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1. Introduction

Ultrashort laser pulses are considered to be pulses of electromagnetic radiation whose
duration is shorter than the thermal vibration period of molecules, around tens of picoseconds
(1012s). Pulses with durations of a few picoseconds were already produced in the 1960’s
(DiDomenico et al., 1966), shortly after the laser invention, using the mode-locking technique
(Hargrove et al., 1964; Haus, 2000). In the next decade, refinements on this pulse generation
scheme, and the use of bulky dye lasers with large emission bandwidths, shortened the pulses
to the hundreds of femtoseconds (10-15 s) timescale (Diels et al., 1978; Shank & Ippen, 1974). In
the 1980’s, pulses with durations below 10 femtoseconds were generated from dye lasers (Fork
et al.,, 1987; Knox et al., 1985), however the applications had to wait for the Ti:Sapphire Kerr-
Lens mode-locked laser (Brabec et al, 1992; Spence et al, 1991) and the Chirped Pulse
Amplification (CPA) technique (Strickland & Mourou, 1985) to really spread out. The large
Kerr effect and broad emission bandwidth available in the Ti:Sapphire (Moulton, 1986), and
the diode pumped solid state lasers (Keller, 1994; Keller, 2010; Scheps, 2002) that became
available around this time, greatly simplified the setup needed to generate ultrashort pulses,
and promptly replaced the dye lasers for this purpose. Finally, the invention of the CPA
technique in 1985, allowed the generation of high intensity ultrashort pulses in all-solid state
laser systems, and disseminated these laser systems due to its simplicity of operation when
compared to the preceding systems, stability and relatively low cost. The CPA technique (Diels
& Rudolph, 2006; Maine et al., 1988; Mourou et al., 1998) consists in generating ultrashort
pulses with nanojoules of energy in a main oscillator laser, then temporally stretching these
pulses by chirping its frequency (dispersion control) (Rulliere, 1998) to decrease its power and
intensity, allowing its amplification up to more than a million times without damaging the
amplification chain components; after the amplification, the pulses are compressed to
durations close to their original ones and directed to the applications. When the CPA
technique became prominent, the pulses stretching and compression were mainly done with
diffraction gratings (Fork et al., 1984; Martinez, 1987a; Martinez, 1987b; Treacy, 1969), although
nowadays other techniques are disseminated, such as the use of Chirped Mirrors (Nisoli et al.,
1997; Szipocs et al., 1994), fiber stretchers (Zhou et al., 2005) and prisms and grisms
compressors (Chauhan et al., 2010).

As the years went by, scientific and technological developments led to the dissemination of
ultrashort pulses systems based in other mode-locking schemes such as SESAMs
(Semiconductor Saturable Absorber Mirrors) (Keller, 2010) and gain media including
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chromium, ytterbium and neodymium doped crystals (Diels & Rudolph, 2006), neodymium
doped glasses (Badziak et al., 1997), erbium doped fibers (Krauss et al., 2010), Optical
Parametric CPAs (OPCPA) (Dubietis et al,, 2006) and picosecond semiconductor lasers
(Koda et al., 2010). The availability of systems with varying characteristics in many
universities and research laboratories resulted in numerous ultrashort laser pulses
applications in many areas. The great variety of ultrashort pulses laser systems available
nowadays, both commercially and under development in laboratories around the world, is
capable of generating pulses with durations in the range from a few femtoseconds to
hundreds of femtoseconds, and picoseconds for the semiconductor lasers, wavelengths
ranging from the ultraviolet spectrum (Reiter et al., 2010) up to 1.5 pm, energies extending
from nanojoules to thousands of Joules (Stoeckl et al.,, 2006), terawatt peak powers in
repetition rates up to few kilohertz (Bagnoud & Salin, 2000), and reaching tens of MHz at
lower powers (Malinowski et al., 2004; Naumov et al.,, 2005). Powers over one petawatt
(1015 W) are generated in national laboratories (Chambaret et al., 2007; Gaul et al., 2010;
Habara et al., 2010; Musgrave et al., 2007; Perry & Mourou, 1994; Tajima & Mourou, 2002),
and intensities up to 1022 W/cm? (Bahk et al., 2005) were obtained.

