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Collinear dual-pulse laser-induced breakdown spectroscopy was carried out on Si crystal by using a
pair of nanosecond Nd:YAG laser sources emitting at 1064 nm. The spectral intensities and signal-
to-noise ratios of selected Si atomic and ionic lines were used to evaluate the optical emission. The
optical emission intensity was recorded while varying the interpulse delay time and energy ratio
of the two pulsed lasers. The effects of the data acquisition delay time on the line intensity and
signal-to-noise ratio have been investigated as well. Based on the results, the optimal interpulse
delay time, energy ratio of the two pulsed lasers, and data acquisition delay time for achieving the
maximum atomic and ionic line intensities were found for generation of Si plasma with the collinear
dual-pulse laser approach. The dominant mechanism for the observed line intensity variation was
also discussed. In addition, the plasma temperature and electron number density at different gate
delay times and different interpulse delay times were derived. A significant influence of plasma
shielding on the electron temperature and electron number density at shorter interpulse delay times
was observed.
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1 Introduction

Laser-induced breakdown spectroscopy (LIBS) is well
known as a valuable analytical technique for qualitative
and quantitative determination of the elemental compo-
sitions of different types of materials, either in gaseous,
liquid, or solid phase, with the advantage of performing
non-contact measurements without significant require-
ments for sample preparation [1–3]. However, compared
with other spectroscopy methods, LIBS always suffers
from a relatively poor sensitivity and measurement un-
certainty, which in turn restricts its further analytical
application. In order to improve the detection capability
and increase the sensitivity of LIBS, a number of meth-
ods, including discharge enhancement [4–6], plasma con-
finement [7–9], and the use of dual-pulse (DP) laser exci-
tation [10–12], have been proposed. Among these meth-
ods, the most common approach is probably the DP-
LIBS in which the second laser pulse is focused onto
the plasma produced by the first pulse to enhance the
plasma emission. Basically, two experimental configu-

rations have been adopted in the DP-LIBS technique,
a collinear dual-pulse configuration and an orthogonal
dual-pulse configuration. Both have been used to success-
fully enhance the plasma emission intensity and signal-
to-noise ratio. To date, much research has addressed the
enhancement mechanism. For DP-LIBS in the collinear
geometry, as suggested by Sattmann et al. [13], the
atomic emission enhancements resulted from a combina-
tion of improved ablation, increased electron densities,
and higher plasma temperature. However, in fact, the
signal enhancement in DP-LIBS was strongly dependent
on the specific experimental conditions and parameters
they adopted in their studies [10, 13]. For each experi-
ment and specific application of DP-LIBS, a parameter
optimization is then necessary to get the best perfor-
mance. On the other hand, to date, most of the DP-LIBS
research has focused on the enhancement of dual-pulse
laser ablation of metal samples, and only rarely has the
focus been the plasma enhancement of dual-pulse laser
ablation of dielectric material; it would therefore be in-
teresting to know how the dual-pulse laser ablation af-
fects the laser plasma character of a dielectric material.
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In this article, a dielectric sample (Si crystal) is used
to investigate the plasma emission character of collinear
dual-pulse laser-induced plasma. The optical emission in-
tensity and stability of the plasma are investigated under
different interpulse delay times and energy ratios of the
two pulse lasers. The optimum gate delay time and inter-
pulse delay time corresponding to the maximum value of
the emission signal are observed. Based on these results,
the signal enhancement mechanisms are discussed.

