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ABSTRACT A comparative study between single- and double-
pulse laser-induced breakdown spectroscopy (LIBS) was per-
formed on an n-type silicon(111) target. A new mobile double-
pulse instrument for LIBS analysis was used for the measure-
ments. The experiment was carried out at different air pressures
of 0.7, 470 and 1000 hPa. It has been found that, in the case
of double-pulse LIBS, the emission intensities of atomic and
ionic lines are strongly enhanced at higher pressures. Using
Stark broadening of the atomic lines of silicon, it was found that
the electron number densities for single and double pulses are
approximately the same (Ne ∼ 1017 cm−3). Plasma excitation
and ionization temperatures were determined from a Boltzmann
plot. The double-pulse laser-induced plasma was studied at dif-
ferent interpulse delay times of 1, 2, 5, 10, 15, 25 and 50 µs. The
results indicated that the interaction between the laser, plasma
and target gives higher atomic and ionic intensities at shorter
interpulse delay times.

PACS 52.38.Mf; 79.20.Ds; 52.50.Jm

1 Introduction

The interaction of laser radiation with solid tar-
gets is involved in a large variety of applications, including
plasma characterization, laser ablation [1], thin film study ap-
plications and depth profiling [2]. In particular, laser-induced
plasma spectroscopy (LIPS) is considered one of the most
promising analytical techniques, since its first introduction
in the second half of the twentieth century [3]. In analyti-
cal atomic spectroscopy, LIPS has been frequently used and
proposed for atomic emission spectrometry. In this case the
technique is most often referred to as laser-induced break-
down spectrometry (LIBS) [4]. In its original version, LIBS
analysis used a single laser pulse, that is, the plasma on
the target was produced by a single laser shot directed onto
the sample surface. Even in this relatively simple configura-
tion, the interaction of laser radiation with a solid target is
a complex phenomenon, up to now not completely under-
stood and still under intensive investigation. In addition, it is
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difficult to obtain suitable standards, because of interference
effects (the matrix effect). Conventional (single-pulse) LIBS
has consequently a poorer sensitivity than several competing
atomic spectroscopic techniques such as inductively coupled
plasma atomic emission spectrometry (ICP-AES) or induc-
tively coupled plasma mass spectroscopy (ICP-MS) [4]. In
recent years, one way to overcome these problems was pro-
posed through the use of double-pulse LIBS, when two lasers
or two pulses from one laser, separated by a delay time of the
order of microseconds, are used. Double-pulse LIBS was first
applied to the analysis of liquid samples, then solids immersed
in liquids [5–7]. In recent years, double-pulse LIBS has also
been extensively applied to the analysis of solid samples in
a gaseous or ambient air environment [8–16].

Different geometrical configurations are used in double-
pulse LIBS. In the so-called ‘collinear’ configuration, the two
laser pulses have the same axis of propagation and are both
directed orthogonally to the sample surface [8, 12–16]. Stud-
ies of collinear double pulses were performed by Sattmann et
al. [12–14] using a single Nd:YAG laser capable of emitting
two sequential pulses. The authors compared the double-pulse
results with the ones obtained using a single pulse with the
same energy of the two combined laser pulses.

St-Onge et al. [8] investigated the physical properties and
emission yield of the plasma formed from solid Al alloys in
air in a collinear double-pulse configuration, using a Nd:YAG
laser operated in double-pulse mode at the fundamental wave-
length (1064 nm). They found that the Al II line at 281.6 nm
is enhanced when using two sequential laser pulses instead of
a single pulse of equal energy. However, the electron density
was found to be approximately the same for both the sin-
gle and double pulses and the plasma temperature was less
than 10% higher in the double-pulse configuration. The ef-
fect of the interpulse interval on the plasma emission was
also studied. The other common configuration of double-
pulse LIBS is the ‘orthogonal’ configuration, where the two
laser beams are orthogonal to each other. In this case, the
laser parallel to the target comes first, producing preabla-
tion plasma in air [9, 10], or after the perpendicular one,
causing reheating and excitation of the already ablated ma-
terial [11]. Angel et al. [10] proposed a perpendicular pre-
ablation setup using two Nd:YAG lasers. The first pulse was
directed parallel to the sample and produced a preablation
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spark in air, while the second beam, delayed after the pre-
ablation spark by several microseconds, was directed per-
pendicular to the sample to induce the formation of the
plasma from the sample. This arrangement led to a large in-
crease of the line intensity (sometimes up to 40 fold). The
authors attributed this enhancement to an increase in ablation
efficiency.

