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A unified model in the pulsed laser ablation process
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In this unified model, we introduce the electron-phonon coupling time (¢,) and laser pulse width (tp). For long pulses, it can

substitute for the traditional thermal conduction model; while for ultrashort pulses, it can substitute for the standard two-

temperature model. As an example of the gold target, we get the dependence of the electron and ion temperature evolvement

on the time and position by solving the thermal conduction equation using the finite-difference time-domain (FDTD) method.

It is in good agreement with experimental data. We obtain the critical temperature of the onset of ablation using the Saha

equation and then obtain the theoretical value of the laser ablation threshold when the laser pulse width ranges from nano-

second to femtosecond timescale, which consists well with the experimental data.
CLC numbers: TN249 Document code: A Article ID: 1673-1905(2008)04-0311-6

DOI 10.1007/s11801-008-7145-0

With the development and the application of the ultra-short
high-power laser, the effect of non-Fourier thermal conduc-
tion in pulsed laser ablation is noted as remarkable!'!. Then
the two-temperature models have been established to describe
the new phenomenon®*, But for the long-pulse laser, we still
adopt the traditional thermal conduction model (TCM)B-8,
As aresult, it is a complicated question that there is no model
suitable for the pulse width from nanosecond to femtosecond
timescale.

In this paper, we present a unified model that can de-
scribe the thermal conduction phenomenon as the laser pulse
width ranges from nanosecond to femtosecond timescale.

As an example of the gold target, we get the dependence
of the electron and ion temperature evolvement on the time
and position by solving the thermal conduction equation us-
ing FDTD method. It is in good agreement with the experi-
mental data.

Many experimental and theoretical studies demonstrate
the presence of two different ablation mechanisms ©!: ther-
mal ablation and non-equilibrium ablation. If the laser pulse
duration (¢,) is more than the electron-phonon coupling time,
a material can go through the thermal melting and subse-
quent thermal phenomenon, so called thermal ablation. If the
pulse width is smaller than this time (z, ), the ablation mecha-
nism is called non-equilibrium ablation. Usually, the electron-
phonon coupling time (¢, ) is several picoseconds ['*!!1,

When the laser irradiates the surface of the target, the
electron absorbs considerable laser energy firstly because the
electron mass is far smaller than the ion mass. The electron
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energy increases sharply. At the same time, electrons ex-
change energy with each other by colliding. Then the elec-
tron subsystem reaches the thermal equilibrium after tens of
femtoseconds. If the laser irradiates the target, the electron
subsystem continues to absorb the laser energy. And its tem-
perature increases continually. At the same time, the ion ab-
sorbs little energy. The ion temperature is almost unchanged.
It induces the tremendous difference of the temperature be-
tween the ion and the electron subsystem. Therefore, there
are eigen temperature of the electron subsystems (7)) and
that of ion subsystem (7)) in the target. This is the physical
background of building TTM. The corresponding laser abla-
tion process is called non-equilibrium ablation (NEA), whose
characters are the non-Fourier thermal conduction
phenomenon.

The electron-ion interaction is usually called the elec-
tron-phonon (e-ph) coupling effect. Studies indicate that the
electron transfers the energy to the ion by this approach
gradually. So the temperature difference between the ion
subsystem and the electron subsystem decreases gradually.
After several picoseconds, two subsystem temperatures reach
equilibrium. The relaxation time is called the e-ph coupling
time 7, . But the different materials have different e-ph cou-
pling times. For the nanosecond laser, its pulse width is more
than the e-ph coupling time 7. This kind of ablation is called
thermal equilibrium ablation (TEA). Its characters satisfy the
Fourier law. For the picosecond laser ablation process, the
corresponding microscopic mechanism is very complex.
Approximately, both of the two ablation mechanisms coexist.

Thus, it can be seen that the radio of the e-ph coupling
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time 7, and laser pulse width 7 is the key, which distinguishes
the two kinds of mechanisms. As ¢, /t >>1, it is the non-equi-
librium ablation. As ¢/t <<1, it is the thermal equilibrium
ablation. As ¢,/ ~1, it is the mix ablation.

Considering the above physical background, we present
the unified equations, which-can describe the thermal con-
duction phenomenon of high energy-laser ablation process
with the laser pulse width ranging from nanosecond to
femtosecond.
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where 7, and 7, are the electron and the ion temperature,
respectively. C, and C, are the heat capacities (per unit
volume) of the ion and electron subsystems. k, is the thermal
conductivities for the electron. A(x,t) is the energy source
due to the laser energy dissipation into the matter. g is the e-
ph coupling coefficient. R is the surface reflectivity. b is the
material absorption coefficient. g, is the maximum pulse
power. g(¢) is the Gaussian temporal function of the laser
beam intensity distribution'*'4, g is the required value re-
lated to the optical property of the material. This paper as-
certains the value by comparing the theoretical result with
the experimental data.