Laser oscillators cannot generate pulses shorter than a few femtoseconds due to the
wavelengths and bandwidths necessary for this, in the ultraviolet spectrum. Nevertheless,
the use of High Harmonic Generation techniques allow the creation of pulses down to a few
hundreds of attoseconds (1018 s) (Sansone et al., 2006).

The applications of ultrashort laser pulses derive mainly from two characteristics of such
pulses: firstly, their very short duration, which can be used to induce and measure ultrafast
phenomena with temporal resolution of femtoseconds (and more recently with hundreds of
attoseconds), besides minimizing heat transfer to the target. Secondly, the huge electric and
magnetic fields associated to the pulses that can surpass the ones that bind electrons to
atoms, resulting in large ionizations that lead to material modifications; the free electrons
generated can also be accelerated by the electromagnetic field to high energies, even into the
relativistic regime.

The following sections will explore ultrashort laser pulses applications, roughly going from
lower to higher energy (power, intensity) ones. Not all applications will be covered due to
space limitations, and references will be given for those wanting a deeper understanding on
the various subjects.

2. Time resolved measurements

To measure an event, a faster phenomenon is needed, and the extremely short duration of
ultrashort pulses make them ideal for measuring processes that occur in the picosecond and
femtosecond time scales. Moreover, ultrashort pulses can be used to induce a series of fast
phenomena in various kinds of samples with the advantage of shortening the transient
behavior resulting from the optical excitation, so the consequences of this perturbation are
free to develop in time. The shorter the pulse, the faster the transient behavior vanishes and
the excitation evolution can be measured. Ultrashort pulses also have the benefit of minimal
heat transfer to the sample, not exciting vibrational modes that can introduce noise or even
mask the signal under measurement. The sample can be a dielectric material, whose
absorption coefficient is changed due to saturation of this absorption, a semiconductor in
which the charge carriers created in the conduction band by the ultrashort pulse change the
material properties (Yariv & Yeh, 2007), a metal whose magnetic characteristics are altered
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by the ultrashort pulse (Beaurepaire et al., 1996), or even an atom that has its electronic
properties modified by the light absorption (Drescher et al., 2002). Electronic process in
biological molecules can also be stimulated (Li et al., 2010; Schreier et al., 2007).

When a pulse can be used to induce a phenomenon and to measure its temporal evolution, a
pump-probe technique should be used. In this technique (Diels & Rudolph, 2006; Rulliéere,
1998) two replicas of an ultrashort pulse are created using a beam splitter, one with most of
the original pulse energy (pump pulse), and the other one with a only small fraction of that
energy (probe pulse), as represented on Fig. 1. Both pulses are focused upon the sample
under study overlapping spatially at the focus, and one of the pulses (usually the pump)
goes first through a delay line, in which a relative delay, At, can be adjusted between the
pump and the probe pulses. At t =0 the pump pulse excites the sample, and at the time ¢ =
At the weaker pulse goes through the sample and has one or few of its characteristics
(intensity, polarization, phase, temporal duration) modified, probing the excitation.
Repeating the measurement varying the delay (Af) from negative to positive values,
determines the temporal dynamics of the excitation.

delay line pump pulse detector
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probe pulse

Fig. 1. Scheme of a pump-probe experiment

As an example, consider a two-level sample and the transmitted intensity given by the Beer
law (Koechner, 2006; Rulliére, 1998):

I(w,At) = Iy (w)exp| o (@)n(At)] ] (1)

in which Iy and I are the incident and transmitted intensities, respectively, o(w) is the
absorption cross section at frequency o, [ is the sample length, and n(At) is the ground level
population density. An intense resonant pump pulse at ¢t = 0 strongly promotes electrons to the
upper level, decreasing the ground level population density n(t = 0). If the weaker probe pulse
hits the sample at this time Af = 0, the sample transmittance I/l will be larger than its nominal
value, meaning that the absorption coefficient cn has decreased. As the transmittance
measurements are repeated at increasing At values, the electrons return to the ground level,
and consequently the sample absorption increases. Plotting the transmittance values
dependence on At leads to the determination of the upper level lifetime. This technique is used
when the lifetimes involved are shorter than tens or hundreds of picoseconds, to which solid
state detectors do not respond and have low sensitivity. Moreover, the pump or the probe
pulse can go through a medium that generates the second or third harmonic, or even a
supercontinuum before impinging on the sample, and in this case the effect measured reveals
the influence of a frequency on another, providing data to understand its mechanism.