The evolution of the plasma obtained in orthogonal and
collinear configurations is expected to be different, since the
temporal orders of ablation and excitation processes in the
plume are, in turn, different. Both perpendicular and collinear
configurations have been extensively tested and the results
obtained suggest that the use of the double-pulse technique
could improve the analytical capabilities of the LIBS tech-
nique, through an enhancement of the spectral signal to noise
ratio in the obtained spectra.

In recent years, only a few papers were published on the
dependence of the double-pulse LIBS signal on the ambient
gas used. A reheating perpendicular double-pulse experiment
was performed by Uebbing et al. [11] at reduced pressure
of argon buffer gas. It was found that the proper choice of
the ambient gas conditions resulted in an improvement in the
reproducibility of the measurements and accuracy of the cali-
bration curves built by internal standardization.

Cristoforetti et al. [15, 16] studied the effect of am-
bient gas pressure on laser-induced brass plasma in both
single- and double-pulse collinear arrangements using two
Nd:YAG lasers at the fundamental wavelength. The air pres-
sures considered ranged from around 0.15 hPa to atmospheric
conditions. In all experimental conditions, the temperature
and the electron density were estimated at two interpulse
times of 0.7 and 2 µs. It was found that a 130-hPa ambient
gas pressure is the best condition for obtaining a compro-
mise between a large amount of ablated matter and a high
temperature, resulting in the highest emission signal. How-
ever, the reasons why the double-pulse technique produces

FIGURE 1 Experimental setup

such strong enhancement of the line emissions are not com-
pletely explained. Most of the above literature and other
papers too [17, 18] attributed the observed enhancement to
a higher ablation efficiency achieved in double-pulse LIBS
experiments. The aim of the present work is thus to study
the enhancement effect due to double pulses compared to
the single pulse on a Si target at several ambient air pres-
sures. The effect of different experimental parameters and
the physical properties of the laser-induced plasma of sili-
con will also be investigated in order to interpret the obtained
results.

2 The experimental setup

The experiment was performed using MODI (mo-
bile dual-pulse instrument), a new double-pulse instru-
ment for LIBS analysis produced by Marwan Technology
(Italy) in collaboration with the Applied Laser Spectroscopy
Laboratory at IPCF-CNR in Pisa. The system, which has
been designed for in situ LIBS measurements, incorporates
a Nd:YAG laser source, emitting at 1064 nm, operating in
single- and double-pulse regimes. The laser has two rods
pumped by the same flash lamp; the delay between the two
laser pulses can be varied from 0 (single pulse) to 60 µs. The
interpulse delay between the two pulses is controlled by a de-
lay unit included in the laser control system (see Fig. 1).

The two pulses are emitted in a collinear arrangement and
focused on an n-type silicon(111) target to form plasma into
a vacuum-tight chamber. The energy of the two pulses was
fixed to 55 mJ per pulse measured by means of a Scientech
power meter and monitored by an oscilloscope through a fast
photodiode.

The laser beams were focused on the Si target using
a 10-cm focal length lens. The target was mounted on an X–Y
micrometric translation stage, remotely controllable by a per-
sonal computer (PC).
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The plasma optical emission was collected by a quartz op-
tical fiber with a diameter of 1 mm inserted into the chamber
and held at a distance of 2 cm above the plasma, to ensure that
the radiation from the whole plasma is detected at all pressures
considered. The direction of observation was fixed at an angle
of 30◦ with respect to the target surface. The plasma emission
collected by the optical fiber was sent into an echelle spec-
trometer ( f -number = 5.8) coupled with an intensified CCD
for dispersion and detection of the spectral emission of the
plasma. The obtained LIBS spectra were then displayed and
stored on the personal computer. The same PC was used to
control the delay between the laser firing time and the spec-
tral acquisition time, as well as the duration of the acquisition
gate. The experiment was done at different interpulse times
between the two laser pulses (∆t = 0, 1, 2, 5, 10, 15, 25 and
50 µs), where ∆t = 0 means two simultaneous pulses, which
are equivalent to a single laser pulse of 110-mJ total energy.
The acquisition delay time was set at 1 µs after the second
pulse with an acquisition gate of 2 µs.

The measurements were performed at different air pres-
sures of 0.7, 470 and 1000 hPa. The pressure in the chamber
was measured by a pressure gauge at higher pressures (470
and 1000 hPa), and by a Pirani probe at 0.7 hPa.

