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A numerical solution of the two-temperature model has been performed up to the double-pulse femtosecond
laser heated metal target. The two-temperature model is used to analyze the double-pulse laser with the fol-
lowing major conclusions. We confirm the distinctly different results on the single pulse and double pulse.
The double-pulse laser heated lattice temperature is higher than the single pulse. Through the Boltzmann
equation, we estimate the variation of the emission enhancement. At the same time, this experimental result
is qualitatively similar to the theoretical result.
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1. Introduction

Since the advent of the laser nearly 50 years ago, more and more
attention of researchers has been paid to laser-induced breakdown
spectroscopy (LIBS). LIBS operates by focusing the laser onto a small
area at the surface of the specimen; when the laser is discharged it
ablates a very small amount of material, in the range of nanograms
to picograms, which generates a plasma plume. During data collec-
tion, typically after local thermodynamic equilibrium is established.
In principle, LIBS can analyze any matter regardless of its physical
state, be it solid, liquid or gas. Because all elements emit light of char-
acteristic frequencies when excited to sufficiently high temperatures,
LIBS can (in principle) detect all elements, limited only by the power
of the laser as well as the sensitivity and wavelength range of the
spectrograph and detector.

Recent developments in laser-induced breakdown spectroscopy
(LIBS) have seen the introduction of double-pulsed laser systems. In
the configuration the laser is fired twice on the same spot on the
specimen with a pulse separation [1]. Depending on the pulse separa-
tion, the evolution of plasma is different from LIBS of the single pulse.
For example, reducing nanoparticles in metal ablation plumes pro-
duced by two delayed short laser pulses [2], plume composition
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control in double pulse ultrafast laser ablation of metals [3], investiga-
tion of plumes produced by material ablation with two time-delayed
femtosecond laser pulses [4], multidiagnostic analysis of ultrafast
laser ablation of metals with pulse pair irradiation [5], and so on. In
particular, the double-pulse (DP) technique in laser-induced break-
down spectroscopy can give higher luminosity of plasma in compari-
son with a single pulse (SP) of the same entire energy and thus
improve the accuracy of measurements [6–9]. These results are
based on three classes of mechanisms: it is possible that the fluores-
cence increases because more material is ablated from the surface
by a double pulse as the result of a surface transformation induced
by the first pulse; the enhancement may be caused by reheating of
the plasma generated by the first pulse; hydrodynamic effects in-
duced by the first pulse may affect the propagation of the laser
beam and the expansion of the plume generated by the second
pulse. These are just supposed analysis. It is essential to take the the-
oretical method into account the emission enhancement phenomena
in metals.

In the present letter, the emission enhancement on the plasma
from a copper surface under the double-pulse femtosecond laser is
studied by means of a 1D two-temperature equation and Boltzmann
equation. The motivation for doing this work is to develop a simple
theoretical model for the double-pulse LIBS on the metal in order to
better understand the mechanisms of the emission enhancement. At
the same time, it presented an experimental study of the emission of
the plasmas generated using both single-pulse and collinear double-
pulse ablation copper in an effort to observe LIBS signal enhancement.

http://dx.doi.org/10.1016/j.optcom.2011.12.038
mailto:comeongoon@sohu.com
mailto:mxjin@jlu.edu.cn
http://dx.doi.org/10.1016/j.optcom.2011.12.038
http://www.sciencedirect.com/science/journal/00304018


1896 J. Guo et al. / Optics Communications 285 (2012) 1895–1899
2. Mathematical model

The theoretical method to investigate the ultrashort laser–matter
interaction is the well-known two-temperature model (TTM) [10].
The TTM describes the evolution of the temperature increase due to
the absorption of a laser pulse within the solid and is applied to
model physical phenomena like the energy transfer between electrons
and lattice occurring during the target–laser interaction [11]. There-
fore the expressions for the time evolution of the temperatures read
[12,13]:

Ce
∂Te

∂t ¼ ∂
∂x ke

∂Te
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Where t is the delay time, x is the depth, Ce is the electron heat ca-
pacity, Cl=3.5×106J/m3K is the lattice heat capacity [14], ke is the
electron thermal conductivity, Te is the electron temperature, Tl is
the lattice temperature, G is the electron-lattice coupling factor
[15,16], and S is the laser heat source. The heat source S can be mod-
eled with a Gaussian temporal profile [17]:
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where R=0.6 [18] is the target reflection coefficient, tp=100 fs is the
full-width at the half maximum (FWHM) with the linear polarization,
α=14.2nm [18] is the penetration depth including the ballistic range,
I is the incident laser fluence, β=4 ln(2).

