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Abstract

This work focuses on the study of the plumes obtained in the double pulse orthogonal Laser Induced Breakdown Spectroscopy (LIBS) in the
pre-ablation configuration using both spectroscopic and shadowgraphic approaches. Single and double pulse LIBS experiments were carried out
on a brass sample in air. Both the distance of the air plasma from the target surface and the interpulse delay were varied (respectively in the range
0.1–4.2 mm and up to 50 μs) revealing a significant variation of the plasma emission and of the plume-shock wave dynamical expansion in
different cases. The intensity of both atomic and ionized zinc lines was measured in all the cases, allowing the calculation of the spatially
averaged temperature and electron density and an estimation of the ablated mass. The line intensities and the thermodynamic parameters obtained
by the spectroscopic measurements were discussed bearing in mind the dynamical expansion characteristics obtained from the shadowgraphic
approach. All the data seem to be consistent with the model previously proposed for the double pulse collinear configuration where the line
enhancement is mainly attributed to the ambient gas rarefaction produced by the first laser pulse, which causes a less effective shielding of the
second laser pulse.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Laser Induced Breakdown Spectroscopy (LIBS) is a well
known analytical technique for determining the chemical
elementary composition of solid, liquid, gaseous and aerosols
samples. The simplicity of its basic idea, i.e. the spectroscopic
analysis of radiation emitted by a micro-plasma induced on the
sample by a laser pulse, makes such technique very attractive
for a large variety of applications [1], including in situ analyses.
On the other hand, the limits of detection of LIBS, which are
typically of the order of ppm or tens of ppm for most of the
elements, are poorer with respect to other more traditional
analytical techniques (e.g. ICP-MS and ICP-OES). The Double
Pulse (DP)-LIBS configuration, which makes use of two laser
pulses separated by a suitable temporal delay instead of a single
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pulse (SP) for inducing the plasma, has been extensively studied
in recent years since it is reported to give a substantial
enhancement of the signal to noise ratio with respect to single
pulse LIBS configuration with a corresponding improvement of
the limits of detections.

Several DP configurations have been studied, differing on
the geometrical arrangement, the wavelength and the timing of
the two laser beams. While most research efforts have been
focused on the collinear configuration, where both beams are
aligned normally to the target and are focused on its surface [2–
8], the orthogonal configuration has also been tested. Here, the
first pulse (pre-ablation scheme) [9–13] or the second one (re-
heating scheme) [12,14] is directed parallel to the target surface
and focused in the air in front of it, while the other is perpen-
dicular and ablates the target.

While the physical mechanism occurring in the orthogonal
reheating scheme involves the absorption of the second beam by
the pre-existing plasma, the reason of the signal enhancement in
the other experimental schemes — which can reach two orders
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of magnitude depending on the experimental conditions and on
the sample matrix — is not univocally determined.

In spite of the obvious differences between the collinear and
the pre-ablation experimental apparatus, the experimental results
show an interesting number of similarities. In both cases, the
signal enhancement cannot be attributed to a simple re-heating
of the existing plasma by the second laser pulse, since the slight
rise of plasma temperature usually observed cannot justify the
enhancement measured [3,9]. On the other hand, in several
works using these configurations the high emission signal is
associated to a relevant increase of mass removal from the target,
to a faster dynamic evolution of the plume and to a larger volume
of plasma emission with respect to the SP case [4,5,9].

Our previous studies on DP LIBS in collinear configuration,
all devoted to identify the main reasons of the signal enhance-
ment, were focused on a comparison of time- and space-resolved
emission of the plumes in SP and DP configurations [15], on the
effect of different ambient gas pressures and different interpulse
delays observed with spectroscopic [16] and imaging techniques
[17], and finally on the effect of changing the laser pulses energies
on the DP signal and on the craters produced on the target [18]. In
the light of the results obtained, a phenomenological model was
proposed where, as also suggested by Pershin [19], the high DP
signal is due to a very efficient ablation process, caused by the
second pulse impinging on the target surface in an ambient gas
condition substantially different from the unperturbed state. In fact,
the blast wave produced by the first laser pulse, according to the
strong point explosion theory formulated by Sedov [20], expands
in the air leaving behind a rarefied atmosphere, where a better
coupling between the second laser pulse and the target is obtained.

