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Double-pulse laser-induced breakdown spectroscopy (DP-LIBS) studies and the comparison with the single-pulse exper-
iments were performed on the steel sample. Two harmonics of the femtosecond Yb:KGW laser at 1030 and 257.5 nm were
combined in the collinear beam geometry to carry out double-pulse LIBS experiments at atmospheric pressure in air. The
influence of the delay between the two (NIR pulse was delayed in regard to UV pulse) laser pulses on the LIBS signal intensity
was investigated. The inter-pulse delay times were in the range from 0 to 200 ps. In the delay range from O to 40 ps the LIBS
plasma emission intensity increased steadily and in the range from 40 to 200 ps (maximum inter-pulse delay investigated) the
plasma lines’ emission intensity remained almost constant. LIBS signal intensity increased 3—5 times in comparison with the
single pulse case when an optimum inter-pulse delay between the two ablating pulses was used.
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1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is a
spectroscopic analysis technique that is enjoying a pe-
riod of active development, with all manner of new ap-
plications emerging [1]. It uses a focused, pulsed laser
beam which is directed at a target to generate plasma the
emission spectrum of which gives information about the
elemental composition of the sample. It combines fast
analysis with the capability to determine nearly all ele-
ments of the periodic table. Although the LIBS method
has been in use for more than four decades, prior to
1980, interest in it centred mainly on the basics of
plasma formation. Recently, there has been a renewed
interest in the method for a wide range of applications.
This is due to the result of significant technological de-
velopments in the components (detectors, lasers, spec-
trometers) used in LIBS instruments as well as emerg-
ing needs to perform measurements under conditions
not feasible with conventional techniques. One of the
main limitations of the conventional LIBS technique is
its low sensitivity [2]. In order to enhance emission in-
tensity, to reach lower limits of detection (LOD), and
to improve the precision of LIBS, special schemes have
been constructed. One possible approach to improve
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LIBS sensitivity is the double pulse configuration [3—
5]. In double-pulse LIBS (DP-LIBS) two laser pulses
from two different sources (commonly) are used in ei-
ther collinear or orthogonal propagation geometries.
The inter-pulse delay is ranging from picoseconds up
to hundred microseconds level. Usually the LIBS mea-
surements are performed by recording the plasma emis-
sion signals mostly at some optimum separation delay
time between pulses. The optimum value of inter-pulse
delay depends on the target material, the energy level
of excited states. DP-LIBS was first used by Cremers
and co-workers where they demonstrated the increased
emission intensities of elements during the analysis of
transparent liquids’ samples [6]. For the analysis of
solids double pulse schemes were first applied by Ueb-
bing and co-workers [7]. The emission signal enhance-
ment in DP-LIBS could be explained through better
coupling of laser energy to the target and ablated ma-
terial, leading to a more efficient production of analytic
atoms in excited states [8]. The operating mechanisms
are a function of material properties, laser pulse en-
ergy and duration, irradiation configuration (collinear
or orthogonal), ambient atmosphere, and inter-pulse de-
lay. It is also important to note that during different
processes the second pulse interacts with the target and
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plasma plume on different time scales depending on the
delay time between pulses. DP-LIBS could be used as
a way of analysing the plasma plume through the tem-
poral perturbation by a second laser pulse during vari-
ous stages of evolution of the process. It could be used
for the investigation of the plume propagation, ablation
mechanism, and emitting properties of the plasma [9].

In parallel with the most often used nanosecond laser
pulses the use of ultra-short laser pulses has been pro-
posed by several authors [10-12]. The ultrashort laser
pulse does not interact with the resulting plasma. The
shortening of the laser pulse duration yields a shrink-
ing of the heat-affected-zone, which prevents an un-
controllable and often undesirable material removal and
modification. The ultrashort femtosecond laser ablation
of different metals provides craters with higher preci-
sion and control in comparison to the nanosecond laser
ablation. The reproducibility of the ablation increases
and the redeposition of the material reduces compared
to nanosecond regime. The ablation efficiency of ul-
trashort pulses is very high for any wavelength in the
spectral range from UV to IR. Furthermore, femtosec-
ond LIBS shows lower background as a result of ab-
sence of laser—plume interaction and this allows one to
use the non-gated detection. Nevertheless, the plasma
spectral line intensities are lower than line intensities of
the plasma induced by nanosecond pulses. One of the
suggested approaches to increase the spectral line inten-
sities of plasma produced by femtosecond laser pulses
is the use of a double-pulse LIBS technique.

