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INTRODUCTION

Progress in technology and so-
ciety continually places new
demands on analytical science

and more powerful and informative
methods need to be developed. One
among them is laser-induced break-
down spectroscopy (LIBS), some-
times also referred to as LIPS (laser-
induced plasma spectroscopy). Typ-
ically, LIBS measurements are con-
ducted with nanosecond time scale
lasers. A review by Song et al.1 and
two recently published books by Miz-
iolek et al.2 and Cremers et al.3 give
a good overview of instrumental de-
velopments in this area. However,
new developments in laser technol-
ogy have made ultra-short lasers
available4 and have stimulated an in-
terest in LIBS with ultra-short puls-
es. There are fundamental differenc-
es between the ablation processes of

ultra-short (�1 ps) and short (�1 ps)
pulses that result in different mech-
anisms of energy dissipation in the
sample. In the case of ultra-short la-
ser pulses, at the end of the laser
pulse, only a very hot electron gas
and a practically undisturbed lattice
are found, which subsequently inter-
act. However, for longer pulses
above a certain energy threshold, the
material undergoes transient changes
in the thermodynamic states from
solid, through liquid, into a plasma
state.5,6 Based on this difference,
consequences for the analytical per-
formance of the method can be ex-
pected that in the future should lead
to new aspects in instrumentation
and applications of LIBS. The goal
of this review is to summarize cur-
rent knowledge of the instrumenta-
tion and physics of laser ablation
with femtosecond lasers and to draw
some conclusions concerning new

possible applications that rely on
these specific new features. It seems
clear that even if a better perfor-
mance in terms of analytical figures
of merit compared to standard LIBS
applications7 is found, a replacement
of current technology cannot be ex-
pected soon due to the cost and com-
plexity of chirped pulse amplifica-
tion (CPA) laser systems. However,
current trends in other fields of ap-
plication of these laser systems, e.g.,
medical laser applications or materi-
al processing,8 may change this pic-
ture in the near future.

PECULIARITIES OF
FEMTOSECOND LASER-
INDUCED BREAKDOWN
SPECTROSCOPY SETUPS

As a starting point of the discus-
sion, a typical fs-LIBS setup and its
peculiarities compared to a standard
setup are discussed. On first inspec-
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FIG. 1. Schematic representation of a typical LIBS setup. ( 1) (Fs) laser generating
strong electromagnetic pulses used for the ablation; ( 2) microscope; ( 3) optical spec-
trometer analyzing the light emitted by the plasma; ( 4) analyzed sample; ( 5) laser
beam diagnostics; ( 6) delay generator for the spectrometer synchronization.

tion not much difference can be seen
from Fig. 1. The laser beam is fo-
cused by means of the optical setup
(2) on the surface of a sample (4) or
in the volume of gas to be analyzed.
A conventional nanosecond or a
femtosecond laser (1) can be used as
the source. The laser radiation
should be powerful enough to cause
the ablation of the analyzed material.

If the laser irradiance is high
enough, a plasma consisting of ab-
lated material will appear. Part of the
energy is used for sample heating
and phase transition into the gaseous
state; the excess of the incoming en-
ergy is transferred to the kinetic en-
ergy of the ablated species and to
their excitation. De-excitation events
are accompanied by characteristic
light emission, which can be ana-
lyzed by an optical spectrometer (3).
The emitted radiation is collected
through the objective (2) used for the
focusing of the laser radiation (as
shown in the figure) or through a
separate optical path.

Compared to conventional LIBS,
for which basically only the laser en-
ergy is controlled, fs-LIBS needs

more diagnostics (5). Pulse duration,
temporal pulse shape on the fs scale,
and sometimes even the ‘‘chirp’’,
i.e., the distribution of the time-de-
pendent carrier frequency over the
pulse, have to be monitored. The
pulse duration and temporal pulse
shape are typically characterized by
some intensity autocorrelation meth-
od4 and a fast photodiode. The mea-
surement of the chirp needs more so-
phisticated instrumentation that ba-
sically measures the spectrum of the
pulse as a function of time. These
techniques are known by acronyms
such as ‘‘SPIDER’’, ‘‘FROG’’, etc.
The necessity of these additional di-
agnostic tools will be discussed later.