In this work we investigated the DP LIBS in the orthogonal
pre-ablation scheme, originally introduced in Refs. [9–11] where-
in the effect of pulse delay on the signal, on themass removal from
the target and on the temperature of the plasma was extensively
studied. According to the interpretation reported [21], the ob-
served signal enhancement is probably due to the concurrence of
different effects, i.e. pre-ionization of air causing a better laser-
plasma coupling (via a more efficient inverse Bremsstrahlung
process), different pressure-density conditions of ambient gas
during the second laser ablation and pre-heating of the target,
which play a different role at different inter-pulse delays. The
hypothesis of ambient pressure change to justify the signal
improvement was also suggested by Gautier et al. [12] and
Lindner et al. [13], who reported a dependence of signal
enhancement on the excitation energy levels and a better
atomization in the pre-ablation scheme, respectively.

The basic idea underlying this work is that the model
proposed in collinear DP LIBS should work well also in the
orthogonal pre-ablation scheme since the blast wave produced
in air expands, interacts with target, is reflected and then leaves
in front of the target a rarefied gas atmosphere. Moreover, a
substantially different hydrodynamic evolution of the blast
wave and of the ambient gas thermodynamic parameters is
expected with changing the distance between the parallel laser
beam and the target. The aim of the paper is to study the
emission behavior observed in the pre-ablation scheme at
different values of such parameter. A direct imaging of the
expansion of the shock waves and plumes produced by the two
laser pulses was also obtained by shadowgraphic analysis.

2. Experimental

In order to analyze the processes of laser ablation and plasma
formation obtained in the double pulse orthogonal pre-ablationLIBS
configuration, two different experimental approaches were used. At
first, the spectrally-resolved emission from the plasmawas obtained;
then the results were compared with the temporally resolved images
of the plume acquired using the shadowgraphic technique.

The experimental setup combining both the spectroscopic
and shadowgraphic techniques is sketched in Fig. 1.

The laser sources were two Nd:YAG lasers (Quanta System
Handy 100 and Lumonics HY100), each one emitting a laser
pulse in 8 ns FWHM at the wavelength of 1.06 μm. Bearing in
mind that the amount of energy delivered by the second laser
pulse affects the signal enhancement in the DP configuration
muchmore than the energy of the first pulse [12,18], the energies
of the first and second laser pulses were adjusted to 140 and
240 mJ, respectively.

The two laser beams were aligned in an orthogonal confi-
guration, so that the first one (Quanta System Handy 100) was
directed parallel to the surface of a target— a∼ 60%Cu,∼ 40%
Zn brass alloy — and then focused in front of it by means of a
30-cm focal length lens (the waist obtained was∼ 50 μm), while
the second one was directed perpendicularly and focused on the
target surface by using a 10 cm focal length lens. The focus of
this second lens was set a couple of millimeters under the target
surface in order to improve the reproducibility of the micro-
plasma [22].

The distance between the focus of the parallel beam lens and
the target surface (hereafter named d) was varied in the range
0.1–4.2 mm by slightly shifting the lateral position of the lens;
the spectroscopic analysis of signal obtained by using only the
pre-ablation laser in air could not evidence a detectable emission
from target species even in the case of d=0.1 mm, indicating that
themass removal from the target is negligible for all the values of
the parameter d.

The delay between the laser pulses was changed by means of
a delay generator and monitored during the experiment by
sending a small fraction of the laser beams to a fast photodiode
coupled to a digital oscilloscope. Themeasured temporal jitter of
each laser pulse with respect to the other was within ±20 ns.

For the spectroscopic measurements, the space-integrated
LIBS signal was collected through an optical quartz fiber
(diameter=0.6 mm, N.A.=0.22), placed at 45° with respect to
the target surface at a 3-cm distance from the plume. The optical
signal was then sent to an Echelle spectrometer (λ /Δλ=7500)
coupled with an intensified CCD camera, which provided for
each acquisition a full spectrum in the range 200–900 nm.

A delay time of acquisition of 500 ns was chosen together
with a measuring gate of 500 ns. The integration window was
chosen in order to allow the decay of continuum, due to
Bremsstrahlung radiation and free-bound electronic recombi-
nation, and to assure an adequate signal to noise ratio for both
atomic and ionized lines from matrix elements.



Fig. 1. Experimental setup.
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For all measurements, performed at a repetition frequency of
2 Hz, 45 spectra were averaged, in order to reduce the
fluctuations of the signal. The target was moved after each
measurement to a “fresh” surface point. In this way, the intensity
fluctuations of the spectroscopic signal were 10% or lower.