Variations of the technique described can be used to determine the temporal dynamics of
many processes in the femtosecond to picosecond time scale. Femtosecond pulses are
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known to induce electron heating in metals, and their relaxation, which occurs around 1 ps,
can be measured by monitoring the metal reflectivity (Eesley, 1983; Schoenlein et al., 1987)
and transmittance temporal evolutions in thin films (Sun et al., 1994). Variations of this
technique enable the determination of the characteristic times of the microscopic interactions
controlling basic metallic properties like electron transport and superconductivity (Brorson
et al., 1990).

Many ultrafast phenomena occur in semiconductors (Rossi & Kuhn, 2002), mainly from the
creation of charge carriers in the conduction and valence bands, either by single or
multiphotonic absorption of ultrashort pulses (Yariv, 1989). The semiconductor is brought to
states far from the thermodinamical equilibrium, and the dynamics of these states
relaxations or interaction with electromagnetic radiations can be measured by various
pump-probe techniques, with temporal resolutions below 10 fs. Besides transmission and
reflection pump-probes measurements, other ones that investigate the carriers evolution
bound to the bands, even in coherent states (Leo et al., 1991), can be performed (Axt &
Kuhn, 2004).

The dynamics of fast magnetic effects also can be studied using pump-probe techniques. A
possible way to do this is to use a polarized pump pulse to optically perturb the
magnetization vector of a sample in a magnetic field. After the perturbation, the
magnetization precesses in the external field to return to its initial state, modulating the
material optical transmission and reflectivity of a polarized probe pulse, allowing the
reconstruction of the trajectory of the magnetization vector in 3D space (Andrade et al.,
2006; Vomir et al.,, 2005). Ultrafast spin dynamic can also be determined with similar
techniques (Beaurepaire et al., 1996).

In the last decade, the robustness and reliability of ultrashort pulse systems made them
valuable tools to pump probe studies of chemical (Zewail, 2000) and biological ultrafast
phenomena. Pump-probe techniques have been used to investigate protein dynamics (Pal et
al., 2002), intracellular processes such as the dynamics of electrons in photosynthesis
(Brixner et al., 2005), and also in photoinitiated DNA degradation mechanisms (Schreier et
al.,, 2007), demonstrating that ultrafast phenomena are essential to life.

Also in the last years, the availability of attosecond (10-18s) pulses for pump-probe
techniques allowed the observation of electronic processes inside atoms (Drescher et al.,
2002; Mauritsson et al.,, 2010; Uiberacker et al., 2007) with temporal resolution in the
hundreds of attoseconds. This time-scale is comparable to the revolution time of the electron
in the Bohr atom, making possible the experimental investigation of fundamental aspects of
quantum mechanics.

Summing it up, pump-probe techniques can use ultrashort pulses, the fastest events ever
created by man, to measure and determine the evolution of ultrafast processes in many
kinds of materials, molecules or even in internal states of atoms, opening many areas of
research and development that a few decades ago were impenetrable to probing. In this
context, we expect in the near future to witness the use of attoseconds pulses to probe the
dynamics of electrons bound to atoms and investigate fundamental aspects of their
wavefunctions.

3. Ultrashort pulses nonlinear optics

When light, an electromagnetic oscillating field, impinges on matter its electrons are
subjected to the Lorentz force (Jackson, 1999):
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F=e(E+v><B) (2)