If1>>t . ie. exp[-az, /1]~ 0, equations (1)=(2) can trans-
fer into,
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It is in perfect accordance with TTM!),

If <<t ,i.e.exp[-ou,/t ]~1, the ablation is the thermal
equilibrium ablation. The system keeps at the thermal equi-
librium state. By using of 7=7,and C= C+ C, , equations
(1)=(2) can be abbreviated as
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It is in accordance with TCM.

If ¢/t ~1, it is the mix ablation. The unified model can

describe the whole conduction phenomenon better than other
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models, i.e. TTM and the traditional thermal conduction
model. Hence, the unified model can well describe the whole
thermal conduction phenomenon with the laser pulse width
ranging from nanosecond to femtosecond timescale.
According to the principle of energy conservation, the
boundary condition on the target surface is as follows,

k. oT, (x,1)

o = bq(?)

(0<t<tp). ®)

x=0

Then according to the adiabatic condition, the boundary
can be depicted as

oT, (x,t)

=0 (0<t=t), )
ox i

x=5

where § is the maximum thermal conduction depth in a single
pulse duration.
The initial temperature of the target is

T | =T,. (10)

So far, we present the unified model with the correspond-
ing boundary conditions (8)-(9) and initial condition (10).

According to the above boundary conditions and initial
condition, we discretize equations (1)-(4) using the finite-
difference time-domain (FDTD) method.

At (i,), the corresponding equations are
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q(jAt) = g, exp[-m(jAt/t,—1)"]. (12)

Obviously, the error from the truncation of the difference
equations is o(Ar+(Ax)?). As an example of the gold target,
we simulate the target temperature evolvement before laser
ablating. The thermal and optical properties of the gold are
presented in Tab.1.
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Tab.1 Thermal and optical properties of the gold

kwm'k") C(Jm’k?) C(Jm’k") b(m™) g(wmk) R

3.1801 67.709 2,300 7.88 x 10711 2.1 x 10" 0.94(770nm)>"

0.98(1053nm)!')

Supposing that the target is irradiated by a 170 fs, 1053
nm pulse at 0.145 J/cm? and the initial temperature is 300 K,
we can obtain that the evolvement of the temperature of the
ion and electron subsystem depends on the time and the depth,
as shown in Fig.1.

In Fig.1(a), the electron temperature increases rapidly
during the single pulse irradiation. And the electron tempera-
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Fig.1 Temperature evolvement in the gold target. (a) the
temperature evolvement of the electron subsystem, (b)
the temperature evolvement of the ion subsystem.
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ture decreases obviously while the laser stop irradiation. Af-
ter 7., it is not changed and reduced slowly along with the
depth.

As shown in Fig.1(b), the temperature of the ion sub-
system rises gradually in 7. After that, the ion temperature
changes slowly. But the ion temperature decreases more
quickly than the electron temperature when the depth
increases.

As a result, the temperature of the ion and electron sub-
system combines one along with time, which accords with
the experiment absolutely!®.

Fig.2 presents the temporal evolvement of the tempera-
ture of the ion and electron subsystem in the gold surface
during the laser irradiation. The electron absorbs laser en-
ergy and raises its temperature sharply during the laser
irradiation. But the ion temperature is almost invariable. The
tremendous difference of the temperature between the ion
and the electron subsystem forms after 170 fs. Then the e-ph
interaction plays an important role. The electron transfers
energy to the ion. After the relaxation time of the electron-
phonon interaction, the temperature of the ion and electron
achieves the balance. In fact, the e-ph coupling time of gold
is 6 ps from Fig.2.

T T T

_]4000 L ® lleciron
512000 §o A lon
T 10000t @ 9
=
3 80001 o
T 6000 @
£ .
£ 4000f e 1
T 2000f §  aaessttttt .
AC
op ® . . .
0 2000 4000 6000
Time(ts)

Fig.2 Electron and lattice temperature in the gold sur-
face for the laser pulse width of 170 fs

Fig.3 presents the dependence of the temperature evolve-
ment of the ion and the electron subsystem on the time in the
gold surface for different pulse widths. The bigger the pulse
width is, the lower the highest temperature of the electron
subsystem is. But the maximum temperature of the electron
subsystem almost does not change. Hence, the difference of
the temperature between the ion and the electron subsystem
decreases gradually. Finally, the temperature of the ion and
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Fig.3 Temperature evolvement of the ion and electron
subsystem for laser pulse widths of 170 fs, 500 fs, 1 ps
and 10 ps

the electron subsystem is combined into one. Above all, the
non-equilibrium ablation is changed into the thermal equi-
librium ablation gradually when the laser pulse width is ranged
from femtosecond to nanosecond.

Here, the critical temperature for the ablation is the cor-
responding temperature of the onset of a mass of
evaporization.