Pronko and coworkers [13] compared single and
double femtosecond laser pulse regime. They affirmed
that the energy absorption in the femtosecond ablation
plasma has a saturable character. The limitation of the
saturation effect could be overcome by using time sepa-
rated pulses. Semerok and coworkers [14] proposed to
use two femtosecond laser pulses to enhance the plasma
emission signal due to an interaction of the second pulse
with the plume produced by ablation with the first pulse.
Experiments were carried out on Al and Cu targets in
ambient air with 800 nm laser pulses and duration in the
range of 50 fs to 10 ps. They observed three regimes of
laser—target interaction: (i) without plasma shielding,
AT < 1 ps; (ii) an intermediate regime 1 ps < A7 <
10 ps; and (iii) total plasma shielding, A7 > 10 ps. The
optimal conditions for plasma re-heating, at which the
highest plasma intensity was observed, corresponded to
delay times of 100-200 ps. The effect of the second
pulse on the crater depth decreases in the 1-10 ps inter-
pulse delay range. With a delay of more than 10 ps,
the plasma completely shields the target surface. The

plasma formation begins with a 1 ps delay, and for a de-
lay of more than 10 ps the energy of second pulse is used
mostly on plasma re-heating. The plasma re-heating by
the second pulse mainly leads to an increase of plasma
intensity and its lifetime. In similar study, Scuderi and
coworkers [9] performed dual pulse ablation of Ti sam-
ple in vacuum with 100 fs pulses at 620 nm. They ob-
served signal enhancement by around a factor of 2 for
both neutral and ionic emission lines. Two steps were
observed: the first one was at inter-pulse delay less than
100 ps and was attributed to interaction of the second
pulse with the ejected neutral and ionized atoms and the
second one occurred at around 1 ns and was due to in-
teraction with nanoparticles.

Most researchers use two pulses of the same wave-
length for double-pulse LIBS. However, constructing
a double pulse scheme with pulses of different wave-
length may increase LIBS sensitivity. St-Onge and
coworkers [15] proposed to use a UV pulse to increase
the ablation and a near IR pulse to enhance the re-
heating of the plasma. The ultraviolet radiation of lasers
is more effective for material ablation because of re-
duced plasma shielding effect. UV wavelengths offer
higher photon energies for bond breaking and ionization
than infrared wavelengths. It was shown that nanosec-
ond UV-NIR double pulses can moderately improve
LIBS sensitivity compared to NIR-NIR double pulses
[15].

In our work we would expect to combine the ad-
vantages of ultrafast laser ablation with the expected
plasma emission line intensity enhancement of the dual
pulse different wavelength scheme. This paper presents
double-pulse femtosecond LIBS measurements at at-
mospheric pressure in air, using ultraviolet (257.5 nm)
and near infrared (1030 nm) 350 fs laser pulses in a
collinear type of configuration with a delay line. The
inter-pulse delay times were in the range from O to
200 ps. Spectra were collected from sheet steel sam-
ples. In most cases enhancement of spectral line inten-
sities has been observed when the pulses were separated
by intervals longer than 40 ps.

2. Experimental set-up

The schematic diagram of the experimental set-up is
depicted in Fig. 1. Double-pulse femtosecond LIBS ex-
periments were conducted using one femtosecond laser
source PHAROS (Light Conversion Ltd.; PHAROS
is built upon conventional chirped pulse amplifica-
tion technique, employing the seed oscillator, regen-
erative amplifier, and pulse stretcher/compressor mod-



O. Balachninaité et al. / Lithuanian J. Phys. 50, 105-110 (2010) 107

Laser

M7

Fig. 1. Experimental set-up. A/2 half-wave plate; P polariser; BS beam splitter; M1-M3, M6-M8 high reflectivity mirrors for fundamental

harmonic radiation; L1, L2 telescope lenses; BBO1, BBO2 BBO crystals (type-]) for second and fourth harmonic generation respectively; M4

high reflectivity mirror for fourth harmonic radiation; DL delay line; M5 dichroic mirror; L3 focusing lens; S sample; SM motorized rotation
stage; C controller; L4 collection lens; F fibre optics; SP spectrometer.