where e is the electron charge, E and B the electric and magnetic fields, and v is the electron
velocity. Usually the magnetic force is disregarded because the magnetic field amplitude B
is given by the electric field amplitude divided by the speed of light (E/c), and the speed v is
small. In this approximation, the electron can be considered to oscillate driven solely by the
electric field, and the material response depends on how the electrons trajectories evolve in
time. In metals, the electrons are free to follow the excitation field, absorbing its energy in a
thin superficial layer and re-emitting it, not allowing electrical fields in its interior. If the
electromagnetic field oscillating frequency is above a specific frequency to which the metal
free electrons are unable to follow, called the plasma frequency (Jackson, 1999), the metal
becomes transparent to the radiation. In a dielectric, the electrons are bound to the atoms by
restorative forces, and when an electron is displaced from its equilibrium position by the
electric field, an oscillating dipole momentum p(r,t) is induced, therefore emitting
electromagnetic radiation at its oscillating frequency (Jackson, 1999). The sum of all dipoles
is the material total polarization, P, whose spatial components in the frequency domain
(Butcher & Cotter, 1990; Shen, 1984) can be written as an expansion in powers of the electric
field with coefficients (), called the electrical susceptibilities:

P= 7 (o0)E/(o)

®)
+ 250 (0" 01,0, E (@) E(@2) + 23 (0”501, 03,05 ) Ej (1) Ey (@02 Ey (@3 ) + ...

In expression (3) the right term on the first line represents the linear polarization, given by
the product of the instantaneous electrical field component Ej(cw1) oscillating at the frequency
o1 and the linear susceptibility tensor Xﬁjl)(co';(ol), in which the indices indicate the spatial

coordinates (i,j=x,1,z). In this susceptibility notation, the polarization oscillation
frequency is the one at the left of the semicolon, and it is the sum of the electrical fields
frequencies at the right. These frequencies can be either positive or negative, and in this case
(0,<0), the corresponding electrical field complex conjugate is used (Butcher & Cotter, 1990).
When the exciting field amplitude is small and the electron oscillation is harmonic, the
polarization is proportional to the field and oscillates at its frequency (o'=w;). The arising
effects, such as the refractive index and the absorption, are linear on the field and do not
depend on its intensity (Shen, 1984).

As the light intensity and the electrical field amplitude increase, the electrons oscillations
became anharmonic and higher orders of the expansion have to be added to the total
polarization (Butcher & Cotter, 1990; Shen, 1984), as exemplified by the second and third
orders nonlinear polarizations on the bottom line of expression (3). Each nonlinear
polarization is the product of a nonlinear susceptibility tensor and various exciting fields. As
long as the electrons stay bound to the atoms, this description can be used, and many
nonlinear phenomena arise from the different nonlinear susceptibilities spatial components
and frequencies combinations. As the nonlinear polarizations grow, the total polarization
oscillates in various frequencies simultaneously, and consequently the emission will be the
superposition of monochromatic fields.

Regarding the mechanisms that generate nonlinear optics phenomena, the main ones are
electronic redistribution and molecular reorientation (electronic configurations changes),
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and thermal and electrostriction processes that modify the material density (Boyd, 2008). All
these processes can be described by the formalism presented, but only the phenomena
resulting from electronic redistribution will be discussed here once the other processes are
slow and do not respond to ultrashort pulses.

Ultrashort pulses are prone to generate nonlinear effects due to the high powers and
intensities readily attainable. Even a few nanojoules of energy in a 50 femtoseconds pulse,
straightforwardly generated by ultrafast lasers, produce tens of kilowatts of peak power,
and can be easily focused in a spot with a radius of 20 um, resulting in intensities on the
order of GW/cm?. From the Poynting vector it can be shown (Born & Wolf, 1999) that the
electric field amplitude, E, is related to the intensity, I, by:

E(V/cm)=27.45 %{?mz) @)

where 1y is the refractive index of the medium. Intensities of GW/cm? correspond to electric
fields of about 106 V/cm, which is on the order of 1% of the electric field binding electrons
to molecules, meaning that at these intensities the contribution of the higher order electric
field terms of expression (3) start to be relevant to the polarization. Higher intensities that
increase the nonlinear effects can be obtained from CPA systems, extended cavity lasers and
cavity dump techniques.

The first susceptibility to generate nonlinear effects is the second order one, x@. If one of the
fields is zero, the susceptibility x@(w; 0, ®) describes the Pockels effect (Fowles, 1989), in
which a static (DC) electric field applied to a medium rotates the polarization of a field at the
optical frequency o going through this medium. Choosing adequately the medium length
and the DC field amplitude, it is possible to rotate by 90 degrees the polarization of an
ultrashort pulse at o, and a polarizer placed after the medium will transmit or block the
pulse depending if the DC field is on or off. This arrangement, called a Pockels Cell, is
commonly used as a fast optical switch in ultrashort laser pulse systems.