For the short-pulse-laser ablated target, the evaporation
has a close relation with the ionization. In the target surface,
the mass is ionized quickly and the plasma is formed after
the material is evaporated. The ionization temperature is
higher than the evaporation one slightly. The ionization de-
gree of 0.01% is considered as the onset of evaporation.
Therefore, the temperature is considered as the critical tem-
perature of laser ablation when the ionization degree is
0.01%. According to this assumption, we use the Saha equa-
tion to calculate the critical temperature of laser ablation.
For the gold target, the critical temperature is 2873 K!7181,

Generally, the laser ablation threshold is the laser energy
corresponding to the onset of a mass of evaporization, i.e.
the corresponding threshold temperature is 2873 K for gold
target.

According to the above definition, we can ascertain the
laser ablation threshold of gold. Fig.4 presents the depen-
dence of the temperature evolvement of the ion subsystem
on the time in the gold surface for the different threshold
energies. Obviously, the curve corresponds to the laser en-
ergy one by one.

The temperature of each curve increases along with the
time axis continually until achieving the maximum value at
t,. The maximum value is the maximum temperature of the
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ion subsystem. Factually, the ion temperature and electron
temperature are combined into one at ¢. The electron and
the ion temperature arrive at the equilibrium temperature.

Hence, each curve has the maximum temperature which
corresponds to the single laser ablation threshold only. If the
maximum temperature of the ion equals to the threshold tem-
perature of the laser ablation, the threshold energy for abla-
tion will be ascertained. For the gold target, the laser ablation
threshold corresponds to the maximum temperature 2873 K.

For a certain laser pulse width, the maximum tempera-
ture and the threshold energy can be ascertained. Fig.4 pre-
sents the dependence of the ion subsystem temperature
evolvement on the time in the gold surface by a 1 ps laser
irradiation. Hence, the laser ablation threshold is 0.43 J/cm?
from Fig.4. Using this method, we can obtain a series of la-
ser ablation thresholds with changing the pulse width.
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Fig.4 The temperature evolvement of the ion subsystem
in the surface for different energies

Fig.5 presents the relation of the laser ablation threshold
and the laser pulse width for a 1053 nm laser. Obviously, the
computed results of the new unified model are in good agree-
ment with the experimental data. It is better than the com-
puted results of two-temperature models. The threshold en-
ergy of the unified model is close to the value of TTM for the
laser pulse width t,<1ps. The cause is that the non-equi-
librium ablation is the most important part. It is obvious that
unified model is the same as TTM for describing the ultra-
short-laser ablated metal target. However, for tp>1 ps, the
difference of the TTM theory is more than the one of unified
model. The reason is that the thermal equilibrium ablation
substitutes the non-equilibrium ablation gradually with the
increase of the duration of pulse laser. It indicates that the
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Fig.5 The relation of the laser ablation threshold and the
laser pulse width for a 1053 nm laser

unified model can describe the thermal phenomenon of both
non-equilibrium ablation and thermal equilibrium ablation.

Taking a further step, the laser wavelength is changed
from 1053 nm to 770 nm. Fig.6 presents the relation of the
laser ablation threshold and the laser pulse width for a 770
nm laser.
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Fig.6 The relation of the laser ablation threshold and the
laser pulse width for a 770 nm laser

It is shown that the theoretical results accord with the
experimental data approximately. The unified model is avail-
able to describe the thermal conduction phenomenon of la-
ser ablation for the laser with different wavelengths. However,
the error increases obviously when the duration of the pulse
laser is adjacent to the nanosecond timescale for the 770 nm
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laser. The reason is that the reflectivity of the gold surface
changes rapidly while the wavelength ranges from 500 nm to
800 nm. While the laser wavelength is larger than 800 nm,
the reflectivity almost keeps constant at 0.98. Therefore, the
result of the unified model is fully consistent with the experi-
mental data at 1053 nm. We believe that the unified model
can be modified further if the character of the reflectivity is
considered.

In conclusion, this paper presents the unified model which
describes the thermal conduction phenomenon in the pro-
cess of laser ablation with the laser pulse width ranging from
nanosecond to femtosecond timescale.

By using the Saha equation, we get the threshold tem-
perature of the laser ablation. With the unified model, the
dependence of the ion temperature evolvement on the time
in the gold surface is obtained.

For the laser wavelength larger than 800 nm, they are in
consistence comparing the theoretical value with the experi-
mental data of the laser ablation threshold. It shows that the
unified model can describe the thermal conduction phenom-
enon in the process of laser ablation, where the laser pulse
width ranges from nanosecond to femtosecond timescale.
While the laser wavelength ranges from 500 nm to 800 nm,
the error from the truncation between the theoretical value
and the experimental data can not be neglected. It can be
explained by the fluctuation of the reflectivity.
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