3 Results and discussion

Comparison of the spectral emission for single and
double pulses at different interpulse times ∆t = 1, 2, 5, 10,
15, 25 and 50 µs was performed at three ambient air pressures
(0.7 hPa, 470 hPa and 1000 hPa). At 0.7 hPa (Figs. 2 and 3),
the intensity of the Si I line at 250.6 nm decreases with the
interpulse delay ∆t. The intensity of the same line is always
lower than the one obtained with a single pulse of the same
total energy. At 470 hPa an enhancement of the LIBS intensity
by a factor ∼ 1.8–1.1 is observed at ∆t = 1 and 2 µs, with re-
spect to that of the single pulse, while there is a drop at longer
interpulse delays. Finally, at 1000 hPa the enhancement in
LIBS intensity is clear for the interpulse intervals ∆t = 1, 2, 5,

FIGURE 2 LIBS signal from Si I line at 250.6 nm, as a function of the
interpulse delay (∆t = 0 corresponds to single pulse) at 0.7 (squares), 470
(circles) and 1000 (triangles) hPa

FIGURE 3 LIBS signal enhancement for the Si I line at 250.6 nm, as
a function of the interpulse delay at 0.7 (squares), 470 (circles) and 1000
(triangles) hPa

10 and 15 µs, while there is a drop in intensity at ∆t = 25 and
50 µs. An enhancement by a factor of about three is reached at
∆t = 1 µs, as shown in Fig. 3.

A similar behavior is also observed for the ionized sili-
con lines at 504.1 and 634.7 nm. At low pressures (0.7 hPa)
the LIBS signal decreases at all the interpulse delays (Figs. 4
and 5). Also, at 470 hPa there is no enhancement with the
interpulse delay. However, at high pressure (1000 hPa) an en-
hancement by a factor from two to five is observed at short
interpulse delays (∆t = 1, 2 and 5 µs). It is noticeable that
the maximum LIBS signal is observed, both for neutral and
ionic silicon lines, at 470 hPa and at a short interpulse delay
(∆t = 1 µs).

Note that the strong LIBS signal enhancement at 1000 hPa
is also due to the drop of the single-pulse emission intensity
with respect to the value observed at 470 hPa (see Fig. 6).

FIGURE 4 LIBS signal from Si II line at 634.7 nm, as a function of the
interpulse delay (∆t = 0 corresponds to single pulse), at 0.7 (squares), 470
(circles) and 1000 (triangles) hPa
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FIGURE 5 LIBS signal enhancement for the Si II line at 634.7 nm, as
a function of the interpulse delay at 0.7 (squares), 470 (circles) and 1000
(triangles) hPa

FIGURE 6 Dependence of single-pulse LIBS signal as a function of the
ambient gas pressure, for the Si I line at 250.6 nm (squares) and the Si II line
at 634.7 nm (triangles)

3.1 Pressure and interpulse time effect

The relation between LIBS signal, air pressure and
interpulse interval is quite complex. The intensity dependence
of LIBS lines on air pressure, in single-pulse configuration,
was firstly reported by Sdorra and Niemax [19]. The same be-
havior was also observed in previous works [15, 16] for the
Cu I line at 521.5 nm at different air pressures, ranging from
0.15 hPa to atmospheric pressure, where the maximum inten-
sity was observed at 135 hPa.

The non-monotonic dependence of the line intensity with
ambient gas pressure shown in Fig. 6 is in good agreement
with the findings of the above-mentioned references. This was
not a priori evident, since different behaviors have been re-
ported for the double-pulse effect in different metals, soils or
ceramic material [20, 21]; from here in fact came our moti-

vation in studying the ambient gas pressure effect on double-
pulse LIBS in silicon.

The behavior observed in Fig. 6 can be attributed to the ef-
fect of laser shielding. The absorption of the laser pulse by the
produced plasma prevents part of the laser energy from reach-
ing the target. This effect is particularly important when using
the fundamental (IR) wavelength. At low pressure (0.7 hPa)
laser shielding is very low and so most of the laser energy
reaches the target, resulting in a large mass removal and, con-
sequently, an increase of the number of emitting atoms. How-
ever, because of the low absorption of the laser energy by the
plasma, the plasma temperature is quite low, and the resulting
LIBS intensity is also relatively low. The reverse is true at high
pressure (1000 hPa) where the plasma temperature is rela-
tively high, because of the laser absorption by the plasma, but
the ablated mass is lower because of the laser shielding effect.
The balance between these two effects produces a maximum
in the single-pulse LIBS signal at intermediate pressures (in
our case, 470 hPa). According to the results of Cristoforetti et
al. [15, 16], laser shielding is reduced in the case of double
pulses, in particular for short interpulse intervals and even at
higher ambient gas pressures (for example 1000 hPa).