The sampling time of the spec-
trometer (3) is defined by the delay
generator (6), which is synchronized
with the laser pulse. Experiments
demonstrate a strong dependence of
the signal-to-noise ratio and the de-
tection limit on the delay and the
gate times of the spectrometer. This
still holds for fs-LIBS.9,10

The main difference of fs-LIBS
with respect to conventional LIBS is
obviously the use of a femtosecond

laser. The duration of the laser pulse
has been continuously reduced since
the invention of the laser. Systems
with a pulse duration down to ap-
proximately 10 fs are now commer-
cially available.

Commercially available femtosec-
ond lasers are complicated systems
basically consisting of three lasers.
The principle layout can be found in
Fig. 2. The concept of chirped pulse
amplification (CPA) is central to
these systems.4,11,12 Femtosecond
pulses are generated in the seeding
laser, which is a mode-locked laser
with an additional compression
mechanism typically based on Kerr
lens mode-locking.4 The output is
normally a train of fs pulses of ex-
tremely low pulse energy (pJ to nJ)
and a repetition rate on the order of
10 MHz. Short pulses cannot be am-
plified efficiently, so they are tem-
porally extended in the stretcher up
to 0.1 to 1 ns. Here, the fact that a
short, mode-locked pulse corre-
sponds to a broad spectral width is
used. The idea of the stretcher is il-
lustrated in Fig. 3. Different spectral
components propagate different dis-
tances in a tilted grating (or other
dispersive element) configuration.
As a result, ‘‘chirped’’ pulses are
produced, in which different spectral
components are temporally shifted
relative to each other. Because linear
amplification conserves the spec-
trum, the femtosecond pulse can be
recompressed after amplification in a
similar but reversed configuration.

In the next step, the stretched
pulses are amplified. Nowadays, re-
generative amplifiers are solely em-
ployed in this step.4 After compres-
sion, the resulting pulses of com-
mercially available systems are in
the range of 20–200 fs with several
mJ of energy, which corresponds to
about 100 TW per cm2 in a focused
beam. Laboratory devices have
reached the physical limit for CPA-
based lasers of several femtosec-
onds. For reviews, see Refs. 4 and
12 and references therein.

However, from a practical point of
view there is an upper energy limit
for fs-LIBS, which currently can
only be overcome with great effort.



APPLIED SPECTROSCOPY 235A

FIG. 2. Principles of the chirped pulse amplification.

FIG. 3. Principle idea of the stretcher. A femtosecond pulse is converted into a broad
chirped pulse.

It is provided by the efficiency of the
output Pockels cell in the amplifier,
which cuts single pulses out of the
pulse train. Because there is an in-
herent leakage, a small part of the
pulse is ejected out of the amplifier
on each round trip of the pulse in the
cavity. This pulse is then compressed
and injected into the optical setup
some nanoseconds before the main
femtosecond pulse. Hence, it is re-
ferred to as pre-pulse. Normally, in
a well-aligned system the pre-pulse
amplitude is two to three orders of

magnitude smaller than the ampli-
tude of the main pulse. However, if
the laser energy is high enough, it
may reach the ablation threshold or
at least pre-heat or melt the sample.13

In that case, the ablation scenario is
completely changed and is much
closer to conventional ns-laser abla-
tion.

A non-optimal Pockels cell timing
can also cause a post-pulse to appear
several nanoseconds after the main
pulse. This pulse can reheat the ab-
lation plasma similar to ns-domain

and double-pulse LIBS experiments.
The existence of additional pulses
can be revealed by a fast photodiode,
which cannot resolve the femtosec-
ond pulses completely, but can in-
dicate the existence of the pre- or the
post-pulse (see Fig. 4).