2 Experiment

A schematic diagram of the experimental setup of DP-
LIBS is shown in Fig. 1. Two identical Q-switched
Nd:YAG lasers, both operated at a wavelength of 1064
nm with a pulse width of 10 ns and a repetition rate of 1
Hz, are combined in a collinear beam geometry, similar
to that reported previously [14]. The laser energy can be
adjusted continuously from 0 to 180 mJ, depending on
the experimental requirements. During the experiments,
the lasers were focused on the surface of a silicon crystal
(with beams normal to the crystal surface) by a convex
lens of focal length 50 mm, and the lens-to-sample dis-
tance was set to be 1 mm less than the focal length, in
order to avoid the breakdown of air in front of the tar-
get and to improve the stability of the plasma. All the
experiments were carried out under normal atmospheric
conditions, and the total energy of the two laser pulses
was set to be 40 mJ. The surface of the Si crystal was pol-
ished and cleaned prior to ablation. The interpulse delay
time Δt between the two laser pulses and the data ac-
quisition delay time (gate delay) td of the spectrometer,
which was the time delay between the first laser pulse
and the start of the recording of the spectrum, were con-
trolled by a digital pulse delay generator (Model DG535,
Stanford Instruments), which has a time resolution of
1 ns. So the time delay between the two lasers and the
collection of the light can be controlled precisely.

The optical emission from the plasma was collected by
using a collimating lens at an angle of 45◦ to the laser
beam. A bundle of 200-µm-diameter, multimode opti-
cal fibers was used to deliver the collected light to an
Avaspec-2048 fiber optic spectrometer. The spectrome-
ter provided an average spectral resolution of ∼0.1 nm
(full width at half maximum, FWHM) in a broad con-
tinuous spectral range between 196 and 500 nm. The
detector was a CCD linear array consisting of 2048 pix-
els; the detector can be externally triggered to initiate
spectroscopy recording with an integrating time of 2 ms.
In order to increase the signal-to-noise ratio (S/N) and
improve the precision of the measurements, for each ex-

periment, 100 spectra were collected, and all the spec-
tra presented here represent averages over 20 spectra.
Such an averaged spectrum then served as a single mea-
surement, and so 5 such independent repeated measure-
ments were carried out for each experiment and were
used for deriving the relative standard deviation (RSD)
of the measured line peak intensity. In the experiment,
the Si-crystal sample was mounted on a motorized X-Y
translation stage in order to ablate a fresh spot for each
dual-pulse-laser excitation.

Fig. 1 Schematic diagram of the experimental setup for double-
pulse experiment in the collinear geometry.

3 Results and discussion

3.1 Influence of the interpulse delay time

As pointed out by other researchers, the interpulse delay
time is actually a dominant parameter in determining
the plasma emission intensity. Figure 2 shows the typical
spectra of the Si plasma emission measured at interpulse
delay times of 0 µs and 1 µs, respectively, with the same
gate delay time 1 µs. The spectrum in the inside panel
(C) was produced by dual-pulse excitation with an in-
terpulse delay time of 1 µs. In contrast, the spectrum in
the outside panel (D) was obtained under similar exper-
imental conditions except that the interpulse delay time
was 0 µs. The laser energy is 20 mJ per pulse for both
laser beams. From Fig. 2, it is clear that the spectral
intensity with the 1-µs interpulse delay time was signifi-
cantly higher than that of the 0-µs interpulse delay time.
This may be attributed to the difference in plasma evo-
lution under different interpulse delay times. Dual-pulse
laser-induced plasma with a 0-µs interpulse delay time is
actually equivalent to single-pulse laser-induced plasma
with equal total laser energy. In this case, the laser-
induced plasma evolution has only gone through two
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steps: the laser induces a plasma and generates a shock
wave, and then the plasma plume expands and decays.
In contrast, for the dual-pulse laser-induced plasma with
longer interpulse delay time, the laser-produced plasma
will undergo a more complicated process. Initially, the
first laser beam induces a plasma, and then the produced
plasma decays. Next, the second laser beam reheats the
first laser plasma and increases both the plasma tem-
perature and the electron number density, leading to
enhancement of the signal intensity. In addition, the sec-
ond laser beam will ablate the sample again and generate
a second plasma plume as well. Generally, there are two
processes that may be plausibly occurring in the plasma
plume of collinear DP-LIBS: (i) absorption of the second
laser pulse in the plume of the plasma initiated by the
first laser pulse (reheating mechanisms) [10, 15], and
(ii) new plasma formation by the remaining second laser
pulse [16, 17]. In fact, the plasma absorption is actually
lower than that of SP-LIBS with the same total laser en-
ergy in collinear DP-LIBS; thus, more laser energy can
reach the target, increase the laser ablation, and enhance
the line intensity [15]. It is hard to separate the effects of
these two enhancement mechanisms, as the combination
of these effects will have a significant impact on the signal
enhancement as well. For example, the differences in the
gas environments in SP-LIBS (air gas) and in DP-LIBS
for the second laser pulse (i.e., the expanded plasma of
the first laser ablation) will play an important role and
will affect the energy flow and energy transfer to the
environmental gas. In our experiment, the ablation effi-
ciency of DP-LIBS is approximately 2 times higher than
that of SP-LIBS. On the other hand, the contribution
of reheating to the emission enhancement will depend
on the interpulse delay time. At longer interpulse delay
times, only the atoms and electrons in the waist vol-
ume of the second laser beam can absorb a portion of
the laser energy. In contrast, at shorter interpulse delay
times, the two pulses can couple to each other, allowing