For the acquisition of shadowgraphic images, a white light
from a photographic flash was used for back-illuminating the
plasma during its evolution. The plasma images were then
acquired using a Hadland Photonics frame camera adapted for
fast imaging of the plasma and recorded on Polaroid high-
sensitivity plates. This apparatus allowed the simultaneous time
resolved imaging of the bright plasma plume and of the shock
wave (SW) expanding front. The shadowgraphy apparatus was
setup in the Schlieren scheme (a black spot stops the direct light
on the frame camera); the shock wave is thus visible as a bright
spherical or hemispherical layer on a dark background.

3. Results

As said before, for a better understanding of the physical
mechanisms underlying the improvement of plasma emission in
the DP orthogonal pre-ablation configuration, LIBS spectra and
shadowgrams were obtained by varying both the distance d of
the pre-ablation beamwith respect to the target and the interpulse
delayΔt. It is expected, in fact, that these two parameters would
affect strongly the dynamic evolution of the plasma and the
shock wave induced by the ablation laser and, consequently, the
emission enhancement obtained.

3.1. Analysis of signal enhancement

Different lines originating from atomic and ionized species
of both copper and zinc were analyzed. Zn I @ 472.2 nm and
Zn II @ 255.8 nm were chosen as representative of neutral
and ionized lines, respectively. The energies of the lower
level of both the transitions are relatively high (32,501 and
49,355 cm−1, respectively) so that the self-absorption effect can
be neglected even if Zn is one of the major elements of the
matrix.

No appreciable difference was observed between the signals
obtained with the two laser fired simultaneously or using only
the laser perpendicular to the target surface; thus, in the
following, the second laser beam has been taken as reference to
calculate the signal enhancement DP/SP (i.e. the ratio between
the line intensity obtained in the DP configuration and that
obtained using only the ablation laser).

The DP/SP ratio of both Zn lines is shown in Figs. 2 and 3 as
a function of the interpulse delay (up to 50 μs) and for different
distances d (up to 2.4 mm). No appreciable intensity
enhancement has been found for values of the distance d larger
than 2.4 mm. The x-axis in the figures is in logarithmic scale to
better appreciate the intensity ratio at short interpulse delays.

A significant signal enhancement for the two lines is
observed for distances d lower than 1 mm reaching a maximum
DP/SP-value of ∼ 4.5 for the neutral line ∼ 8.5 for the ionized
line. It is evident that the distance d strongly affects the signal
enhancement since a markedly low DP/SP value is observed if
the waist of parallel laser beam is farther than 1–1.3 mm from
the target surface. This behavior is highlighted by plotting the
maximum enhancement vs. distance d, as shown in Fig. 4 for
both Zn lines, where a sharp reduction occurs around the value
d=1.0 mm.

Other interesting information can be drawn from the
behavior of the signal enhancement with the interpulse delay
time. It is evident from Figs. 2 and 3 that the signal
enhancement begins to increase already for a delay of 100 ns
for d=0.1 and 0.4 mm while for increasing distances the signal
enhancement occurs at progressively higher interpulse delays.



Fig. 3. Signal enhancement (DP/SP) of Zn II @ 255.8 nm vs. the delay between
the laser pulses and at different values of the distance d.

Fig. 2. Signal enhancement (DP/SP) of Zn I @ 472.2 nm vs. the delay between
the laser pulses and at different values of the distance d.
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Moreover, for the higher values of the distance d, a reduction of
the signal is visible (DP/SP∼0.35–0.6 for the atomic line and
DP/SP∼0.10–0.4 for the ionic line) at values of the interpulse
delay Δt immediately before the onset of signal enhancement
(see Figs. 2 and 3). Also the delay Δt associated to this signal
dip seems to increase with the distance d. A similar signal
reduction was previously found by Stratis et al. [9] who
hypothesized a shielding of the sample from the ablation laser
pulse by the air plasma.

In order to gain a better insight into the physical processes
occurring in the orthogonal pre-ablation DP LIBS experiments
and the reasons of the signal enhancement with respect to SP
case, the different trend of the signal enhancement with the
inter-pulse delay observed at different distances d values must
be taken in consideration, together with the different dynamic
evolution of both the plume and the shock waves.

In the hypothesis that the mechanism bringing to the signal
enhancement is related to changes of buffer gas conditions
driven by the air plume expansion rather than to the laser–target
interaction (i.e. target pre-heating mechanism), the results
obtained in the orthogonal DP case should approach those
observed in the collinear DP case as the distance d approaches
zero. In this view, it is encouraging to note that, similarly to
what obtained in experiments in the collinear configuration
[4,7], for d=0.1 mm the signal enhancement of the ionic line is
higher than that of the neutral one and the optimal Δt value for
the ionic line is higher than that found for the atomic line.

