energy by electrons on the metal surface, the energy transfer from
electron to the lattice through electron-phonon coupling and phonon collision, and the process of
the lattice absorbs energy and causes the material to change phase. Finally, the surface of the ma-
terial will be removed. To better describe the metal absorption process of laser ablates metallic
materials, the researchers proposed a two-temperature model to describe the thermal conduction
process of electrons and lattice systems of the material, while the two-temperature model is in-
sufficient to explore the phase transition and ablation mechanism of metals during the unbalanced
processes of laser processing. Therefore, molecular dynamics calculation is introduced to track
the position and velocity of each atom by setting reasonable initial calculation conditions. We use
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the EAM potential function and introduce periodic boundary conditions in the analysis of the in-
teraction of metal and laser.

After establishing the appropriate size simulation system with the above method on the
LAMMPS platform, we reproduced the ablation process of the single-pulsed laser to the metal and
verified the correctness of our simulation. We firstly fixed the laser fluence and irradiated the
surface of the copper film with lasers of different pulse widths. It was found that when the pulse
width is reduced, the pulse energy is more concentrated, and the lattice and electrons inside the
system can reach a higher peak temperature. Moreover, the smaller the pulse width, the faster the
electron temperature rises. Then, the pulse width was set to a fixed value, the metal was irradiated
with laser of different laser fluences, and the visualized atomic snapshots was analyzed. In the
visualization results, the nucleation of voids when the laser fluence is small and the nucleation of
bubbles inside the material when the laser fluence is large were observed. The larger laser fluence
causes the layer cracking of the material, so that more materials are removed. After understanding
the ablation mechanism, the calculation system was enlarged to eliminate the effect of thermal
expansion. The laser ablation depth at different energy densities was calculated, the fitting curve
was obtained, and compared with the literature.

Multi-pulsed laser ablation is not a simple superposition of single-pulsed laser. The process of
interaction with metal is more complicated. In this paper, the multi-pulsed laser ablation was cal-
culated by changing the light source term in the two-temperature equation. Comparing the tem-
perature contour and atomic snapshots of multi-pulsed laser action and single-pulsed laser action,
we found that the increase of the number of laser pulses reduces the ablation threshold of the
material. The nucleation and phase change inside the material is more severe due to the increase
of energy, the lattice disorder is more serious, and the ablation becomes faster. Then we discussed
the influence of pulse interval time on the incubation effect of multi-pulsed laser. The pulse inter-
val time is shorter than the electron-phonon coupling time, which makes the temperature of the
system more intense. If the pulse interval is too long, the energy will be dissipated at the pulse
interval. Therefore, the appropriate pulse interval should be selected during the laser processing.

It should be noted that although copper was chosen as the target material in this study due to
the abundant research of its thermophysical properties, the method of molecular dynamic mod-
eling and analysis can be applied to other metallic material as long as the detailed thermophysical
parameters of the materials determined. The results obtained in this work can provide a new cal-
culation method and theoretical basis for ultra-fast laser machining of air film holes in aviation
turbine blades and has certain practical guiding significance for laser machining.
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