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Effect of sample position on collinear femtosecond
double-pulse laser-induced breakdown
spectroscopy of silicon in air

Hongxia Qi,a Suyu Li,a Ying Qi,a Anmin Chen,*ab Zhan Hu,*a Xuri Huang,b

Mingxing Jinac and Dajun Dinga

A femtosecond double-pulse laser was used to induce the plasma of silicon in air. The laser wavelength was

800 nm. The interpulse delay of the femtosecond double-pulse was from �20 ps to 100 ps. During the

experiment, the spectral line was fixed at the wavelength of 288.157 nm. The emission intensity was

observed to lead to a significant increase by choosing the proper sample position. The range of the

sample position is from 5.17 mm to 5.27 mm. And, the best sample position for the higher laser fluence

was different from the position for the lower laser fluence. At the higher laser fluence, the optimized

emission intensity can be obtained at either side of the best focal position for all interpulse delays of the

double-pulse. The phenomena can be explained by the nonlinear propagation of the femtosecond laser

pulse in air. At the lower laser fluence, the best sample position will change from one side to both sides

with the increase of the interpulse delay of the double-pulse. The results showed that the effect of the

sample position can be especially advantageous in the context of femtosecond double-pulse laser-

induced breakdown spectroscopy. The study will lead a further improvement in the applications of the

femtosecond double-pulse laser.
1 Introduction

Laser-induced breakdown spectroscopy (LIBS) is a popular
technique involving laser ablation of a sample and analysis of
the optical emission from the laser-generated plasma to deter-
mine the elements within the sample.1 LIBS has already been
applied in a wide range of applications, such as civilian and
military environmental monitoring, cultural heritage analysis
and characterization, and biological and medical identication,
as well as space exploration.2–5 In recent years, many new
experimental methods have been used to improve the sensi-
tivity of LIBS, such as plasma connement,6–8 fast spark
discharge,9,10 magnetic eld,11–13 double-pulse,14–17 and so on.

With the development of a variety of laser technologies, a
femtosecond laser was introduced into laser ablation. The
interaction of the femtosecond laser and the material provided
some special features to the ablation process as a lower damage
threshold and a higher efficiency, which are different for the
nanosecond laser. The other advantages included the small
heat affected zone, better depth resolution, and faster
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broadband background decay. By comparing single-shot LIBS
with femtosecond and nanosecond laser pulses, the femto-
second spectrum was well-resolved and presented a very low
background emission, allowing signal accumulation for a large
number of pulses. And, plasma emission was found to vary
much more rapidly with time than in the case of the nano-
second laser produced plasma. Due to the advantage of the
nanosecond double-pulse laser in LIBS, the femtosecond
double-pulse conguration has been used for the studies of
LIBS. The double-pulse technique can be carried out in two
different pulse congurations called orthogonal18,19 and
collinear,20,21 referring to the relative directions of the two laser
pulses. In both congurations the laser is red twice with pulse
separation.22 The interpulse delay of two pulses was controlled
by the precise stepper motor stage. The range of the interpulse
delay was from 0 ps to hundreds of ps. Compared with the
results induced by the femtosecond single-pulse laser,
increasing or decreasing the interpulse delay of the femto-
second double-pulse, some new results generated by the
femtosecond double-pulse laser can be obtained. For example,
enhancement of plasma emission,23 reducing nanoparticles,24

plume composition control,25,26 and so on. In particular, at the
same whole laser energy, the femtosecond double-pulse tech-
nique in LIBS can provide the higher luminosity of plasma in
comparison with the femtosecond single-pulse and thus effi-
ciently improve the accuracy of the measurements.27–30

Furthermore, some theoretical research has been also carried
J. Anal. At. Spectrom., 2014, 29, 1105–1111 | 1105
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Fig. 1 The schematic drawing of the apparatus. Components include
beam splitter (BS), mirror (M), lens (L), glan laser polarizer (G), half-wave
plate (HWP), objective lens (OL), sample (S), and photomultiplier tube
(PMT).

Fig. 2 The recorder spectroscopy of Si plasma by rotating the grating.
The laser fluence is 4.65 J cm�2.

JAAS Paper

Pu
bl

is
he

d 
on

 1
3 

M
ar

ch
 2

01
4.