These aspects will be discussed in detail in the following
sections.

3.2. Study of the thermodynamic parameters of the plasma

Both the spatially integrated temperature and electron
density were calculated from the LIBS spectra acquired at
different interpulse delays and different distances d.

The electron density was derived from the observed Stark
broadening of the Cu I @ 427.5 nm line according to the
approximated formula Wtot ¼ wsd

ne
1016

� �
where Wtot is the

experimental line half-width and ws is the Stark parameter
tabulated by Konjevic and Wiese [23].

The results, shown in Fig. 5, should be compared with the
value 4.2 1017 cm−3 obtained in the SP case. The relative errors
of about 15% between the electron density values (not
considering the systematic error on the Stark broadening
parameter ws) come from the reproducibility of the measure-
ments, from the uncertainty in the determination of the line



Fig. 5. Electron density as a function of interpulse delay at different distances d.

Fig. 4. Maximum signal enhancement of Zn I @ 472.2 nm and of Zn II @
255.8 nm vs. the distance d.
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broadening and from the dependence of the ws parameter on the
temperature.

While the trend of the electron density shows a monotonic
decrease with the interpulse delay for distances d lower than
1 mm, a more complex behavior appears at longer distances
where well discernible electron density dips are present at
progressively longer delays (see Fig. 5).

The plasma temperature has been also calculated, in the
framework of the Local Thermal Equilibrium (LTE) approxi-
mation, using the Saha–Boltzmann plot method, as described in
Ref. [24]. This method consists in a generalization of the
Boltzmann plot which takes into account both neutral and
ionized lines, through the use of the Saha equation and using the
values of plasma electron density previously calculated. The
lines used for temperature calculation were Zn I @ 472.2 nm
and Zn II @ 255.8. Using this technique, the difference between
the upper level energies of the transitions considered is
∼ 110.500 cm−1, bringing to a considerable reduction of the
fitting error with respect to the usual Boltzmann plot method.
The experimental errors on temperature calculation (not
considering the systematic error coming from the uncertainty
of the Aki coefficients) are of the order of 3%, coming mainly
from the uncertainties of the electron density and the fitting of
the line profile.
The calculated plasma temperatures are plotted in Fig. 6, as a
function of the interpulse delay and for different values of the
distance d. The results should be compared with the value of
T=1.32 eV obtained in the SP case. The temperature increase
with respect to SP LIBS (∼ 1.32 eV) is modest when present; on
the other hand, an evident feature which can be observed in Fig.
6 is the presence of dips in the temperature at distances
dN0.7 mm as already observed (and at the same interpulse
delays) for the emission enhancement (see Figs. 2 and 3) and for
the electron density (see Fig. 5).

In order to understand the origin of the signal enhancements
observed in Fig. 2, one can estimate the increment in the total
number of emitting atoms (as an indication of the mass ablated),
from the 472.2 nm Zn line intensity and the calculated values of
temperature and electron density. In fact, it is possible to re-
arrange the relation expressing the ratio of line intensity
between DP and SP emission as follows:

NDP
Zn

NSP
Zn

¼ IDPki

ISPki

nSPðTSP; nSPe Þ
nDPðTDP; nDPe Þ

ZðTDPÞ
ZðTSPÞ exp Ek

1
kBTDP

� 1
kBTSP

� �� �
:

ð1Þ
Here, NZn is the absolute total number of Zn atoms, n is the

fraction of neutral atoms, Iki is measured line intensity, Z is the



Fig. 7. Enhancement of ablated mass calculated from Eq. (1) as a function of
interpulse delay and at different values of the distance d.
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partition function, Ek is the upper energy level of the transition,
kB is the Boltzmann constant and finally the superscripts DP and
SP indicate the double and single pulse case. In turn, the ratio
nSP/nDP can be expressed in terms of temperature and electron
density values via the Saha equation. The above expression
assumes negligible effects due to plasma inhomogeneity and
signal observation geometry. Moreover, it assumes that the
stoichiometry of the ablation process is the same for SP and DP
case. Needless to say, expression (1) can only provide an order
of magnitude estimation of the enhancement, since the
uncertainties are of the order of 30% even if the assumptions
made are valid. Despite this, such calculation will provide an
insight in the gross behavior of the mass ablated and its
dependence on the thermodynamic parameters.