The temperature dependences of the electron heat capacity and
electron-lattice coupling factor for noble metals are investigated
based on the electron density of states (DOS) obtained from ab initio
electronic structure calculations [19]. For Cu, at low electron temper-
atures, Te~0.1 eV (~103 K), the region of the electron DOS affected by
thermal excitations is similar to that of the free electron gas model,
with only s electrons being excited. At higher electron temperatures,
Te~1 eV (~104 K), a significant number of d band electrons can be ex-
cited and can make a substantial contribution to the thermophysical
properties of the material. The excitation of these electrons is
expected to cause significant changes in the electron heat capacity
and electron-lattice coupling factor. Therefore, the commonly used
literature values of a linear temperature dependence of the Ce and a
temperature independent constant value of G are inappropriate for
the description of the strong irradiation regime. To account for this
fact and to avoid an overestimation of electron temperatures, we
have considered the nonlinear temperature dependences of Ce and
G factors for copper as they are stated in Ref. [19]. In contrast, for
the heat capacity of the copper lattice (Cl), the room-temperature
value (3.5×106 J/m3 K) is a reasonable approximation because it is
known that the change in Cl upon temperature increase is very
small [20].

The electron heat capacity is proportional to the electron temper-
ature when the electron temperature is less than the Fermi tempera-
ture as Ce=γTe [21] and γ=π2nekB/2TF, with γ=96.6J/m3K2 for
Cu. ne is the density of the free electrons, kB is the Boltzmann's
constant.

A relationship between the electron relaxation time and electron-
electron scattering time 1/τe− e=ATe

2 and electron-lattice scattering
time 1/τe− l=BTl for electron temperatures below the Fermi temper-
ature is given by 1/τ=1/τe− e+1/τe− l=ATe

2+BTl. The expression for
the heat conductivity can be written as ke=ke0BTe/(ATe2+BTl) [22],
where ke0, A and B are the material constants. As the electron temper-
ature approaches and exceeds the Fermi temperature, the electron gas
becomes nondegenerate and the electronic heat conductivity starts to
increase with temperature. The high-temperature electron heat con-
ductivity can be expressed as [18,22]
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Where μe=Te/TF, μl=Tl/TF, and TF=8.12×104K which is the Fermi
temperature of Cu. The parameters χ=377W/mK and η=0.139,
which represent the material constants [18].

The electron temperature is very high under laser irradiation. It
must consider the effect of the thermionic electron emission, is repre-
sented by the Richardson–Dushman equation [23]

J ¼ 4πm
h3
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where kB is the Boltzmann constant, φ the work function of the metal,
m is the mass of the electron and h is the Planck constant.

3. Experimental details

The laser system is a regenerative amplified Ti:Sapphire laser
(Spectra Physics Tsunami oscillator and Spitfire amplifier). The full-
width at the half maximum (FWHM) is 120 fs, the wavelength is
800 nm, the repetition rate is 1 kHz. The individual pulse is split into
two sub-pulses by a beam splitter. The delay time may be changed
from 1 to 110 ps. By a combination of a Glan laser polarizer and a
half-wave plate, the energy of each sub-pulse can be attenuated to
the desired value. The subpulses are directed by a beam splitter into
a microscope objective (10×, NA=0.25), which focuses them onto
the target material with a focal diameter of 3.6 μm and a Rayleigh
range of 24 μm. We use a knife edge to measure the beam profile.
The metal target is mounted on a computer-controlled X–Y–Z stage,
which guarantees the sample location is new before each laser shot.
All experiments are performed in air at atmospheric pressure. Each
data point is an average of typically 20 shots. The fluctuation of the
pulse-to-pulse spectral is less than 10%. The sample is positioned
with its normal axis at an angle of 30° with respect to the laser beam
direction. This structure can avoid the conflict between objective
lens and collection lens. In the experiments, both pump pulses are s-
polarized. Fluorescence perpendicular to the laser beam is collected
by an f/2.0 lens, focused into a 0.25 m monochromator, and detected
with a photomultiplier tube (PMT) [9].