 D
ow

nl
oa

de
d 

by
 C

ha
ng

ch
un

 I
ns

tit
ut

e 
of

 O
pt

ic
s,

 F
in

e 
M

ec
ha

ni
cs

 a
nd

 P
hy

si
cs

, C
A

S 
on

 2
6/

03
/2

01
5 

01
:0

5:
15

. 
View Article Online
out. The phase change mechanisms were studied during
femtosecond laser pulse train ablation of nickel thin lms by
the method of molecular dynamics simulation.31 The femto-
second pulse train laser heating metal lm demonstrated the
effects of repetition rate and pulse separation on the abla-
tion.32,33 The temporal and spatial variations in the optical
properties were investigated for pulse train laser heating.34 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 the Boltzmann equa-
tion.35 These studies investigated the effect of laser energy and
pulse separation on the femtosecond double-pulse LIBS. But,
many reports indicated that the LIBS may vary with the various
laser parameters, including laser wavelength, pulse width,
intensity, and so on.36–39 The properties of LIBS also depend on
the spot size, as well as the sample position with respect to the
distance between the target and the lens. The sample position
can inuence the expansion process of the plasma plume due to
the interaction of the plasma plume and the changed laser
spatial energy distribution.36,40 The relationship between the
conversion efficiency of the extreme-ultraviolet emission and
the spot size was also studied by changing the lens-to-samples
distance, and a double hump structure was observed during
scanning of the target lens.37 Until now almost no studies
focused on studying the effect of the sample position on the
LIBS signal using the femtosecond double-pulse laser.

In this paper, the emission enhancement on the plasma
from a silicon surface under the collinear double-pulse femto-
second laser was studied by moving the sample position. The
emission signal enhancement was observed in the double-pulse
interpulse delay range from �20 ps to 100 ps. Our results
showed that the sample position is found to be important for
obtaining the optimal femtosecond double-pulse laser-induced
breakdown spectroscopy. The study will lead a further
improvement to the applications of the double-pulse LIBS.

2 Experimental details

The schematic diagram of the standard pump-probe experi-
mental setup is shown in Fig. 1. The laser system is a regener-
ative amplied Ti:sapphire laser (Spectra Physics Tsunami
oscillator and Spitre amplier). The full-width at half
maximum (FWHM) is 100 fs, the output maximum energy is
about 300 mJ, the wavelength is 800 nm, and the repetition rate
is 1 kHz. The delivered single laser pulse is produced by the
computer-triggered Pockel cell of the amplier. The individual
pulse is splitted into two sub-pulses using a Michelson inter-
ferometer. The interpulse delay may be changed from �30 ps to
110 ps. By the combination of a Glan laser polarizer and a half-
wave plate, the whole energy of each pulse can be attenuated to
the desired value. The subpulses are directed using a beam
splitter into a microscope objective (10�, NA ¼ 0.25), which
focuses them onto the target material with a focal diameter of
7.2 mm. We use a knife edge to measure the beam prole. The
silicon target is mounted on a computer-controlled X–Y–Z stage,
which guarantees that the sample location is new before each
laser shot (X–Y). The sample Si is positioned with its normal axis
1106 | J. Anal. At. Spectrom., 2014, 29, 1105–1111
at an angle of 30� with respect to the laser beam direction. So,
there is an angle of 30� between the Z direction and the laser
incident direction. All experiments are performed in air at
atmospheric pressure. The each data point is an average of
typically 20 shots. In the experiment, both pump pulses are
s-polarized. The plasma emission 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 (Hamamatsu, R456)). The voltage of PMT is 1 kV.
3 Results and discussion

In this experiment, we investigated the position of the focal
point and the diameter of the gaussian beam by the knife-edge
method.41 The energy was 3.8 mJ and 56.8 mJ, respectively. The
selected emission line was the Si(I) at 288.157 nm, produced by
the 3s22p2 (1D2) ) 3s22p4s (1P1) transition. In order to deter-
mine the location of the grating of this monochromator, the
grating was rotated using a stepper motor. Using the oscillo-
scope and the computer, we could obtain the detected
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 The distribution of the emission intensity with the interpulse
delay of the double-pulse and the position of the sample. The arrow is
the direction of the laser. The evolution of the focal point is from the
sample inside to outside. The laser fluence is 139.63 J cm�2. The flu-
ence of each sub-pulse is 69.82 J cm�2. The recorded wavelength is
288.157 nm.
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spectroscopy of the PMT. The range of the measured spectros-
copy was 200–700 nm. Fig. 2 shows the plot of the emission
spectroscopy of femtosecond laser-induced Si plasma. The laser
uence is 4.65 J cm�2. And, we recorded the corresponding
relationship between the location of the stepper motor and the
wavelength. By this method, the location of the grating was
xed at the wavelength of 288.157 nm.