Fig. 2 Typical DP-LIBS spectra of Si plasma emission obtained
at interpulse delay time 0 µs and 1 µs, both spectra were recorded
at total laser energy 40mJ and gate delay 1 µs and an integration
time 2 ms.

multi-photon effects, and the reheating effect will be
higher.

First, we optimized the interpulse delay time between
the two laser pulses. Figure 3 shows the time-integrated
line intensity versus the interpulse delay time between
the two laser pulses for selected Si atomic and ionic tran-
sitions at different data acquisition delay (i.e., gate delay)
times. When the two laser pulses have identical energies
and for a given gate delay time, the emission intensities
of all selected Si atomic and ionic lines increase rapidly
during the initial phase of the time delay between the
two pulses, reach a maximum value, and then gradually
decrease at longer delay times.

It has previously been reported that the plasma re-
heating by the second laser significantly contributes to
the plasma emission enhancement in collinear DP-LIBS
[10, 11, 15]. Therefore the morphology of the plasma
plume and the particle density in the region of inter-
action between the first laser plasma and the second
laser beam will greatly affect the number of overall par-
ticles reheated by the second laser. Thus, an interpulse-
delay-time–dependent line intensity enhancement was
observed. At short interpulse delay times, similar to
those in SP-LIBS, because of the plasma shielding and
plasma absorption, the ablation efficiency and ablated
mass will be lower than those of longer interpulse delay
times; that is why a relatively lower line intensity was ob-
served at short interpulse delay times. On the other hand,
if the interpulse delay time is long enough, along with
the outward expansion of the first laser plasma plume,
the electron and ion number densities of the first laser
plasma will become steadily lower in the path of the sec-
ond laser beam. Therefore, the effect of plasma shield-
ing and plasma absorption of the first laser plasma on
the second laser beam will decrease compared with that
for shorter interpulse delay times. In this case, the laser
plasma is likely to be more similar to two independent
laser plasmas. The advantages of the dual-pulse laser ex-
citation effect then become steadily less, and so the line
intensity decreases again. It is interesting to note that,
for shorter gate delay times (0 µs, 0.5 µs, and 1.5 µs),
the maximum signal intensity occurred at an interpulse
delay time of ∼1.0gµs. In contrast, for longer gate delay
times (3.5 µs, 5.5 µs, and 7.5 µs), the interpulse delay
time to obtain the maximum line intensity is dependent
on the gate delay time and actually is roughly around the
gate delay time. This is because with a longer gate de-
lay time, if the second laser pulse arrives before the gate
of the spectrometer opens, because of plasma evolution,
the most intense plasma emission cannot be recorded.
Therefore, in this case, the best interpulse delay time for
recording the intense signal is roughly equal to the gate
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Fig. 3 Interpulse delay dependence of the emission intensities of selected Si lines at six different gate delay time td (E =
20 mJ + 20 mJ).

delay time.