The microscope (2) of the femto-
second LIBS setup (see Fig. 2)
should be specially designed for ul-
tra-short pulses. The typical value of
the peak power of the beam is on the
order of several tens of GW/cm2,
which puts high demands on the ro-
bustness of the optical components.
At the focus, this corresponds to at
least several TW/cm2, which is far
beyond the threshold for optical
breakdown in air or glass. Hence, the
only focal waist should be at the
sample surface or even slightly be-
neath the surface. If there is another
focus somewhere in front of the an-
alyzed sample, the resulting optical
breakdown will lead to a number of
interesting physical effects such as
plasma formation, self-focusing,14,15

filamentation,16 frequency shift, and
broadening.17–19 Most of these de-
crease the quality of the LIBS anal-
ysis because a part of the laser en-
ergy is consumed and the spatial and
temporal characteristics are distort-
ed. However, some of these mecha-
nisms can be used beneficially for fs-
LIBS (see, for example, Ref. 20).

The temporal characteristics of the
ultra-short laser pulse may also be
distorted through a misalignment or
a tilt of the laser beam with respect
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FIG. 4. The fs laser pulse with the pre-pulse measured with a fast photodiode; ( a) the main pulse; ( b) the pre-pulse. Note that if
the laser or the delay of the Pockels cells are not adjusted optimally, the amplitude of the pre-pulse may be worse than 1:100.

TABLE I. Detection limits in fs-LIBS experiments.

Ref.
Laser type and

parameters
Spot
(mm)

Fluence
(J/cm2)

Element
(spectral
line, nm)

LOC
(ppm)

Delay
(�s)

Gate
(�s)

28 Nd:YAG,
527 nm,
250 fs

0.2 8
2

Zn (472.2)
Cu (465.1)

4 500
23 000

0.5
0.3

5
5

25 Ti:Sapphire
800 nm, 100 fs

0.6 20 Cu (324)
Si (288)
Ag (388)
Ni (341)

3.2
31

1.4
11

0.5

2

2.5

5

22 Ti:Sapphire
790 nm, 40 fs

0.004 2870 Ca (393.4)
Ca (396.8)

16 ? ?

8 Ti:Sapphire
800 nm, 100 fs

0.6 20 Mn (403.1)
Mn (404.2)
Mg (285.2)
Mg (517.3)
Cu (324.8)
Cu (521.8)
Fe (280.0)
Fe (404.6)
Si (288.2)

6.7
69

2.1
25

7
200

22
85
80

1 5

to the sample surface (phase front
distortion). A 100-fs laser pulse has
a pancake shape with a thickness of
30 �m in the direction of propaga-
tion. Hence, the adjustment of the
sample with respect to the laser
beam is important: a 5 mm diameter
beam that impacts the sample at an
angle of 10�, rather than perpendic-
ularly, interacts with the surface for
3 ps instead of 0.1 ps. A distortion
of the pulse front leads to the same
effect. This may increase the back-
ground and reduce the LIBS signal.
Because the length of a nanosecond

laser pulse is roughly 30 cm, which
distinctly exceeds the diameter, this
effect is negligible for conventional
LIBS.

The laser spark is a relatively
short event: The plasma and the
plasma emission decay in several
microseconds or even quicker.9,21–25

To increase the signal-to-noise ratio,
one synchronizes the spectrometer
and the laser such that the detector
is illuminated only a short time (tgate)
after a certain delay (tdelay) after the
laser pulse. Because the plasma ob-
tained with fs pulses develops dif-

ferently compared to the ns plasma,
different delay and gating times are
needed for ns- and fs-LIBS.26

STATE-OF-THE-ART IN
FEMTOSECOND LASER-
INDUCED BREAKDOWN
SPECTROSCOPY

Since their discovery in the 1980s,
femtosecond lasers have found many
different applications in combination
with spectrometric techniques but
virtually none in analytical science.
The first spectrally resolved analysis
of a plasma generated by fs laser ra-
diation focused on a target surface
was used for purely physical inves-
tigation of dense-plasma dynamics
rather than for an analytical appli-
cation.27 The first reported fs-LIBS
application seems to be in real-time
process control during laser machin-
ing.28 The first analytical applica-
tions of fs-LIBS were reported by
Margetic et al.21 in 2000. Since that
time, the number of related publica-
tions has grown rapidly.