4. Results and discussion

The double-pulse experimental results [9] are shown in Figs. 1
and 2. Fig. 1 displays the emission intensity obtained from a Cu sam-
ple with single pulse and double pulse. The laser fluence is 43 J/cm2.
The double-pulse delay time is 106 ps. The recorded spectrum of
the double pulse is higher in intensity compared to the spectrum
obtained with the single-pulse. Fig. 2(A) shows the emission intensity
of the single-pulse and double pulse increased monotonically with
the laser fluence. The emission line is the Cu (I) at 324.75 nm, pro-
duced by the [3d104s(2S1)←3d104p(2P3/2)] transition. In the experi-
ment, the double-pulse delay time is fixed at 106 ps. Both curves
are fitted with the polynomial, the enhancement ratio curve of the
emission intensity of the double pulse to the single pulse is calculated
by dividing the two fitting curves, as shown in Fig. 2(B). In the range
of 0–4 J/cm2, the enhancement ratio increases with the laser fluence.
In this range, in Fig. 2(A), at values of the pulse energy close to the
plasma threshold, the double-pulse arrangement results in a total
density of Cu (I) that can be an order of magnitude higher than the
density obtained following ablation with a single-pulse. This relative
enhancement ratio, falls quickly as pulse energy is increased and



Fig. 3. The temperature variation with the delay time: (A) the electron and lattice tem-
perature at the surface irradiated by the double-pulse laser; (B) the comparison of the
lattice temperature under the single-pulse and double pulse. The whole laser fluence is

2

Fig. 1. The comparison of the emission intensity for Cu (I), corresponding to single-
pulse (solid line) and double pulse (dash line). The laser fluence is 43 J/cm2.
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appears converging to a value around 2.5 at the high fluence range.
For the fluence of 4 J/cm2 and higher, the enhancement ratio mono-
tonically decreases. The similar behavior for metal has been also
noticed on the double-pulse laser-induced breakdown spectroscopy
in the earlier experiment [6,24].

Several experimental and theoretical studies have been carried out
to investigate the physical mechanisms involved in double-pulse
laser–metal interactions. Despite significant progress in this field, the
investigation of femtosecond double-pulse laser ablation remains a
challenging research topic. In particular, the mechanisms of energy
deposition and the processes the thermal diffusion are not yet fully
understood. Next, we investigate the thermal behavior of femtosec-
ond double-pulse laser heating Cu.

The time-dependence of the electron and lattice temperature on
the surface of the target is represented in Fig. 3, which is predicted
Fig. 2. (A) The emission intensity of the single-pulse and double pulse as a function of
laser fluence. (B) The enhancement ratio as a function of laser fluence under the double
pulse divided by the single-pulse. The emission line is the Cu (I) at 324.75 nm.

100 mJ/cm .
by the two-temperature model for the Cu target (100 nm). Fig. 3(A)
shows the variation of the electron and lattice temperature at the dif-
ferent times by the femtosecond double-pulse laser, the laser fluence
of each sub-pulse is 50 mJ/cm2, the time interval of the double-pulse
laser is 4 ps. Fig. 3(B) shows the comparison of the lattice temperature
with the time. As can be seen, there is a very large difference in the
evolution of the lattice temperature. In the single pulse case, the lattice
temperature rapidly increases along with the delay time, and reaches
the maximum value of 1716 K. Next, it slowly decreases when it,
based on the heat transfer. However, in the case of the double-pulse
laser, the lattice temperature firstly starts to increase and becomes
very slow. Precisely at this time, the lattice temperature suddenly in-
creases again, and reaches the maximum value of 1903 K. The time
of the obtainedmaximum temperature is 4.7 ps and 7.9 ps, respective-
ly. The double-pulse laser extends the thermal equilibrium time of the
electron and lattice. Moreover, the lattice temperature has been
achieved at a higher temperature relative to the single pulse case.