The second order susceptibility component x@(w; w1, £a,) also describes a class of phenomena,
called sum-frequency generation, in which two photons from different laser beams are mixed to
create a third one (Boyd, 2008). As already explained, when a negative frequency is used, the
complex conjugate corresponding field is used in the polarization expression, so in the
particular case that ; is positive and ; is negative, the second order polarization is:

2 2 —ia, —i *
B = 4 (01 = @3;01,-0y ) Egy(x, e | By (x,1)e ' |
—i(a)l—a)z)t

©)
= Zﬁ) (@1 = @y;01,~0; ) Eg (1, H)Egp (x, t)e

where Eo(r,f) is the electric field temporal and spatial envelope (Jackson, 1999). The negative
frequency -, means that this field carries a phase of n relative to wi, so the polarization
oscillates at the difference frequency, as evidenced in equation (5), and a photon is emitted
with energy 7(wi-a2). The exciting photons are not resonant with the transparent medium,
and virtual electronic levels are involved (Yariv, 1989). Note that when two photons, at
frequencies ®; and ®; interact with a nonzero second order susceptibility, both the
frequencies mi-m; and m;-o; are simultaneously generated, and a negative values means n
added to the phase. An immediate application of sum-frequency generation for ultrashort
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pulses is the Optical Parametric Amplification (OPA) (Yariv & Yeh, 2007), in which a
powerful pump beam at o, transfers energy to two beams at lower frequencies ®; and s,
with @p = w;+ s, where i and s stand for idler and signal, respectively. The susceptibility
describing it is x@(ws; ©;, ®p), determining how the energy moves back and forth between
the three beams, and fine-tuning the phase matching conditions in the gain medium makes
it possible to control the resulting amount of energy at each frequency, so a weak idler beam
can be used to induce energy transfer from the pump to generate a powerful signal beam.
This effect is used to extend ultrashort pulses to wavelengths differing from the main
oscillator one, increasing the wavelength range of ultrashort pulses available for
spectroscopic and other applications (Laenen et al., 1993). The OPA also can be used to
amplify ultrashort pulses into the petawatt regime by the Optical Parametric CPA (OPCPA)
technique (Dubietis et al., 2006). The pump beam and the ultrashort pulse to be amplified
interact in a gain medium, generating an idler one; adjusting the phase matching conditions
the idler beam intensity can be minimized and the signal beam amplified (Cerullo & De
Silvestri, 2003). The gain medium is not resonant with either wp, ®; or ws, so no energy is
absorbed by it, and thermal problems that are known to limit the amplification performance
(Koechner, 2006) are minimized; moreover, with the appropriate parameters selection, the
gain medium bandwidth can be extended to all the gain medium transparency window.

A special case of the sum-frequency generation, called Second Harmonic Generation (SHG)
or frequency doubling, occurs in the degenerate case when w; = @ = » (Boyd, 2008). In this
situation, governed by @ (2w; ®, ), in which only one laser beam is used, the polarization
oscillates at twice the exciting field frequency, emitting light with half of the excitation
wavelength. The SHG can also be understood as the absorption of two photons with energy
ho followed by the emission of a photon with energy 2%, since energy has to be conserved.
Homogeneous media, like gases or glasses, are not capable of SHG. This happens because
the second order nonlinear polarization is P@ = x@E ‘E, and in a homogeneous surrounding,
an inversion of the electrical field must result in an inversion of the polarization:
-P@ = y@)(-E) (-E) = x@E E. This is only possible if y@=0. The SHG signal increases
quadratically with the excitation intensity, and generates ultrashort pulses at new
wavelengths that can be used in experiments such as the pump-probe ones already
mentioned in the previous section.