The ratio of mass ablated in DP over that in SP, obtained by
means of expression (1) is reported in Fig. 7 for all the
combinations of the interpulse delay and the distance d used.

A comparison of Fig. 7 with Figs. 2 and 3 shows clearly that
the origin of the signal enhancement is mainly due to the higher
ablated mass in the DP configuration, as already observed in the
collinear DP experiments. Moreover, the higher enhancement of
the ionic lines with respect to the atomic ones is due to the
increase of the ionization ratio with respect to SP case,
Fig. 6. Temperature vs. interpulse delay time for different values of the distance
d.
originated by the slight raise of temperature (Fig. 6) and the
fall of electron density (Fig. 5). This is also evident observing
that the atomic line emission enhancement is slightly lower than
the ablated mass enhancement while the ionic line enhancement
is markedly higher than that.

Another interesting feature observable from Fig. 7 is that the
step reduction of signal enhancement for distances dN1 mm is
due to a step reduction in the ablated mass and that the general
behavior of the emission signal with the interpulse delay is the
same of that of the ablated mass. A difference worth of noticing
is the strong reduction or even the disappearance of the signal
dip observed at the higher d values in Figs. 2 and 3; this means
that such signal decrease is mainly (or solely) due to a reduction
of the temperature (see Fig. 6) and not to a reduction of the
ablated mass.

Such trend of the ablated mass, temperature, as well as
electron density, will be discussed again later.

3.3. Analysis of shadowgraphic images

The shadowgraphic technique was used to monitor the
evolution of the plasma obtained in orthogonal DP pre-ablation
scheme under different experimental conditions, i.e. in a range
of Δt between 1 and 8 μs and for distances d from 0.1 to
4.2 mm. In all cases, both the plume produced in air by the first
laser pulse and the plume produced near the target by the second
laser pulse are clearly visible, as well as the two shock waves
departing from their positions.

In the following a cylindrical coordinate system will be used
for describing the SWs and plumes expansion were the Z
direction coincides with the axis perpendicular to the target
surface and the radial expansion indicates the expansion in all
the directions parallel to the surface plane.

The evolution observed in the images is strongly dictated by
the choice of the distance d. The different situations observed
can be grouped in four cases, represented in Fig. 8 a–d.

In case a) the ablation laser is fired before the arrival of the
shock wave SW1 created with the air spark on the target. The
expansion of the plume and the shock wave SW2 produced by



Fig. 8. Shadowgraphic images showing the evolution of the plume and of the first and second shock waves produced with an interpulse delay of 2 μs and a distance d of
4.2 mm (a), 2.8 mm (b) 1.9 mm (c), and with an interpulse delay of 4 μs and a distance d of 0.7 mm (d). The temporal delay between the frames is 500 ns.
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the ablation pulse slows down as a result of SW1, which is
propagating toward the target surface. The SW1 front in fact, as
predicted by the theory of strong point explosion, is
characterized by a high gas density, traveling at supersonic
velocity. SW2 slows down because it expands in a medium
flowing in the opposite direction and, at early times, with a
higher gas density (Sedov self-similar solution predicts that at
fixed time the SW radius r and the ambient gas density ρ are
related to each other by r∝ρ−1 / 5). It seems then reasonable that
the expansion of both the second plume and the second shock
wave is faster in the radial directions, where there is no density
increase with respect to atmospheric conditions, than in the Z
direction. The result is that the target plume and SW2 expand
assuming a flat shape similar to a disc; moreover in this case the
target plume cannot coalesce with the air plume, which is then
not re-heated.

In case b), the second laser is fired just after the arrival on the
target surface of the shock wave SW1. As in the previous case,
the second plume has initially a flat shape, again probably due
to a slowdown, but soon it coalesces with the plume produced
by the first pulse, reheating it (compare the brightness of air
plume in frames 5,6,7,8 of Fig. 8b with those in Fig. 8a). The
expansion of the SW2 is different in the radial and Z directions,
but contrarily to case a), SW2 now finds soon in the Z direction
the rarefied slow moving region located in the middle of the air
spark and accelerates its motion, assuming an elongated shape.

In case c), the ablation laser is fired well after the time taken
by SW1 to reach the target. Here, the situation is similar to case
b) but the elongation is much less evident since the rarefied
region of the first plume is nearer to the target. The two plumes
rapidly coalesce and the two shock waves become almost
concentric.