The spectroscopy emitted from the plasma can be enhanced
by changing the interpulse delay of the femtosecond double-
pulse. And, the spectroscopy of the plasma is strongly depen-
dent on the laser energy and the target properties. The distri-
bution of the emission intensity was obtained by moving the
time delay stepper motor and the Z-axis of the three-dimen-
sional stage with the sample. The distribution of the emission
intensity produced by femtosecond double-pulse laser-induced
spectroscopy with the different sample position and the inter-
pulse delay aer the onset of plasma are given in Fig. 3 and 4.
The whole laser uence was 9.29 J cm�2 and 139.63 J cm�2,
respectively. The energy of each sub-pulse was 4.65 J cm�2 and
69.82 J cm�2, respectively. The measured position of the focal
point was Z¼ 5.21 mm.When Z was greater than the position of
the focal point, the focal point was on the outside of the sample.
The emission intensity was the integration of the whole plasma
spectroscopy decay at the wavelength of 288.157 nm. It was
observed (Fig. 3 and 4) that at a relatively high laser uence
(139.63 J cm�2 in Fig. 4), the emission intensity was higher than
the low laser uence (9.29 J cm�2 in Fig. 3), and the decay time
of plasma was longer observed from the oscilloscope. Since the
high laser energy caused the plasma brighter and its luminosity
lasted for a longer period of time.42,43 The emission intensity
was enhanced by changing the interpulse delay of the femto-
second double-pulse. The mechanism of the plasma emission
enhancement: it was possible that the emission intensity
Fig. 3 The distribution of the emission intensity with the interpulse
delay of the double-pulse and the position of the sample. The arrow is
the direction of the laser. The evolution of the focal point is from the
sample inside to outside. The laser fluence is 9.29 J cm�2. The fluence
of each sub-pulse is 4.65 J cm�2. The recorded wavelength is
288.157 nm.

This journal is © The Royal Society of Chemistry 2014
increased because more material was ablated from the target
surface by the femtosecond double-pulse laser as the result of
the surface transformation excited by the rst pulse; the
enhanced effect may be due to the plasma reheating of the
second pulse; the hydrodynamic effect produced by the rst
pulse may change the propagation of the laser pulse and the
expansion of the plasma plume generated by the second
pulse.15,29,30,44–47

For the different sample position, the plasma emission
intensity rstly began to rise with the interpulse delay, and then
dropped. At the interpulse delay of the zero point, the emission
intensity was weak compared with the other interpulse delay of
double-pulse (Fig. 3 and 4). Fig. 5 shows the emission intensity
selected from Fig. 3 with the interpulse delay of the double-
pulse at the different position of the sample. The positions are
Z ¼ 5.19 mm, Z ¼ 5.20 mm, Z ¼ 5.23 mm, and Z ¼ 5.24 mm,
respectively. As seen from this plot, the enhancement of the
emission intensity was sensitive to the interpulse delay of the
double-pulse. We noticed that two main changing regions in
Fig. 5(a) were distinguished including the increased region and
the decreased region. However, in Fig. 5(b), the emission
intensity monotonically increased with the interpulse delay of
the double-pulse. The difference between Fig. 5(a) and (b) is the
position of the sample. In the case of the different sample
position, the sample position can obviously affect the evolution
of the emission intensity with the interpulse delay of the
double-pulse. So, the emission intensity of the plasma gener-
ated by the femtosecond double-pulse laser should be further
discussed.

In order to understand the problem about the effect of the
sample position, the emission intensity selected from Fig. 3
with the position of the sample at the different interpulse delay
of the double-pulse is shown in Fig. 6. As seen from Fig. 6(a), it
J. Anal. At. Spectrom., 2014, 29, 1105–1111 | 1107
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Fig. 5 The emission intensity from Fig. 3 with the interpulse delay of
the double-pulse at the different position of the sample. The position
(Z): (a) 5.20 mm, and 5.23 mm; (b) 5.19 mm, Z ¼ 5.24 mm. The laser
fluence is 9.29 J cm�2. The fluence of each sub-pulse is 4.65 J cm�2.
The recorded wavelength is 288.157 nm.