The SHG can be used to measure the temporal duration of ultrashort pulses by a technique
known as second harmonic autocorrelation. As mentioned in the beginning of section 2, to
measure an event, a faster phenomenon is needed, and since that there are no man-made
events shorter than an ultrashort pulse to measure it, the pulse itself has to be used to
determine its own duration. This is made possible by the use of a Michelson interferometer
(Trager, 2007) and a SHG crystal placed at the crossing of the two beams, as shown in Fig. 2.
The pulse to be measured is split in two copies by the beam splitter (BS), and each copy
travels along a different arm. The mirror M in the delay line can be moved back and forth in
order to control the temporal superposition of the pulse replicas at the SHG crystal, and
when these arrive at the crystal delayed by more than the pulse duration there is no SHG; as
the mirror is moved and the pulses overlap in time, a SHG beam proportional to the time
superposition (autocorrelation signal) is produced at the bisecting angle defined by the two
beams oscillating at ®, once momentum has to be conserved. The autocorrelation signal
reaches its maximum when the delay between the pulses is zero. This technique generates a
symmetrical autocorrelation trace that is proportional to the delay line position, and a slow
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detector can be used to measure the second harmonic signal generated by a train of pulses.
The deconvolution of the autocorrelation signal, taking into account that a displacement of
1 pm corresponds to 3.3 fs, determines the pulse duration (Trebino, 2000).
slow detector
2m
0l

SGH crystal

delay li
elay line

L:/‘\:}M

BS

reference arm
Fig. 2. Second order autocorrelation scheme. The thicker beam originating at the SHG crystal
is the autocorrelation signal.

The second order autocorrelation is the most used technique to determine the duration of
ultrashort pulses, although it presents some problems, such as ambiguities in the pulse
temporal shape and no retrieval of any information about the pulse phase (Trebino, 2000). In
order to overcame these problems and to completely determine the pulse temporal and
spectral shapes and phases without ambiguities, other techniques, such as Frequency
Resolved Optical Gating (FROG) (Kane & Trebino, 1993; Trebino, 2000) and Spectral Phase
Interferometry for Direct Electric-field Reconstruction (SPIDER) (Gallmann et al., 1999) were
created, allowing the measurement of pulses below 5 femtoseconds. Variations of these
methods, in which an ultrashort pulse whose duration is know is used to generate the
second harmonic interacting with a unknown pulse can be easily implemented, and are
called cross-correlation techniques (Trebino, 2000). The deconvolution of the SHG signal
with knowledge of one of the pulses determines the unknown one.

The two photon induced fluorescence is a variation of the SHG technique in which two
photons are absorbed to a resonant level of a molecule, called fluorophore, and a more
energetic photon is emitted (Peticolas et al., 1963). Although the process, differently from the
previous one described, is resonant with two photons, it can also be described by the
1@Q2w; o, ®) of the fluorophore. This effect can be used in a technique called two-photon
scanning microscopy (Denk et al., 1990; Zipfel et al., 2003), in which a fluorophore that is
transparent to the ultrashort pulses, but exhibits two-photon absorption for the same pulses, is
used to image microscopic samples, mainly biological ones (Konig, 2000; Xu et al., 1996). A
strongly focused infrared laser beam is used, and the two-photon fluorescence is confined to
the focus region due to the nonlinear dependence of the emission on the excitation intensity.
The laser beam is scanned across the sample, mapping the fluorophores with 3D high-
resolution (Muller et al., 1998). Besides using naturally occurring fluorophores, molecules can
be engineered to have high values of 3@ (2w; ®, m) (Albota et al., 1998) and to bind to specific
proteins so structures can be imaged unambiguously. The high precision obtained by the
nonlinear effect at the vicinity of the focus spot can also be used to manufacture
microstructures using two-photon polymerization. In this process, instead of using a
fluorophore, a monomer that photopolimerizes under ultraviolet light and is transparent to
the infrared is illuminated by an infrared laser. In this material the laser beam can be focused
in deep regions, and the polymerization is initiated by two-photon absorption in a small
region surrounding the beam focus, enabling the fabrication of three-dimensional structures
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(Cumpston et al., 1999; Maruo et al., 1997). Both the two-photon microscopy and two-photon
polymerization take advantage of the transparency of the medium for the fundamental
wavelength, which allows the laser propagation inside the medium with minimal losses, and
the nonthermal character of the ultrashort pulses interaction, that does not heat the samples,
avoiding thermal effects that can modify the samples properties.