3.2 Influence of the gate delay time

Figure 4 shows the spectral line intensity at a fixed inter-
pulse delay time of 1.5 µs but with different gate delay
times. By increasing the gate delay time, a monotonously
decreasing signal intensity was observed. In contrast, the

signal-to-noise ratio first increased at shorter gate delay
times and then gradually decreased at longer gate delays,
and it showed a maximum at a gate delay time of ∼1 µs.
As the CCD integration time (2 ms) is longer than the
DP-laser plasma lifetime (∼10 to 100 µs), the earlier the
gate opens, the more signal will be integrated, and so a
more intense signal will be observed at shorter gate de-
lay times. In contrast, for the signal-to-noise ratio, as the

104207-4 Fang-Fang Chen, Xue-Jiao Su, and Wei-Dong Zhou, Front. Phys. 10(5), 104207 (2015)



RESEARCH ARTICLE

Fig. 4 Evolution of line intensity and signal-to-noise (S/N) ratio vs. different gate delay time.

intense background and noise appear during the early
stage of the laser plasma, the optimized value was ob-
served at later gate delay times.

3.3 Influence of the dual-pulse energy ratio

Here we describe our study on the effect of the ratio
of the two different laser pulse energies in collinear DP-
LIBS on the line intensity. Figure 5 shows the spectral
intensity and the signal-to-noise ratio as a function of the
ratio of the two laser pulse energies. The experiment was
performed by continuously changing both the laser pulse
energies in such a way that the total energy remains the
same but with different energy ratios (1:3, 1:2, 1:1, 2:1,
and 3:1), without changing the interpulse delay of 1.0
µs and the gate delay of 1 µs. It was interesting to note
that the maximum signal intensity and signal-to-noise
ratio were observed when the two laser pulse energies
were equal.

The effect of the energy ratio on the line intensity in
collinear DP-LIBS has been previously reported. Rai et
al. [18] used the collinear DP configuration and found

that the maximum signal intensity occurs when the en-
ergy of the first pulse is set to 100 mJ and that of the
second pulse is set to 120 mJ. This result is close to that
which we obtained here. Benedetti et al. [19] studied the
effect of laser pulse energies in a DP-LIBS spectrum us-
ing an aluminum sample by fixing the second laser pulse
energy at 78 mJ and changing the first pulse energy from
13 to 78 mJ. The results showed that maximum enhance-
ment occurs when the energy of the first laser pulse is a
third of that of the second laser pulse. Rashid et al. [20]
used a collinear DP-induced silver plasma and remarked
that the maximum intensity for the Ag I 546.55-nm line
occurred when the energy of the delayed laser pulse was
about 2.5 times the energy of the first laser pulse. It
is likely that the different values for the correct energy
ratio for obtaining the maximum signal intensity found
through different research efforts result from differences
in experimental parameters. For example, the different
laser energies and focus conditions will change the elec-
tron and ion number densities in the first laser plasma,
and therefore change the plasma shielding effect for the
subsequent laser pulse. In addition, the surface roughness

Fig. 5 The variation of signal intensity and S/N ratio as a function of laser pulse energies ratio.
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and thermal characteristics of the used sample will con-
tribute to the disagreement, as the sample characteris-
tics in turn will significantly affect the laser energy being
absorbed by the sample and therefore affect the abla-
tion process. There exists an optimized energy ratio for
collinear DP-LIBS, the value of this ratio depends on the
specific experimental condition and the used sample. It
is therefore inferred that by optimizing the ratio of the
laser pulse energies as well as the interpulse delay time
between the two laser pulses, one may achieve the max-
imum signal intensity and signal-to-noise ratio for the
collinear DP-LIBS technique.

3.4 The temperature and electron number density

The plasma parameters such as electron temperature and
electron number density provide important information
regarding the characterization of laser-induced plasmas
and their applications. Under thermodynamic equilib-
rium, temperature can be estimated based on the plasma
emission line intensity. However, in practice, thermody-
namic equilibrium is rare, so very often the useful ap-
proximation of local thermodynamic equilibrium (LTE)
is adopted so that the plasma temperature and elec-
tron number densities can be calculated from the spec-
troscopy measurements. Under the LTE assumption, the
plasma temperature T can be calculated from the in-
tensity ratio of two Si I lines that have different upper
energy levels [21, 22]. That is,