Fig. 6 The emission intensity from Fig. 3 and 4 with the position of the
sample at the different interpulse delay of the double-pulse. The
interpulse delay is 0 ps, 20 ps, and 60 ps, respectively. The whole laser
fluence is 9.29 J cm�2 (a) and 139.63 J cm�2 (b), respectively. The
recorded wavelength is 288.157 nm.
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was interesting to notice that the emission intensity for the
interpulse delay of 60 ps showed a dip at the best focal position
(Z ¼ 5.21 mm) compared with the emission for the interpulse
delay of 0 ps and 20 ps. Hence, the optimized emission intensity
can further be obtained at either side of the best focal position
with the increase of the interpulse delay (this phenomenon can
also be observed in Fig. 3). This revealed that the emission
intensity was slightly away from the best focal position at the
interpulse delay of 60 ps, where the emission was nearly 50%
higher than at the best sample position. However, in Fig. 6(b),
the higher laser energy was used in the experiment. The result
showed that the sample-lens scan effect on the emission
intensity was not almost dependent on the interpulse delay of
the double-pulse. For the different interpulse delay, the trend of
the intensity was the same with the change in the sample
position. A similar dip had also been noticed in the vicinity of
the best focal position. The focal position is not the best
condition for obtaining the higher plasma emission. These
results showed that the emission intensity will not only be
related to the condition of the laser source (such as: delay, laser
energy, laser wavelength, and so on) and the signal detection
system but also be related to the sample position.

In femtosecond single-pulse laser ablation, for metals, the
absorption mechanism is the inverse bremsstrahlung (IB)
absorption process.48 However, for semiconductors (silicon),
the energy of the laser pulse is rst absorbed by the valence
1108 | J. Anal. At. Spectrom., 2014, 29, 1105–1111
band electrons through inter-band absorption because of the
lack of free electrons.43 So, different from the metals, the single-
photon or multi-photon (MP) absorption is important for
femtosecond irradiation of silicon.43,49,50 The electrons excited
into the valence band will absorb more energy of the laser pulse
by the IB absorption process, similar to the cases in the metals.
The absorbed laser energy of the sample can be divided into two
parts: the thermal energy of the electrons and the energy
consumed to overcome the band gap.49 For the femtosecond
double-pulse laser, the absorption mechanism of the second
pulse is the major IB process. Because, a large number of free
electrons have been generated by the rst pulse.49 The absorp-
tion efficiency of IB is much higher than the absorption effi-
ciency of MP.51 So, the second pulse is crucial for the
enhancement of the plasma emission based on the plasma
reheating mechanism.

In Fig. 3 and 4, the emission intensity can be obviously
divided into two higher regions. For the higher laser uence of
139.63 J cm�2 (Fig. 4), two higher emission regions were
observed with the sample position in the beginning. Since, the
whole experiment was carried out in air. The nonlinear pulse
propagation problems of the femtosecond laser should be
considered, many researchers had directly seen the self-
focusing or self-defocusing effect by using laser pulse propa-
gation through a transparent medium.52–57 These changes in the
spatial energy distribution of the laser beam can be caused by
This journal is © The Royal Society of Chemistry 2014
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nonlinear effects resulting from the femtosecond laser beam.58

Hence, the focal length would become shorter due to the self-
focusing effect. It indicated that the redistribution of laser
spatial energy would change the emission of plasma spectros-
copy induced by the plasma reheating of the second femto-
second pulse laser.59 The laser intensity of the second pulse was
important for the plasma reheating. The higher laser intensity
will lead to stronger plasma emission. The self-focusing or self-
defocusing effect will inuence the laser intensity along the
laser incident direction. That was the Z-axis direction of the
stage.

Based on the nonlinear propagation theory of a femtosecond
optical pulse, for the rst femtosecond pulse (or single pulse),
the index of refraction was expressed as60

n ¼ n0 + n2I � Dn1 (1)

where n0 is the linear index of refraction in air, n2I is the Kerr
nonlinear index of refraction, n2 and I are the coefficient of the
Kerr nonlinear index of refraction and the laser intensity,
respectively. The item of the defocusing is Dn1 ¼ 4pe2N1e(t)/
2meu0

2, N1e was the time dependent electron density generated
by rst pulse, e and me were the electronic charge and mass,
respectively, and u0 was the frequency of the laser pulse. For the
second femtosecond pulse, the energy was equal to the energy
of the rst pulse, and the index of refraction considered the
electron intensity of the rst pulse (Dn1) was expressed as

n ¼ n0 + n2I � Dn2 � Dn1 (2)

where Dn2¼ 4pe2N2e(t)/2meu0
2 and N2e is the electron density of

the second pulse. The contours (Fig. 3 and 4) clearly showed
that the higher emission of the plasma moved opposite to the
Fig. 7 Schematic diagram of the spatial distribution for the femto-
second laser at the different interpulse delay in air: (a) lower laser
fluence (9.29 J cm�2), (b) higher laser fluence (139.63 J cm�2). The
solid line is the focusing situation of the first pulse; the dashed line is
the focusing situation of the second pulse. The horizontal axis is the
normal geometric focal position (Z ¼ 5.22 mm).