One of the most important char-
acteristics of an analytical method is
the limit of detection (LOD). In the
few cases so far measured, the limits
of detection for fs-LIBS (see Table
I) have been found to be comparable
to conventional ns-LIBS. On the oth-
er hand, it has been found that ac-
curacy and precision of the sampling
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are improved considerably.7,30 This
improvement is directly connected to
the changes in laser–material inter-
action. Here, the real benefit of ultra-
short laser pulses is apparent: The
energy dissipation in the sample ma-
terial is much more controllable.

The detection limits that have thus
far been measured with fs-LIBS are
listed in Table I and they show that
several ppm can be reached with la-
ser fluences on the order of 10–20
J/cm2 and a delay between the laser
pulse and the spectrometer gate on
the order of 1 �s. Assion et al.23 have
reported a detection limit for Ca in a
CaCl2 solution in water. The ex-
tremely high fluence that they used
can be explained by the unexpect-
edly small spot size reported in the
paper. Optimal accumulation times
are on the order of several �s. Le
Drogoff et al.26 studied the depen-
dence of the detection limit on delay
and gate time. The authors show that
for any laser pulse duration (from 80
fs up to 270 ps) there is a corre-
sponding optimal time window pro-
viding the best possible detection
limit. Remarkably, this LOD is near-
ly independent of the pulse duration.
Femtosecond LIBS has been applied
for brass and aluminum alloys to ad-
dress the issue of fractionation.9,21 It
has been found that due to the spe-
cial ablation mechanism (i.e., energy
confinement) fractionation is mini-
mized.

Beside these conventional appli-
cations of fs lasers in LIBS, several
investigations have addressed new
possibilities. A proposed application
that has been tested successfully is
in-depth profiling.31 Similarly, fem-
tosecond laser ablation was used for
process control and diagnostics in
micromachining of sandwiched
structures. The achievable process-
ing precision of femtosecond lasers
is supported by precise endpoint de-
tection using spectrometric means.32

In both cases, minimal heat-induced
collateral damage in the fs laser ab-
lation process, is observed.

Similarly, fs-LIBS has been used
for analyzing biological samples
with high spatial resolution. How-
ever, here the idea is that the efficient

use of the delivered energy minimiz-
es collateral damage induced by the
mechanical shock wave instead of
heat-induced damages.30

To improve spatial resolution, the
size of the probed volume can be
even further decreased by the appli-
cation of near-field techniques.33,34

Hypothetically, a combination of fs-
LIBS with near field ablation allows
a significant decrease in the crater di-
ameter to far below the wavelength-
limited far field boundary, e.g., ap-
proaching 100 nm and below. It has
already been demonstrated that a 600
nm crater can be produced with a
775 nm IR laser in this way.34 The
foundation of this new possibility
lies in the lower ablation thresholds
of femtosecond-induced material re-
moval.35,36 Ablation thresholds are
considerably lowered because of the
more efficient use of the energy that
is delivered.

In order to improve detection lim-
its, double pulses in different config-
urations have been applied. This can
also be done with a combination of
nanosecond and femtosecond pulses.
Scaffidi et al.37 have studied the
spectrum intensity for different time
delays between the collinear fs and
ns pulses as well as for different dis-
tances between the sample surface
and the laser focus. In Ref. 38 an
orthogonal alignment of the femto-
second and a nanosecond pulses was
studied. The experiments demon-
strated an increase in the fs-LIBS
signal if the femtosecond impulse is
followed by a reheating nanosecond
laser-induced plasma, which reheats
the plasma ablated in the femtosec-
ond pulse and thereby changes the
pressure conditions of the ablation.
Compared to a single pulse in the
same experimental setup, an im-
provement of the LOD by approxi-
mately a factor of 10 was achieved.29

The idea of the double-pulse ex-
periment is similar to the idea of
temporal pulse shaping.25 Here, the
pulse is temporally shaped in a setup
similar to the previously described
stretcher.39 For the same reason, one
can combine the effect of up- or
down-chirping40 or pulse-shaping in

the spatial domain,33 with femtosec-
ond LIBS measurements.