Moving to the third order susceptibility, some phenomena are extensions of the second
order ones, such as the four wave mixing governed by x®)(»; +®,, tm,, ®;) (Triager, 2007), in
which three photons at frequencies ®;, ®, and ®; interact to generate a fourth one.
Depending on the particular frequencies involved several phenomena as Coherent Anti-
Stokes Raman Scattering (CARS) (Zumbusch et al., 1999), Degenerate Four Wave Mixing
(DFWM) (Joo & Albrecht, 1993), Optical Phase Conjugation (Yau et al., 1996), Stimulated
Brillouin Scattering, among others (Yariv & Yeh, 2007), can be generated. In the degenerate
case for a single beam the third harmonic, described by x®(3w; , ®, ®), is generated, and
some applications are extensions of the second order ones (Trédger, 2007).

Another class of phenomena emerge when the effects arising from the third order
susceptibility y®)(m; o, ®, -0) come into play for a single beam. Under these conditions the
third-order polarization is

PO = 1) (0;0,0,-0)Eyj(t)e ™" Ey;(t)e™ [EO j(t)e’i"”J* = 25 (0;0,0,~0)e Eq;()]o(t) (6)
where Io(£) = Eoj(#)-[Eoj()]" is the beam intensity. Expression (6) shows that the polarization
oscillates at the same frequency of the exciting beam and it is proportional to its intensity,
and this implies (Butcher & Cotter, 1990; Shen, 1984) that the total refractive index of the
material, 1, must have a dependence on the pulse intensity according to:

n(r,t) =ny +nyI(r,t) (7)

where 1y is the linear (usual) refractive index of the material, I is the pulse intensity and n; is
the nonlinear refractive index given by n> = a Re[y®)(w; o, ®, -®)], where the constant o
depends on the unit systems considered (Butcher & Cotter, 1990). Inserting equation (7) in
the expression of a plane wave Egexpl[i(knx-ot)] propagating in the x direction results in:

E(r,t) = Ey(t)expli(knyx — wt)]exp[ikn,I(r, t)x] 8)

where k=2n/Ais the plane wave wavenumber. The second exponential represents the
nonlinear effects that can result from the spatial and temporal distributions of the intensity.
Considering a laser beam with a spatial Gaussian intensity distribution (Yariv, 1989)
propagating in the x direction, the intensity reaches its maximum in the optical axis, and
decays exponentially in the plane perpendicular to the propagation, and the spatial profile of
the total refractive index follow this distribution. If 1, is positive, the beam center goes through
a medium with a longer optical path than its borders, similarly to a convergent lens, and the
beam is focused. This effect is known either as Kerr effect or self-focusing (or self-defocusing if
n is negative) (Shen, 1984), and is a self-effect in which the beam characteristics determine its
propagation through a nonlinear medium. The self-focusing effect is used in many ultrashort
lasers as the Kerr-Lens Mode-Locking mechanism (Haus et al., 1992) responsible to decrease
the resonator losses for shorter pulses (Koechner, 2006), providing a robust and stable way to
passively generate the shortest pulses possible directly from laser oscillators.
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Based on the self-focusing effect, a simple technique was devised to measure the value of ny,
and consequently of yG)(®; ®, ®, -®). This technique, called Z-Scan (Sheik-Bahae et al., 1990),
consists in scanning a nonlinear sample across the waist of a focused beam, measuring the
beam transmittance through an iris in the far-field as a function of its position. For a sample
with positive n; self-focusing occurs, and when the sample is before the beam waist the
tighter focusing results in a higher divergence, decreasing the transmittance through the iris;
conversely, when the sample is after the waist, the self focusing reduces the beam
divergence and the transmittance through the iris increases. These effects produce a peak-
valley curve of the transmittance dependence on the sample position, and measuring the
peak-valley signal variation immediately determines the third order nonlinear
susceptibility. The Z-Scan technique quickly became widely used due to its simplicity, good
sensitivity and the capability of measuring the electronic nonlinearities of solid and liquid
materials. Many variations were introduced in the Z-Scan technique in order to increase its
sensitivity (Kershaw, 1995), to resolve the time-scales of the self-focusing process with a
pump-probe measurement (Ma et al., 1991), to measure dispersion of the nonlinearity (Balu
et al, 2004) and to consolidate it as the most used technique to measure odd-orders
nonlinearities (Zhan et al., 2002) in crystals, glasses, polymers and solutions among other
kinds of samples. Alternatively, performing a Z-Scan measurement without the iris with all
the beam energy impinging on a detector, the nonlinear absorption, corresponding to the
imaginary part of y®)(w; ®, ®, -®) is measured (Sheik-Bahae et al., 1990), providing more
information about the electronic processes occurring inside the sample under study.