Figures 7 and 8 depict plasma emission intensities ver-
sus the air pressure at different laser interpulse delays (1 up
to 50 µs), for the Si I line at 250.6 nm and the Si II line
at 634.7 nm. For the neutral line, at interpulse delays be-
tween ∆t = 5 and 15 µs, the LIBS intensity increases as
the air pressure increases from 0.7 to 1000 hPa; a similar
behavior is observed for the Si II line, although the LIBS
signal does not change too much from 470 to 1000 hPa at
interpulse delays between ∆t = 1 and 10 µs. The enhance-
ment of the LIBS signal with respect to the single pulse,
as a function of the ambient pressure, is shown in Figs. 9
and 10 for the Si I and Si II lines considered here. The en-
hancement of the LIBS signal with pressure is attributed to
changes in the surrounding atmosphere produced by the first
laser pulse [15–18]. As the first plasma is induced, atoms
rush out of the target surface at supersonic speed, push-
ing the surrounding gas like a piston. These fast-moving

FIGURE 7 LIBS signal from Si I line at 250.6 nm, as a function of the
ambient gas pressure for different interpulse delays
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FIGURE 8 LIBS signal from Si II line at 634.7 nm, as a function of the
ambient gas pressure for different interpulse delays

FIGURE 9 LIBS signal enhancement of the Si I line at 250.6 nm, as a func-
tion of the ambient gas pressure for different interpulse delays

FIGURE 10 LIBS signal enhancement of the Si II line at 634.7 nm, as
a function of the ambient gas pressure for different interpulse delays

atoms, interacting with the surrounding gas, give rise to
a compression process. As a result of this compression,
a shock wave is generated in the surrounding gas. Sedov the-
ory [22] predicts that the shock-wave front is characterized
by a large mass density pileup, while behind it a rarefied
gas is left. The plasma induced by the second pulse oc-
curs in the environment produced by the first pulse, which
is characterized by a reduction of the laser shielding effect.
Therefore, the second laser pulse is less absorbed and most
of its laser energy reaches the target surface, thus produc-
ing a higher mass removal that in turn increases the LIBS
intensity.

Moreover, at longer interpulse delays (∆t = 25 and 50 µs),
the enhancement of the LIBS signal is less than 1 at all the
pressures considered (i.e. the double-pulse LIBS signal is
lower than the one obtained using a single pulse of the same
energy). The noticed lowering in intensity at these intervals
could be explained according to the long time elapsed be-
tween the two pulses. In fact, after such a relatively long delay
time, the shock wave produced by the first laser pulse weak-
ens and nearly disappears before the arrival of the second
laser pulse. This means that the second laser pulse will induce
a new plasma plume in circumstances similar to the single-
pulse configuration; however, the laser energy in this case is
lower (one-half) of the single-pulse case and consequently the
emitted intensity is lower. Such an effect of a long interpulse
has been studied before; for example, Yamamoto et al. [23]
used multiple pulses (8–9 pulses) each separated by 20–30 µs
to analyze metal contaminants on solid surfaces. It turned out
that the emission yield was similar to the summation of the
emissions from several distinct laser-induced plasmas. This
phenomenon is consistent with the interpretation given above
for the LIBS signal enhancement in terms of a reduction of
the effective ambient pressure produced by the first shock
wave.

3.2 Plasma parameters

The determination of plasma parameters (electron
density and electron temperature) is essential for the compre-
hension of the mechanisms underlying the double-pulse LIBS
technique. The local thermodynamic equilibrium (LTE) ap-
proximation is often used for modeling the plasma in both
configurations. One of the crucial parameters for the estab-
lishment of LTE conditions is the plasma electron density,
since a necessary condition for LTE is given by the McWhirter
criterion

ne(cm−3) ≥ 1.4 ×1014(kT )1/2∆E3 , (1)

where T (in eV) is the plasma temperature and ∆E (in eV) is
the energy difference between upper and lower levels of the
transition.

Although a high electron density is essential for establish-
ing the equilibrium, its calculation does not rely on the as-
sumption of LTE. Plasma electron density is usually measured
from the determination of the Stark broadening of the emis-
sion lines (see Griem [24]), using the approximate formula

ne = ∆λ1/2/2wS ×1016 , (2)
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where ∆λ1/2 is the FWHM of the emission line and wS is
the Stark coefficient. The dependence on plasma temperature
of the Stark coefficient is usually neglected, since the varia-
tions expected are typically of the order of 10%. Figure 11
shows the behavior of the electron density against the inter-
pulse separation at air pressures of 0.7, 470 and 1000 hPa;
the emission line used for the Stark broadening measurements
was the Si I line at 250.6 nm. The electron density is very
similar for both 470 and 1000 hPa. However, at 470 hPa the
electron density is slightly higher than at 1000 hPa at ∆t = 0
and 1 µs; this behavior is reversed at higher interpulse delays
(∆t = 5, 10, 15, 25 and 50 µs). At the air pressure of 0.7 hPa
there is a lowering in the electron density compared to 470
and 1000 hPa, except for very short delays (∆t = 0 and 1 µs).
In any case, the electron densities measured at all the pres-
sures and interpulse delays are consistent with the McWhirter
criterion. It should be noted, however, that the fulfillment of
the McWhirter criterion does not guarantee LTE equilibrium,
especially in low-pressure conditions where the expansion of
the plasma might be too fast for the establishment of thermal
equilibrium.