One of the most remarkable fea-
tures of LIBS is the possibility of
performing a measurement at a dis-
tance without contacting the sample
directly. This is generally referred to
as stand-off or remote LIBS. An im-
portant characteristic of this tech-
nique is the maximal distance at
which the measurement can be car-
ried out. One of the limiting factors
to this distance is the laser beam di-
vergence, which can be overcome by
self-focusing or self-trapping.16,17 If
the beam power is high enough, the
beam propagates in a self-induced
waveguide in the air. The higher
peak power of the femtosecond la-
sers promotes this effect. The self-
focusing allows one to use fs-LIBS
for remote analysis of dangerous
samples or samples that cannot be
transported to the laboratory.20,41,42 It
is important for ecological applica-
tions, remote detection of explosives,
toxic, and radioactive materials, or
for cultural heritage work.35,43–45

To summarize this section, it can
be concluded that fs laser ablation
opens up new, special applications
for LIBS such as (1) high resolution,
topographic profiling (lateral, in-
depth), (2) analysis of biological, ex-
plosive, and brittle samples, and (3)
remote analysis.

These applications are special in
the sense that their success relies on
a very specific laser–material inter-
action that only occurs with fs lasers.
In the following section we will dis-
cuss the peculiarities in the physical
mechanism that make fs lasers es-
pecially well suited for these appli-
cations. Further possible future ap-
plications that may lie in the realm
of fs lasers will be discussed in the
Conclusion.

LASER–MATERIAL
INTERACTION

Depending on the material, differ-
ent ablation mechanisms have been
proposed. At the irradiances usually
applied for femtosecond LIBS (see
Table I), which exceed 1013 W/cm2,
most of the relevant physics can be
understood in the framework of ther-
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FIG. 5. Schematic representation of ( left) multiphoton ionization and ( right) impact
ionization in insulators or semiconductors where the band gap Eg exceeds the photon
energy h�.

mal ablation. Only in special appli-
cations (e.g., near-field ablation) at
fluences close to the ablation thresh-
old do other mechanisms become
relevant. According to Rethfeld et
al.,46 the ablation mechanism of di-
electrics and semiconductors should
be considered as non-thermal melt-
ing or as a direct transition into the
plasma state. Other possible mecha-
nisms such as Coulomb explosion,
spallation, and others may also ex-
ist.47,48

At the wavelength range consid-
ered, absorption can only be medi-
ated by electrons. Due to a lack of
free charge carriers, the first step in
the ablation of non-metal samples
(insulators and wide-band semicon-
ductors) is the creation of such elec-
trons. Although the photon energy is
less than the band-gap width and one
photon is unable to ionize, a high
photon density in the laser radiation
may suffice. A complex mechanism
of multiphoton-assisted avalanche
breakdown is responsible for the
free-carrier generation and the break-
down of the material in ultra-short
pulse ablation.49,50 This is in contrast
to ns to second ablation in which a
random first electron must already
exist to start the avalanche. Based on
the self-seeding process, the im-
provement in shot-to-shot repeatabil-
ity is understandable.

The improvement provided by fs
lasers can be easily understood: In
the first step, an electron from the
valence band absorbs a photon and
increases its energy, which now cor-
responds to a value in the gap be-
tween the valence and conduction
zones. Most probably, there are no
energy levels in the gap and the elec-
tron must decay to the initial ener-
getic state and reemit the absorbed
photon. However, photo-ionization is
not an instantaneous process. It lasts
about a femtosecond due to the un-
certainty relation. For an energy var-
iation of 1 eV, we have: ti � h/E0 �
10–15 s. Consequently, simultaneous
absorption means absorption in 10–15

s (a more accurate estimation by
Raizer24 gives a similar result). If the
photon flux density is strong enough,
after several jumps the photon reach-

es the conductive band (see Fig. 5,
left). A simple estimation demon-
strates the possibility of this mecha-
nism, especially for an ultra-short la-
ser pulse: A 1 mJ, 100 fs laser field
focused in a 50 �m spot produces
such a strong photon flux that in 1
fs a surface of 1 Å2 is irradiated by
roughly one thousand photons. Note
that normally only ten photons are
needed for photo-ionization with an
IR laser pulse.