Finally, in case d) the ablation laser is fired well after both
SW1 and the air plasma have reached the target. In that case, the
evolution is similar to case c) but the final plume is larger and
brighter even for higher values of the interpulse delay (frame 8–
10 in Fig. 8d).

A rough estimation of the maximum radius of the air spark
from the shadowgraphic images (the bright region coincides
with the Bremsstrahlung emission zone) gives a value ∼ 1 mm.
One can therefore conclude that the range of distances d,
derived from spectroscopic analysis, for which a large signal
enhancement is obtained coincides with the interaction
condition described in case d). In other words the enhancement
is considerable if the distance of the pre-ablation laser from the
target surface is less than the value that the radius of the plume it
creates assumes at the time of arrival of the second laser pulse.

4. Discussion

The results presented in the previous section have to be
considered within the framework of the temporal and spatial
evolution of the plasma created with a single laser pulse.

The shadowgraphic image reported in Fig. 9 shows the
expansion of the plume and the shock wave induced in air by
the parallel laser pulse and the following interaction of the
shock wave with the target surface. As previously reported
elsewhere [25], as time progresses, the shock wave, initially in
contact with the plasma region (roughly indicated by the bright
spot in Fig. 9, coinciding with the Bremsstrahlung emission



Fig. 9. Evolution of the plume and shock waves induced in air by a single laser
pulse and their interaction with the target surface for a distance d=2.4 mm.
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region), detaches from it and continues to expand, while the
plume stops at a radius ∼ 1 mm. This can be seen clearly in Fig.
10 where the radius of the plume and of the shock wave have
been estimated from the images of Fig. 9.

The experimental values of the SW radius are in good
agreement with the expansion law r∝ t2 / 5 predicted by the
Sedov strong point explosion theory, as seen from the fit of the
datawith a curve of the type y=atb: the result, indicated in Fig. 10
by a dashed line, leads to a value of the exponent b=0.4±0.02.
This is a confirmation of the adequacy of such theory in
describing the process.

According to the Sedov's theory, after the explosion a large
part of the mass which was previously contained in the region
encompassed by the shock wave is piled-up at the shock front,
as visible in Fig. 9 as a bright shell, while the shocked region is
characterized by a high-temperature rarefied gas. Unfortunately,
as discussed in a previous paper [26,27], the Sedov self-similar
solution, while it can be used to describe the shock wave
expansion and the profiles of temperature and gas density in the
zone near the shock front, it is unable to give quantitative and
Fig. 10. Expansion of the pre-ablation shock wave (squares) and plume (empty
squares), as estimated from Fig. 9. The dashed curve is the fit of shock wave
position with a power function y=atb. The dotted line represents a guideline for
the eye showing the expansion of the plume. The relative errors on the SW
radius are ∼10% while the errors on the plume radius are ∼15%.
reliable values of such parameters in the core of the plasma. In
fact, the basic theory of strong point explosion neglects internal
heat transfer phenomena such as conduction, radiation as well
as excitation and ionization of the gas, and predicts an infinite
temperature and a null density in the core of the plume. To
correct this problem, more sophisticated models [28,29]
accounting for the internal heat transport have been developed
and predict a finite temperature. Moreover, considering the ideal
gas state equation ρ∝P /T, a non-zero gas density is also
predicted in the core of the plume.

A qualitative sketch of the thermodynamic profiles in the
spark region is reported in Fig. 11, where the steep increase of
temperature at the plume border leads to an abrupt decrease of
gas density in the core. Such density profile (accounting for
both the air and plume atoms) is consistent with the predictions
and results of the numerical model by Bogaerts and Chen [30],
even if it considers only the first 100 ns after the laser ablation.
When the shock wave reaches the target, the mass contained at
the shock front starts to pile-up at the surface edge until a
reflected wave which moves backward is formed. Numerical
models [31,32] of blast wave reflection reveal that such an
initial accumulation of mass at the surface forms a layer
characterized by pressure and density higher than the original
shock front. This situation can be confirmed by the presence of
a bright layer near the target (indicating a high density in
shadowgraphy experiments) in frames 3 and 4 of Fig. 9, while
the regular reflected wave is evident in frames 5 and 6. At the
time of frame 5, the pressure and density at the contact layer
start to decrease until a rarefaction is produced when the
reflected wave detaches from the surface. It is also interesting to
Fig. 11. Qualitative sketch of the profiles of pressure, temperature and gas
density along the pre-ablation plume and shock wave.
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note in frames 7 and 8 the presence of the non-regular
reflected wave, known as Mach wave [31–33], which is
formed at later times when the angle of incidence of the shock
wave on the target becomes higher than a critical value ϕcr,
which depends on the Mach number M (for MN1.5,
40°bϕcrb45°).