This journal is © The Royal Society of Chemistry 2014
laser incident direction. And, the plasma emission produced by
the femtosecond self-focusing or self-defocusing effect in air is
observed in Fig. 4 and 6(b). In this case, the focal position was in
the self-defocusing.

For the lower laser uence (9.29 J cm�2), in Fig. 3, there were
not two higher regions at the shorter interpulse delay index. The
refocusing effect of the second pulse cannot take place due to
the larger defocusing of Dn1 and Dn2. The range was 0 ps to
50 ps. When the interpulse delay was greater than 50 ps, two
higher emission intensity regions may be observed. The evolu-
tion schematic diagram of the focusing position was shown in
Fig. 7(a). At the interpulse delay of near 0 ps, the focus position
of the rst femtosecond pulse was in the front of the focal
position based on the large Kerr nonlinear effect. The focused
position of the second pulse just was at the original focal
position based on the large electron intensity (small index of
refraction). Since, the rst femtosecond pulse excited the air
and generated a large number of electrons.51 At this time,
electron density was maximum. According to eqn (2), the elec-
tron density was the sum of the electron density produced by
the rst pulse and the second pulse. The index of refraction was
minimum. The second femtosecond pulse focused at the focal
position. At this position, the laser intensity of the second pulse
was maximum, the effect of plasma reheating was the best, and
the intensity of plasma emission was the highest. With the
increase of the interpulse delay of the double-pulse, the electron
density decreased,51,61 the index of refraction increased, and the
focused position of the second femtosecond pulse moved
opposite to the laser incident direction. Until the focused
position of the second pulse innitely close to the focal point of
the rst pulse. The intensity of plasma emission on the sample
position of the Z-axis varied according to the focused position of
the second pulse. At this moment (about 50–60 ps), the refo-
cusing effect can be observed (Fig. 3). Because, for the second
pulse, the item of the nonlinear Kerr effect (n2I) was greater than
the item of the defocusing (Dn1 and Dn2). At this lower laser
uence (9.29 J cm�2), for the interpulse delay of 50–60 ps, the
electron density produced by the rst pulse decayed to a lower
value at the rst focused position, the absorption of this ioni-
zation region for the second pulse can be ignored, and the
transmitted laser energy obviously increased compared with the
shorter interpulse delay.62,63 In this case, the refocusing effect of
the second pulse can take place by the transmitted laser energy.
And, the second focused point will appear. So, in the range of
50–90 ps, two focused points appeared at the laser direction
(Z-axis). In other words, the second pulse had two high laser
intensities along the moved position of the sample. Two higher
emission regions along the laser direction can be observed.

However, in Fig. 4, at the beginning (Fig. 6(b)), the enhanced
plasma emission produced by the focusing and refocusing
effect can be observed. For the higher laser uence
(139.63 J cm�2), when the interpulse delay is near 0 ps, although
the electron density produced by the rst pulse was very high at
the rst focused position, the transmitted laser energy of the
second pulse was large enough to generate the refocusing effect
(the second focused point appeared) due to the strong
nonlinear Kerr effect. Two higher emission regions can be
J. Anal. At. Spectrom., 2014, 29, 1105–1111 | 1109
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observed. With the increase of the time, the electron density
decreased at the rst focused position, the transmitted laser
energy gradually increased. The nonlinear Kerr effect became
stronger. The index of refraction also became larger. The posi-
tion of the refocusing obviously moved opposite to the laser
incident direction at the second focused point. The distance
between the focusing (the rst focused position) and the refo-
cusing (the second focused position) decreased with the
increase of the interpulse delay of the double-pulse. The sche-
matic diagram is shown in Fig. 7(b). This provided a better
understanding about the effect of sample position in femto-
second double-pulse LIBS, leading to better conditions for
femtosecond double-pulse LIBS production.
4 Conclusion

In conclusion, the enhancement of plasma emission was
demonstrated by the femtosecond double-pulse laser-induced
silicon plasma in air. The enhancement may be further
increased by recording the dependence of emission intensity on
the sample position. For the higher laser uence, the optimized
emission intensity can be obtained at either side of the best
focal position for all interpulse delays of the double-pulse. For
the lower laser uence, the best sample position will change
from one side to both sides with the increase of the interpulse
delay of the double-pulse. The observed phenomena can be
explained by the nonlinear propagation of the femtosecond
laser pulse in air. The results may also be used to understand
the better way to optimize femtosecond double-pulse LIBS.
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