In the second step, an electron in
the conduction band can absorb pho-
tons and increase its own kinetic en-
ergy in this way. After several ab-
sorption events, the energy of the
electron exceeds the band gap width
and impact ionization becomes pos-
sible. In this way the electron density
doubles and an electron avalanche
develops, shown in Fig. 5, right.

As already motioned, in certain
situations the assistance of an ava-
lanche by multiphoton seeding is es-
pecially advantageous. This occurs if
not enough free electrons are avail-
able, since in this case the fs pulses
are accompanied by a gain in shot-
to-shot stability,7,51 or if the delivered

photon number needs to be as low as
possible. These situations arise if (1)
pure, transparent material is ana-
lyzed, high spatial resolution on
transparent samples is necessary, or
near-field ablation is used; or (2) in-
depth analysis with high resolution is
required.

In the first two cases the random
electron that triggers the avalanche
may not exist. In the other two cases,
the photon number is low due to the
limited transport efficiency of the
sub-wavelength aperture or due to
low fluences used to improve the at-
tainable depth resolution.

Shortly after the sample illumina-
tion starts, the surface layer of an in-
sulator has reached an electron den-
sity comparable to that of a metal.
Hence, in the following, only laser–
metal interactions will be discussed.
The fundamental interaction of ultra-
short laser pulses with materials can
be understood directly from a two-
temperature model.5 The radiation
can only heat one component of the
sample: the electrons that are close
to the surface absorb the laser radi-
ation and subsequently thermalize on
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FIG. 6. An overview of the time scales for the laser–solids interaction.

a time-scale of 10–13 s.52,53 The elec-
tron equilibrium temperature is be-
tween 1 and 100 eV.52 The ions, on
the other hand, remain at room tem-
perature.

The hot electrons transfer their en-
ergy to the lattice via electron–pho-
non interactions (thermal melt-
ing).46,55 The lattice melts within a
few picoseconds after the laser irra-
diation starts and the ablation takes
place. Here, it is speculated that ho-
mogenous melting (phase explosion)
sometimes takes place. However, it
appears that most effects can be ex-
plained by surface evaporation.5,6,48 It
is this rapid removal of material
which basically results in a confine-
ment of the delivered energy to the
region that is removed. The heat load
to the surrounding material, which
results in fractionation, phase-
boundary distortion, and other col-
lateral damage, is thereby mini-
mized.

The thermal scenario dominates
for ns and ps laser ablation; non-
thermal behavior can be achieved in
semiconductor and dielectric sam-
ples with fs lasers. An overview of
the time scales for the laser–solids
interaction is shown in Fig. 6 and
can be found in Rethfeld et al.46 Here
a remarkable difference between the
femtosecond and a pico- or nanosec-
ond laser ablation can be seen: there
is no ablated material above the sur-
face until the end of the femtosecond
laser pulse. This makes the ablation
easier and allows a dense ablated
plasma to be formed with a higher
efficiency than with longer pulses,
which are partly screened by the ab-
lated material.

The different peak power and du-
ration of the laser influences the ab-
lation crater as well. The time scale
of the nanosecond ablation is com-
parable with the heat diffusion times.
Hence, it is accompanied by a tem-
perature wave propagating into the
bulk of the sample. This heating
melts the target near the irradiated
spot. The shock wave propagating
through the melt layer and the abla-
tion-induced reactive force press the
melt out of the crater and initiate
splashing of the liquid material. It

then solidifies, forming a rim around
the ablated area, as seen in Fig. 7b.
On the other hand, femtosecond ab-
lation provides a quick evaporation
of the hot material and prevents or
reduces the formation of the melt
layer. The resulting crater has no re-
solidified melt edge common in the
thermal case. The different crater
shapes have been reported by many
authors, see e.g., Refs. 21, 30, 56,
and 57.