If LTE is verified in the plasma, the population density of
atomic states is well described by the Boltzmann distribution
and the plasma temperature can be deduced using the usual
Boltzmann plot method. However, the conditions required for
thermometric purposes (lines emitted from the same species,
in close spectral proximity, reasonably intense, of known tran-
sition probability and with very different upper energy lev-
els) were difficult to meet due to the small number of silicon
lines clearly defined [25]. As an alternative to the Boltzmann
plot method, when the electron density of the plasma is inde-
pendently measured, the Saha–Boltzmann technique can be
used.

In fact, in the LTE approximation the population of the ith
energy level is given by

ni = Ngi
e−Ei/kT

U(T )
, (3)

FIGURE 11 Plasma electron density as a function of the interpulse delay, at
0.7 (squares), 470 (circles) and 1000 (triangles) hPa

where N is the number of atoms or ions, gi is the ith level
degeneracy, k is the Boltzmann constant and U(T ) is the par-
tition function for the emitting species, which depends on the
plasma temperature T .

The equilibrium between neutral and ionized atoms in the
plasma is governed by the Saha equation

ne
NII

NI
= 6 ×1021 gII

gI
(kT )3/2e−Eion/kT , (4)

where ne is the plasma electron density (in cm−3), Eion is
the ionization energy and the superscripts I and II refer to
the neutral and ionized states, respectively. Equations (3) and
(4) can be combined together for deriving the plasma tem-
perature using the so-called Saha–Boltzmann plot method de-
scribed, for example, by Yalcin et al. [26]. According to this
method, both neutral and ionic lines are used for the deter-
mination of plasma temperature, thus improving the precision
of the calculation with respect to the usual Boltzmann plot
method, where the single species of the same element are
treated separately.

In the present conditions, the measured electron densi-
ties should guarantee that the use of the Boltzmann and Saha
equations would give a reasonable estimate of the plasma
temperature, with the usual caveat that, if the LTE approxi-
mation is not completely fulfilled, the excitation temperature
(the temperature in the Boltzmann equation) might be slightly
different from the ionization temperature (the temperature in
the Saha equation). However, at this level of the discussion,
the fact that slightly different temperatures may be defined
in a plasma not exactly at LTE should not give too many
problems, at least until the same parameters are compared in
single- and double-pulse configurations.

The atomic and ionic lines selected for determining the
excitation temperature are listed in Table 1. As shown in
Fig. 12, at 470 and 1000 hPa, the calculated temperatures
are similar and around 1 eV; no appreciable differences be-
tween the values of T for both pressures with the inter-

FIGURE 12 Plasma temperature as a function of the interpulse delay, at 0.7
(squares), 470 (circles) and 1000 (triangles) hPa
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Species λ (nm)

Si I 243.5
Si I 253.2
Si I 298.7
Si I 390.5
Si II 504.1
Si II 505.6
Si II 634.7
Si II 637.1

TABLE 1 Silicon emission lines used for the measurement of plasma tem-
perature in Saha–Boltzmann plot

pulse delay are observed, although a slight decrease of the
plasma temperature with the interpulse delay is clearly no-
ticeable. At low pressure, however, the plasma temperature
is considerably lower and rapidly decreases with the inter-
pulse delay, thus confirming that the effect of a reduced
laser shielding is reflected in a reduction of the plasma
temperature.

4 Conclusion

A new double-pulse mobile instrument (MODI)
was used for studying the effect of air pressure on single-
and double-pulse laser-induced plasma on a silicon tar-
get. A comparative study between the single and double
pulses was performed in the different experimental con-
ditions. The interpulse time between the two pulses was
found to be an essential parameter to enhance the effi-
ciency of the double-pulse technique. The characterization
of the laser-induced plasma was also completed by deter-
mining the plasma temperature and electron density at the
different ambient gas pressures and as a function of the
interpulse delay. The results obtained are consistent with
the interpretation given by previous published works of the
enhancement of the LIBS signal obtained in double-pulse
experiments in terms of the reduced laser shielding due to
the effect of the shock wave produced by the first laser
pulse.
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