T =
E2 − E1

k

[
ln

(
I1λ1g2A2

I2λ2g1A1

)]−1

(1)

where E1 and E2 are the energies of the upper tran-
sition levels of two lines belonging to the same atomic
species, and kis Boltzmann’s constant. I1 and I2 are the
line intensities of the two lines; A1, g1, and λ1 are the
transition probability, degeneracy, and wavelength, re-
spectively, of one spectral line, whereas A2, g2, and λ2

correspond to the same quantities for the other emission
line of the same species. Table 1 includes the spectro-
scopic parameters for Si atomic emission lines, obtained
from Ref. [23]. The excitation temperature is derived us-
ing the Si atomic line intensities for Si I 263.13 nm and Si
I 243.52 nm at different gate delay times and at different
interpulse delay times for collinear DP-LIBS. In order to
minimize the effect of self-absorption on the temperature
calculation, two non-resonant and relatively less intense
lines are selected and used for the calculation. The results
are shown in Table 2.

For the DP-laser plasma with the same interpulse de-
lay time, although the gate delay times were different,
no significant difference in plasma temperature evolution

were found. Furthermore, an approximately equal value
of the electron temperature (∼14 000 K) was observed
for collinear DP-laser plasma with interpulse delay times
of 0.5 µs, 1 µs, and 1.5 µs. However, for a 0-µs interpulse
delay time, the electron temperature was much lower,
and the value is approximately ∼7500 K. This is consis-
tent with the observation that dual-pulse LIBS can sig-
nificantly increase the plasma temperature [13, 16, 17,
24].

Table 1 Line parameters used for determining electron temper-
ature.

λki (nm) EK (cm−1) EK (eV) g Aki(10
8s)

Si I 243.52 47351.554 5.87 5 0.443

Si I 263.13 53387.334 6.62 3 1.060

The plasma electron number density can be approxi-
mately calculated by Stark broadening of a spectral line
profile and using the expression [21, 25]

Δλs = 2ω × Ne

1016
(2)

where ω is the Stark broadening parameter and Δλs is
the half-width half-maximum (HWHM) of the Stark pro-
file of the considered transition line, which can be derived
from the experimentally measured linewidth by taking
into account the instrumental broadening and Doppler
broadening. The experimentally obtained plasma elec-
tron number density values at different gate delay times
after the first laser irradiation and at different interpulse
delay times are shown in Table 3, where we have used the
Stark-broadened line profiles of Si I 212.41-nm lines. As
with the electron temperature, a significantly different
value of the number density was observed for collinear
DP-laser plasma with a 0-µs interpulse delay time, com-
pared to the number densities for interpulse delay times
of 0.5 µs, 1 µs, and 1.5 µs. However, for the same inter-
pulse delay time, the number density decreases slightly
along with the gate delay time, in contrast with the be-
havior of the of plasma temperature observed above. Be-
cause of the plasma shielding and absorption, the elec-
tron temperature and number density will be significant
affected at shorter interpulse delay times. However, at
longer interpulse delay times, the plasma shielding ef-
fects probably can be neglected.
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4 Conclusion

In this article, the optical emission of collinear dual-
pulse laser-induced Si plasma was investigated and used
to realize the advantage of and maximize the signal en-
hancement in DP-LIBS. Obvious enhancement of optical
emission was observed. The effects of the interpulse de-
lay time, the gate delay time, and the energy ratio of
the energies of the two laser pulses on the signal inten-
sity and signal-to-noise ratio were carefully investigated.
Based on these results, the optimized parameters for
achieving the maximum atomic and ionic line intensities
were found for collinear DP-LIBS. These maximum val-
ues occur when both the interpulse delay time and gate
delay time are about 1 µs, and when the energy of the
delayed laser pulse is about equal to the energy of the
first laser pulse. A few silicon atomic line intensities and
the Stark broadening of the Si I 212.41-nm lines were
measured and used to derive the electron temperature
and electron number density under different interpulse
delay times. A significant influence of plasma shielding
on the electron temperature and the electron number
density was observed.
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