Femtosecond LIBS measurements
are confined to a relatively thin sur-
face layer of the sample because
only 10–100 nm is ablated in each
shot. Such a small ablation depth per
pulse opens the possibility for depth-
profiling and analysis of multi-layer
samples.31,58 An important condition
here is a well-defined flat crater
shape and a minimal formation of
the melt layer in the crater: the melt
layer may decrease the depth reso-
lution due to possible formation of
an alloy consisting of materials cor-
responding to different layers. A

non-flat crater profile leads to simul-
taneous ablation of different depths
in one shot. As already mentioned,
the heat-effected zone is reduced by
femtosecond ablation, which can be
easily seen from the shape of the cra-
ter shown in Fig. 7. This difference
is also important for analytical ap-
plications, especially for calibration
and mapping with good spatial res-
olution.

THE LASER PLASMA

Up to now all experimental evi-
dence shows that the average optical
emission characteristics of the abla-
tion plasma created by a fs laser un-
der atmospheric conditions differ
very little from those of convention-
al LIBS plasmas. Whereas in ns-
pulse-created plasmas the luminance
increases in the first 100 ns after the
laser pulse, the fs-pulse-created plas-
ma ceases after a very short time (t
� 1 ns). This corresponds to the
bremsstrahlung background, which
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FIG. 7. A crater made in a brass sample by ( a) 100 fs laser pulses and ( b) 7 ns laser
pulses in air at atmospheric pressure.

is found to be far lower and of short-
er duration (�5 ns, see Ref. 59) in
the ultra-short pulse case. This effect
is explained by the direct heating of
the expanding plasma by the trailing
part of the ns laser pulse via elec-
tron-neutral, electron-ion brems-
strahlung and photoionization of the
plasma and the ambient gas. How-
ever, the effect only becomes notice-
able for pulse durations in excess of
several picoseconds. This heating
also explains the higher electron
temperature and density, which lead
to the emission of a broad brems-
strahlung spectrum and to the broad-
ening of the spectral lines often ob-
served by the nanosecond laser-in-
duced plasmas but not seen in fs la-
ser-induced plasmas created under
typical LIBS conditions.9

Clear differences are found be-
tween the hydrodynamic expansion
of femtosecond and nanosecond la-
ser-generated plasma.21,60–62 At early
times, the expansion of the fs-laser-
produced plasma is much stronger in
the direction normal to the surface
relative to the perpendicular. Consid-
ering the pressure confinement due
to strong overheating in the laser im-
pact zone, the one-dimensional ex-
pansion is understandable. At later
times the expansion is approximated
by a blast wave and assuming adia-
batic expansion, the plasma radius R
is proportional to the cube root of the
absorbed laser energy. In compari-
son to laser plumes produced by ns
laser pulses, this relation holds well
over a wide range of parameters,

which is understandable if the time
scale of energy deliverance to the
sample (�1 ps) is compared to the
plasma expansion regime (�1 �s).

Gas breakdown is characterized
by the breakdown threshold, which
is the irradiance (W cm–2) or electric
field, at which breakdown occurs.
Theory and experiments show that
the irradiance for the breakdown
threshold is proportional to �p

–1/2, i.e.,
it is higher for femtosecond laser ra-
diation than for nanosecond laser ra-
diation.36,63 Hence, breakdown in a
gaseous environment is less probable
for fs lasers than for ps or ns lasers
of the same power. But on the other
hand, the power of fs lasers is nor-
mally several orders of magnitude
higher and this higher threshold can
be easily overcome.