ules; regenerative amplifier is based on Yb:KGW lasing
medium) emitting 350 fs pulses at 1030 nm with a rep-
etition rate of 50 kHz. The fundamental (1030 nm) and
the fourth harmonic (257.5 nm) radiation was used for
the experiment. An attenuator consisted of half-wave
plate and polarizer was used to further control the en-
ergy content of the primary laser beam. A beam splitter
was used to split the beam in two different arms with en-
ergy ratio 4:1. The main part of the radiation reflected
by the beam splitter was directed to the BBO nonlinear
crystals (type I; 2 mm length each) in order to generate
the second and after that the fourth harmonics. Before
that the diameter of the fundamental beam was reduced
approximately 3 times by using the telescope system
consisting of plano-convex 100 mm and plano-concave
33 mm focal length fused silica lenses. The radiation
of the fourth harmonic (257.5 nm) using the selective
mirrors was directed to the target. Another remaining
part of the fundamental radiation passed through the
beam splitter and with selective mirrors was directed to
the delay line. The delay line was equipped with a mi-
crometre resolution motorized translation stage which
introduced a controlled time delay, AT, between funda-
mental and the fourth harmonic laser pulses within the
range of 0-200 ps. The radiation of fundamental and
fourth harmonic was coincided at the dichroic mirror.
Then two collinear pulses were focused by a 100 mm

focal length fused silica lens down to a spot diameter
of about 60 pym (at 1030 nm wavelength). The radia-
tion focused onto the sample which was fixed on a ro-
tation stage controlled by computer. Plasma emission
was collected through the convex 75 mm focal length
fused silica lens and focused into an optical fibre. The
fibre introduced the light into an imaging four channel
spectrometer AvaSpec-USB2-DT (Avantes) equipped
with four diffraction gratings, 2400, 2400, 1800, and
1800 lines/mm, providing spectral resolution of 0.09,
0.07, 0.1, and 0.08 nm respectively. The spectra could
be collected in 200-664 nm spectral range. But dur-
ing the experiment plasma spectra were investigated
in the 415-500 nm range as in this range the most
intense spectral lines were observed. The spectrom-
eter was equipped with a 2048 pixels CCD detector
(Sony ILX554). The registered plasma emission spec-
tra were analysed using “Plasus SpecLine 2.1 software
(Avantes).

3. Results and discussion

The optimal delay time between the 1030 and
257.5 nm wavelength laser pulses was found by inves-
tigating the influence of the inter-pulse delay A7 (the
fundamental harmonic was delayed in respect of fourth
harmonic) on the intensity of the LIBS emission signal
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Fig. 2. Influence of the delay time between fundamental and fourth

harmonic pulses on plasma emission lines’ intensity for several lines

of iron and chromium, in double-pulse LIBS measurements on a
steel sample.

for various atomic lines. Figure 2 shows how the inten-
sity of different emission lines from chrome and iron
(obtained from a steel sample) varies as a function of
Ar. From this plot, two main regimes could be defined.
First regime is observed in the range of 0 to 40 ps. In
this range the intensity of the emission lines increases
steadily compared to the single pulse regime (AT =
0) and at approximately 40 ps almost constant value is
reached. At A7 = 0 when the two pulses overlap in
time the DP-LIBS measurement with E'1, E2 is equiva-
lent to the single-pulse measurement with pulse energy
equal to 1 + F2. In the second regime a plateau is
observed from 40 to 200 ps (maximum inter-pulse de-
lay studied in this work). Within this range the maxi-
mum emission lines’ intensity observed at about 40 ps
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Fig. 3. Comparison of LIBS spectra of steel sample, corresponding

to the double pulse at the optimum delay time A7 = 140 ps (upper

curve) (a total energy of 20 pJ) and double pulse at A7 = 0 ps

(middle curve) (adequate to the same energy (20 wJ) single pulse)

scheme. The lower curve corresponds to a single fundamental pulse
of 10 wJ energy.

remains relatively constant. This behaviour is quite uni-
form for all the emission lines investigated in this study.
In the femtosecond double pulse scheme, all the lines,
independent of ionization state, show the same qualita-
tive behaviour with the separation time delay between
pulses.