The above considerations can now be applied to the results
reported in Figs. 2 and 3. Experimentally, the enhancement is
found to be higher when the ablation occurs close to the centre
of the first spark reaching a high value when the ablation occurs
physically in the core of the first plume (db1 mm). Keeping in
mind that the core of the plume is characterized by a gas density
much lower than the unperturbed state and that the abrupt
density decrease occurs at the plume edge (because of the abrupt
increase of temperature), it appears that also in pre-ablation DP
LIBS the signal enhancement can be related to the change in the
buffer gas density where the ablation occurs. This outcome was
already observed in previous works [15,16] devoted to the study
of the double pulse technique in the collinear configuration, thus
suggesting that the physical mechanism can be the same in the
two cases.

In the collinear configuration, the observed signal enhance-
ment was attributed to the rarefaction present behind the shock
wave produced by the first laser spark [16].

It is known that, in single pulse LIBS, the emission is
maximum when the buffer gas density assumes an optimum
value which is lower than the atmospheric one, as found
experimentally by Sdorra and Niemax [34] and by Iida [35]. In
their interpretation, the key mechanism that must be considered
is the laser shielding by the plasma which is strongly affected by
the buffer gas, since a high buffer gas density favors the
breakdown-cascade process, the formation of free electrons in
the plasma and the absorption of laser radiation [35]. Therefore,
reducing the density of the buffer gas, the laser shielding
becomes less efficient and the mass removed from the target
increases. On the other hand, if the buffer gas is too rarefied, the
temperature of the induced plasma is too low, resulting into a
lower emission. The optimal balance between these two effect is
reached at a density value, depending on laser parameters and
sample matrix, which is of the order of 10% of the atmospheric
value [16] (corresponding at ambient temperature to a pressure
around 100 hPa).

Such hypothesis for explaining the emission enhancement in
the collinear DP LIBS is consistent with the growth of crater
dimensions and ablatedmass [8,18] andwith the large dimensions
of the laser induced plumes observed [5,15,17].

In the pre-ablation DP LIBS scheme the situation is similar: the
arrival of the shock wave on the target initially leads to a density
growth at the surface–gas boundary, but successively the wave
reflection leads to a modest gas rarefaction. However, if the hot
plasma region produced by the pre-ablation pulse is able to reach
the target surface (db1 mm), the rarefaction produced at the
surface boundary becomesmuch stronger. In that case, the ablation
process by the second pulse is very efficient and the rapid expan-
sion of the new resulting plume in a rarefied medium leads to a
large and dense plasma region. This is the reason for which, in Fig.
8d, the second plume ismuch brighter and larger than in cases a,b,c.
The gas rarefaction in the core of the plume can be evaluated
from the ideal gas relation:

nplume

natmospheric
¼ Pplume

Patmospheric

Tatmospheric

Tplume
ð2Þ

According to the strong explosion theory [20] (see Fig. 11),
the pressure reaches a maximum PSW at the SW front and then
rapidly decreases behind it toward a value Pplume≈0.365 PSW

(this value is substantially independent on the blast wave energy
down to a SW velocity around Mach 1.5). The corrections to the
Sedov model accounting for the internal heat transfer processes
do not bring large variations in pressure profiles [28,29],
showing at most a slight decrease of the value of Pplume; this can
be also perceived from the good agreement of the measured
shock wave radius with the predicted one, since the driving
force of the shock is essentially the pressure behind it.

Moreover, the SW front pressure PSW and the unperturbed
pressure Patmospheric are linked by the relation

PSW ¼ Patmosphericð2gM2 � gþ 1Þ
gþ 1

ð3Þ

where M is the SW Mach number and γ=1.4 is the adiabatic
coefficient of air [20]. Calculating the Mach number by fitting
the shock radius derived from Fig. 9, we obtain M∼2.2 and
then PSW∼5.5Patmospheric.

Finally, substituting this value in Eq. (2) and considering
Tatmospheric=300 K and Tplume∼15,000 K (a reasonable value of
the pre-ablation spark temperature) we obtain nplume

natmospheric
¼ 0:04,

which is in good agreement with the optimal range found
previously [16,34].