If the laser field intensity in the
ambient atmosphere is high enough,
optical breakdown may take place. If
so, a considerable part of the laser
energy is expended on the ionization
and is absorbed by the plasma that is
formed. This unwelcome effect also
leads to the appearance of spectral
lines due to species that compose the
ambient gas. It was demonstrated by
Rohwetter et al.42 that LIBS spectra
of metallic samples measured in air
with a picosecond laser contain ox-
ygen and nitrogen spectral lines,
which are not observed with a fem-
tosecond laser. However, as already
mentioned, in some cases the optical
breakdown can be favorably used for
spectroscopic applications, as in self-
focusing for remote LIBS. Self-fo-

cusing is the formation of a self-in-
duced waveguide in the atmospheric
air.15,16 It enables one to deliver a
high-intensity laser beam at a dis-
tance of a hundred meters or more
for remote LIBS.20,41

CONCLUSION

Current achievements in femto-
second LIBS, which is a new, prom-
ising tool for surface diagnostics,
have been reviewed. Information
gathered up to now shows that a real
breakthrough in terms of better LOD
cannot be expected. However, in
some cases precision and accuracy
are improved because the onset of
ablation is basically self-triggered
due to multiphoton absorption. Ad-
ditionally, melting, as a source of
possible fractionation effects, is sig-
nificantly reduced. Indeed, induc-
tively coupled plasma mass spec-
trometry (ICP-MS) measurements,
which are hampered by similar prob-
lems, demonstrate fewer matrix ef-
fects by the use of femtosecond in-
stead of nanosecond ablation. Hope-
fully this result can be transferred to
LIBS as well.

As with nanosecond laser LIBS,
the quality and dynamics of fs-LIBS
spectra depend on many factors such
as spectrometer gating, surrounding
gas pressure, position of the laser fo-
cus, and other factors. The optimal
experimental parameters for various
fs-LIBS implementations have not
yet been found; thus, there is a large
need for methodical experimental
optimization. However, based on the
underlying physics, new fields of ap-
plication for LIBS have been iden-
tified and discussed. Compared to
conventional LIBS, these applica-
tions of femtosecond lasers have the
following features:

● higher laser peak power combined
with minimized energy dissipation
in the sample results in lower ab-
lation thresholds (J cm–2)

● more effective ablation due to en-
ergy confinement

● less sample heating and damage
● fewer matrix effects in the abla-

tion process
● well-defined crater shape
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● higher shot-to-shot stability
● beam filamentation for remote

LIBS
● better spatial resolution for sur-

face mapping

These applications are based on the
more precise control of the delivered
energy due to energy confinement
and the short interaction time of the
removed and retained material. The
goal would be gathering topochemi-
cal information with high resolution
or the analysis of fragile material
such as biological samples, explo-
sives, and brittle materials (e.g.,
powders). The spatial resolution of
the method can be further improved
by combining the fs-LIBS with near-
field ablation techniques.

Another possible unexplored start-
ing point for new applications of ul-
tra-short laser pulses is, paradoxical-
ly, the possibility of lengthening the
pulse duration in order to take ad-
vantage of a broad spectral range.
Dual-pulse experiments, the effect of
up- or down-chirping, or recent ex-
periments—not directly related to
LIBS—with temporal pulse shaping
all indicate that the control of energy
flux may improve ablation or open
up new directions.

A further decrease of the laser
pulse duration seems to be unlikely
because attosecond pulses cannot be
generated in visible light. Indeed, a
physical limit of a few field cycles
has already been reached in the IR
and visible parts of the spectrum. A
shorter pulse is possible only in the
XUV or in the X-ray range. This is
problematic from the technical point
of view.

Femtosecond LIBS is a new ana-
lytical method based on femtosecond
laser techniques. The physical pro-
cesses of the femtosecond ablation
and plasma formation are not com-
pletely understood. Effective opti-
mization of the LIBS instrumenta-
tion and parameters is hardly possi-
ble without a detailed understanding
of this underlying physics. This is a
nice example of direct application of
frontier physics in industry because
the solution of many industrial and
analytical tasks can be improved by
introducing fs-LIBS as documented
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