During the interaction of the double-pulse laser and metal, the
delay time of two pulses is important to the maximum lattice temper-
ature. The energy proportion of the first pulse to the second pulse is
another concerned factor. Fig. 4 shows the contour map of the evolu-
tion of the maximum lattice temperature with the delay time of the
double-pulse laser and the first pulse laser fluence (Ifirst), the second
pulse laser fluence Isecond= I− Ifirst. The whole fluences of Fig. 3(A)
and (B) are 100 mJ/cm2 and 200 mJ/cm2, respectively. Seen from
Fig. 4(A), for the delay times in 1–3 ps range, there are almost maxi-
mum lattice temperatures. For the first laser fluences, the maximum
lattice temperatures may be achieved in 50–60 mJ/cm2 range. So we

image of Fig.�3
image of Fig.�1


Fig. 4. The distribution of the maximum temperature with the double pulse delay and
the first pulse fluence: (A) The whole laser fluence is 100 mJ/cm2; (B) The whole laser
fluence is 200 mJ/cm2. Fig. 5. (A) The normalized maximum lattice temperature as a function of the double-

pulse delay and laser fluence. (B) The optimum double-pulse delay versus the fluence
for obtaining the maximum temperature.

Fig. 6. (A) The maximum lattice temperature of the single-pulse and double pulse as a
function of laser fluence. (B) The enhancement ratio as a function of laser fluence under
the double pulse divided by the single-pulse.
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can obtain the maximum lattice temperature by attempting to change
the proportion of first pulse to second pulse and the delay time of two
pulses. A similar result is indicated in Fig. 4(B). One of both differ-
ences is an increase in the delay time of two pulses. Another one is
the slight left-shift of the first laser fluence range. Further we confirm:
the whole laser fluences have an obvious effect to the optimal double-
pulse delay time for obtaining the maximum temperature, the effect
of the proportion of first pulse to second pulse is very small at the
different whole laser fluence.

In order to understand the details of the double-pulse temperature
increase effect we will carry out a study of the influence of the whole
laser fluence on the double-pulse delay time. Then the variation of the
maximum lattice temperature with the whole laser fluence and the
double-pulse delay is investigated. Fig. 5(A) shows the distribution
of the normalized maximum lattice temperature. For obtaining the
maximum temperature, the dependence of the double-pulse delay
on the whole laser fluence is presented in Fig. 5(B). Three regions,
i.e., three different logarithmic dependences, can be identified. In the
low and intermediate fluence ranges a swift increase of the double-
pulse delay was seen which levels out at approximately 50 mJ/cm2.
Continued to increase the whole laser fluence, it results in obviously
increasing of the double-pulse delay. Till the laser fluence is about
80 mJ/cm2, the delay time starts to become slow. Because of laser
heating of metal film, the electron temperature becomes very high at
the surface by absorbing laser energy, resulting in a very large change
on the thermal physics properties, which play an important role in the
processing of metallic targets under ultrashort laser pulses irradiation.
In particular, the second pulsewill act as an incubated energy resource
continued to the thermal physics properties.

Fig. 6(A) shows the comparison of the maximum lattice tempera-
ture under the irradiation of the single pulse laser and the double
pulse laser. In both cases, it has to be noted that the lattice tempera-
ture of single-pulse increases at a slower rate compared to double
pulse with the increase of laser fluence. Moreover, the double-pulse
lattice temperature is found to be higher by about 10–20% compared
to the single-pulse case. In here, we assume that the lattice tempera-
ture (Tl) is proportional to the temperature of plasma Tp. At the local

image of Fig.�4
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thermodynamic equilibrium, the emission intensity of a spectroscopy,
corresponding to a transition from level k to i, is given by [7]:

Iλ ¼ F expN
Akigk

λU Tp

� � exp − Ek
kbTp

 !
ð8Þ

where Aki is the transition probability, gk and Ek are the degeneracy
and energy of the upper level k, U(Tp) is partition function, λ is the
emission wavelength, kb is Boltzmann constant, N is the total number
density of a species in a given ionization stage, Fexp is the experimen-
tal coefficient with respect to the efficiency of the optical detection
system. For the enhancement ratio of double-pulse emission intensity
(IDP) with respect to single-pulse emission intensity (ISP), the expres-
sion can be simplified as:

IDP
ISP

¼ a exp −b
1
TDP

− 1
TSP

� �� �
ð9Þ

IDP
ISP

¼ a exp −bc
1

Tl−DP
− 1

Tl−SP
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ð10Þ

where TSP and TDP are the plasma temperatures of the single pulse and
double pulse, Tl–SP=c*TSP and Tl–DP=c*TDP are the lattice tempera-
tures of the single pulse and double pulse, a is experimental coeffi-
cient, b=Ek/kb is constant related to the wavelength, c is scale
coefficient between lattice temperature and plasma temperature. Al-
though a and c are not unknown in this study, it is still possible to use
this equation in order to estimate an enhancement ratio. Fig. 6(B)
shows the enhancement ratio as a function of the laser fluence in
the single-pulse and double-pulse conditions. We see that at low flu-
ence, with increasing fluence, the enhancement ratio also increases.
When the laser fluence is around 100 mJ/cm2, the ratio reaches the
maximum value. Keep on increasing the laser fluence, the ratio starts
to drop. We will see qualitatively a similar behavior on the experi-
mental result in Fig. 2(B).

We note that restrictions of fluence may apply to these observa-
tions due to the experimental results against the simulation approach
on Figs. 2 and 6. However we believe that the relative behavior
remains valid. The lattice of metal will evolve into plasma after laser
irradiation. The lattice temperature will have a certain proportion
with the coming plasma temperature. The emission intensity of plas-
ma will be related with the original lattice temperature. In here, on
the expression (10), we can only provide the suppositive value of a
and c, “coefficient a” may adjust the scale of “y axes”, “coefficient c”
may adjust the scale of “y axes” and the position of the maximum
ratio. Using this method, the qualitative analysis can be done. We
adjust the theoretical results (Fig. 6(B)) to the experimental results
(Fig. 2(B)). The comparison can be shown in Fig. 7. The figure shows
close agreement between the simulated and experimental data.

Several papers of the double-pulse laser-induced emission en-
hancement have analyzed the cause of the emission enhancement.
Fig. 7. The comparison of theoretical and experimental results for the enhancement
ratio.
From a practical point of view, the process of the emission enhance-
ment is very complex. This paper only uses a simplemethod to under-
stand the mechanism of the emission enhancement. It is effective in
realization of the double-pulse laser irradiation themetal target. How-
ever, the better emission enhancement mechanism has been not
found for the double-pulse laser ablation in theory. Different combina-
tions of laser beam geometries, wavelengths, pulse durations, and
energies can be effectively used for optimum enhancement of emis-
sion from the double-pulse laser. The enhancement of the emission
also depends on the properties of the target material and the ambient
atmospheric conditions as well. This indicates that further investiga-
tion will provide even better results to explain the experimental
observations.

5. Conclusions

In conclusion, a numerical solution of the two-temperature model
has been performed up to the double-pulse femtosecond laser heated
metal target at the low laser fluence. For the same total laser fluence,
the lasers of single pulse and double pulse will lead to the different
evolution of the electron and lattice temperature, and related ther-
mophysical properties of the metal. The double-pulse laser will lead
to higher lattice temperature and longer thermal relaxation time
compared with the single-pulse laser. For obtaining the maximum
lattice temperature, the increase of the double-pulse delay has two
phases of logarithm changes on the laser fluences. Moreover, the
computed results show that the enhancement ratio increases with
laser fluence at the low fluence. However, for the higher fluence,
the enhancement ratio decreases with laser fluence. Again, the exper-
iment shows the similar change although not fully corresponding to
the theoretical results. It illustrate that the calculated method needs
further improvement.
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