Looking at the dependence of the lines intensity on the
distance d it is also clear that the rarefaction induced just by the
arrival of the shock wave (and not by the presence of the air
plume) is lower and then produces a lower signal enhancement;
in this case the enhancement is caused by the slight rarefaction
produced in front of the target, behind the reflected shock wave.

The process of SW reflection on a rigid wall discussed above
together with the inspection of dynamic evolution of the plumes
observable in Fig. 8a–d allow also to interpret the trend of the
signal enhancement, of temperature and of electron density with
the interpulse delay.

In the case of the largest distance in Figs. 2–3 (d=2.4 mm),
four different phases can be identified. If the ablation laser is fired
before the arrival of SW1 at the target surface (phase 1), the
situation is similar to that shown in Fig. 8a: the mass ablated is the
same as that in the SP case because the ambient conditions upon
the target surface have not yet changed. Nevertheless, the plasma
temperature and electron density are slightly higher than in the SP
case since the plasma slows down due to the presence of SW1. As
a result, a very small signal enhancement is observed. Otherwise,
if the ablation laser is fired immediately after SW1 has reached the
target surface but before a reflected wave is clearly visible and
detached from the surface (phase 2)(∼ 1 μsbΔtb∼ 3 μs accord-
ing to Figs. 9–10), the situation is similar to that shown in Fig. 8b
and the ablation occurs in a high density environment. Higher
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laser shielding and lower mass removal can then occur (see Fig.
7), although more accurate measurements are needed to confirm
this aspect. However, as suggested by Fig. 8b, the induced plume
overcomes the high density region and expands rapidly in the
rarefied region corresponding to the air plasma. Such fast
expansion causes the decrease of temperature, electron density
and line intensity, as observed in Figs. 4, 5b and 6b. At still longer
interpulse delays (phase 3) (ΔtN∼ 3 μs), the signal starts to
increase again reaching levels higher than the SP signal; this
increase is associated with a stronger mass ablation, as visible in
Fig. 7. Following our interpretation it is possible that at such
interpulse delays the reflected wave is well formed and that a
rarefaction region is formed in front of the target causing a more
effective ablation. Moreover, the induced plume does not
overcome the SW1 high density wall but is confined from it, so
that the temperature and the electron density do not decrease and
in some cases may even increase. If the interpulse delay is still
increased (phase 4) the rarefaction progressively disappears, due
to the refilling with gas of the contact region which then reverts to
the unperturbed state, and the signal approaches the SP value (DP/
SP=1).

All the 4 phases described above occur at shorter interpulse
delays with decreasing the distance d since the shock wave
reaches more rapidly the target. While phase 1 rapidly
disappears and phase 2 is evident for d≥1 mm, the increase
in signal and ablated mass becomes much more evident with
decreasing the distance because of the progressively stronger
rarefaction present in front of the target.

It is interesting to note that the results obtained are consistent
with the typical results of collinear DP experiments when d
approaches zero, in which case phase 3 occurs immediately. In
fact, in the case d=0.1 mm, the behavior of the atomic and ionic
lines, of the electron density and temperature is very similar to
that observed in DP collinear LIBS.

5. Conclusions

In order to gain some physical understanding of the signal
enhancement obtained in the DP pre-ablation LIBS, spectro-
scopic and shadowgraphic experiments were carried out by
focusing a 140 mJ Nd:YAG laser in air at a distance d from the
target and then a 240 mJ Nd:YAG laser on the sample surface.
The distance d was varied in the range 0.1–4.2 mm and the
delay between the two pulses was varied from 0 to 50 μs.

For all the combinations of such experimental parameters,
the signal enhancement of Zn neutral and ionic lines was
measured, the spatially averaged temperature and electron
density were calculated, and the increase of the number of Zn
atoms in the plume was estimated.

The estimated ablated mass and the dynamic evolution of the
plume differ considerably by changing the distance and the
interpulse delay time, leading to different levels of enhancement
of line intensities. While a strong signal increase, attributed
mainly to an increase of the ablated mass, was observed for
distances d lower than approximately 1 mm, a marginal signal
improvement was observed at longer distances of the pre-
ablation spark from the target. Since the dimensions of the air
plume are of the order of 1mm, it is evident that the enhancement
is strong whenever the target ablation occurs within the pre-
ablation plasma environment.

An interpretation of the signal enhancement based on the
changes in ambient gas density where the target ablation occurs
was proposed, in agreement with previous results obtained in
the collinear DP LIBS.

The different dynamic evolution observed allowed also to
interpret the trend of the signal enhancement versus interpulse
delay.
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