The increase of the intensity of plasma emission lines
in the first regime can be attributed to interaction of the
second laser pulse with a fast changing sample surface
and its immediate environment as noted in the publi-
cation of Semerok and co-workers [16]. The processes
induced by irradiation of the target with the first laser
pulse include absorption (reflectivity) changes (due
to electron excitation), electron—lattice energy transfer
leading to non-equilibrium phase transitions and melt-
ing [17], material ejection, or air plasma formation due
to the interaction of electron escaping from the sample
with the atmosphere above it [18]. A delay before the
plasma plume starts to expand after irradiation moment
was estimated to be in range of 1-10 ps [19]. The sig-
nal enhancement plateau observed in our experiments at
AT > 40 ps could indicate an interaction of the second
pulse with the plasma plume.

Double-pulse LIBS spectra of the steel sample used
in this study show an enhancement of plasma emis-
sion intensity compared to spectra obtained with a sin-
gle pulse of energy equal to that of the sum of the two
pulses in the double-pulse case. Figure 3 shows LIBS
spectra obtained from a steel sample both with double-
and single-pulse configurations. The DP-LIBS mea-
surement was performed at an optimum inter-pulse de-
lay time A7 = 140 ps with equal energy for the two
pulses, E1 = E2 = E = 10 pJ, and the spectrum
recorded is about 2-3 times higher in intensity com-
pared to the spectrum obtained with a double pulse at
AT = 0 ps (adequate to the same energy (20 pJ) sin-
gle pulse). The intensity of DP-LIBS spectrum emis-
sion lines is up to 5 times higher compared to the single
pulse spectrum corresponding to a pulse energy of £ =
10 pJ (that is actually the spectrum from just the first
pulse of the double-pulse experiment).

In order to optimize enhancement factors we are cur-
rently investigating the effect of sample position with
respect to the focal plane and the influence of the en-
ergy balance between the first and second pulse on the
intensity of DP-LIBS spectra.
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4. Conclusions

Double-pulse laser-induced breakdown spectro-
scopic measurements by using ultraviolet and near in-
frared femtosecond pulses in a collinear geometry have
been carried out at atmospheric pressure in air. The in-
fluence of the delay between the two (NIR pulse was
delayed in regard to UV pulse) laser pulses on the LIBS
signal intensity was investigated. The inter-pulse de-
lay times were in the range from O to 200 ps. In the
delay range from O to 40 ps the LIBS plasma emission
intensity increased steadily and in the range from 40 to
200 ps the plasma lines’ emission intensity remained
almost constant. LIBS signal intensity increased 3-5
times in comparison with the single pulse case when
an optimum inter-pulse delay between the two ablating
pulses was used. These regimes of laser—sample inter-
action could be explained by various physical mech-
anisms including plasma reheating, interaction of the
second pulse with a modified sample surface, and for-
mation of air plasma due to interaction of the electrons
getting away from the sample with the ambient air.
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DVIGUBO IMPULSO LAZERIU INDUKUOTOS PLAZMOS SPEKTROSKOPINIAI TYRIMAI
ZADINIMUI NAUDOJANT 1030 IR 257,5 nm BANGOS ILGIO FEMTOSEKUNDINIUS IMPULSUS

O. Balachninaité, A. Baskevicius, K. Stankeviciaté, K. KurSelis, V. Sirutkaitis

Vilniaus universitetas, Vilnius, Lietuva

Santrauka

Pristatomi lazeriu indukuoto optinio paZeidimo medZiagy tyri-
mai naudojant dvigubus femtosekundinius lazerio impulsus. [ver-
tinami pagrindiniai désningumai ir lyginima su pavieniu impulsu
gautais rezultatais. Plazma ant bandinio (plieno plokstelés) pavir-
Siaus buvo indukuojama lygiagreciai fokusuojant femtosekundinio
Yb:KGYV lazerio pagrindinés 1030 nm ir ketvirtosios 257,5 nm har-
monikos spinduliuotg. Buvo stebimas dvigubo impulso lazeriu in-
dukuotos plazmos spektriniy linijy intensyvumo kitimas esant skir-

tingiems impulsy tarpams. Jie buvo kei¢iami nuo 0 iki 200 ps.
Esant impulsy tarpams nuo 0 iki 40 ps, stebimas staigus lazeriu in-
dukuotos plazmos emisijos linijy intensyvumo augimas, o nuo 40
iki 200 ps emisijos linijy intensyvumas kinta neZymiai. Nustatyta,
kad, esant optimaliam tarpui tarp dviejy impulsy, plazmos emisi-
jos linijy intensyvumas padidéja 3-5 kartus, palyginti su lazeriu in-
dukuotos plazmos spektroskopiniais tyrimais, kai plazmai sukurti
naudojami pavieniai impulsai.