Taking into account now the temporal aspects of expression (8), consider a temporally
symmetric pulse centered at the temporal origin with a temporal distribution I(#) that can be
expanded around f = 0. The expansion can be written as I(t) = Ip + Bt, with = 0dI(t)/dt, and
its substitution in expression (8) results in:

E(x,t)=E,(t)explik(n, +n,I,)x]exp[—i(o—kn,fx)t] )

As can be seen in the second exponential of expression (9), the pulse carrier frequency is
shifted by knopx, meaning that before the pulse peak, lower frequencies are generated, and
after it higher frequencies are created. This Phenomena is called Self-Phase Modulation
(SPM) (Yariv, 1989) and is responsible for broadening the spectrum inside laser resonators
for the generation of ultrashort pulses (Koechner, 2006). Without SPM the gain media would
not generate enough gain to maintain the bandwidth needed, by Fourier Transform, to
generate ultrashort pulses. In some specially designed resonators it is nowadays possible to
generate octave-spanning spectra that support pulses shorter than 5 fs (Ell et al., 2001), and
these ultra-broadband pulses are used to synthesize optical combs (Holzwarth et al., 2000;
Ye & Cundiff, 2005). These optical combs are frequency synthesizers with uncertainties
bellow 10-15 that are being used as time standards replacing atomic clocks (Takamoto et al.,
2005), and to absolutely measure optical frequencies (Reichert et al., 1999; Udem et al., 2001).
These combs are also used to stabilize the phase between the pulse carrier frequency and its
envelope to a few milirads, corresponding to tens of attoseconds (Telle et al., 1999).

The SPM is also one of the main mechanism, along with wave mixing and harmonics
generation, responsible by the generation of white light supercontinnums (Alfano, 2006) that
can support shorter than 5 fs pulses with energies at the few milijoule level (Bohman et al.,
2010). These supercontinnums extend the ultrashort pulses to new wavelengths, expanding
the range of applications such as pump-probe ones, keeping the ultrafast aspect of the
interaction with matter.
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There are many other nonlinear phenomena acting in the time interval ranging from a few
picoseconds down to the attosecond region, and only a few important ones were described
here. Whole books were written on this subject (Diels & Rudolph, 2006; Hannaford, 2005;
Rulliere, 1998; Trager, 2007) and the reader interested in a deeper understanding is
encouraged to resort to these references.

4. lonization by ultrashort pulses

When the intensity of ultrashort pulses reaching the electrons in a material is high enough to
exceed the electric field binding the electrons, ionization takes place. Depending on the
density of free electrons generated in solid samples, ablation can occur on the material
surface, or other phenomena can happen inside the sample.

Ultrashort pulse laser ablation of solids is due to an electron avalanche induced breakdown
process (Bloembergen, 1974; Du et al., 1994) that occurs when seed electrons are accelerated
in the laser field, exponentially generating free electrons by collisions. The breakdown takes
place when the plasma originated by the avalanche electrons reaches a critical density and
transfers energy to lattice ions, which expand away from the surface after the pulse has
finished. In metals, the seed electrons are always present (conduction band free electrons),
and in dielectrics and semiconductors they are excited from the valence to the conduction
band by the pulse leading edge, either by multiphotonic ionization (Kautek et al., 1996;
Perry et al., 1999) or by tunneling induced by the laser field (Keldysh, 1965; Lenzner et al.,
1998). Although the seed electrons have dissimilar origins in different classes of materials, a
metallization occurs in dielectrics and semiconductors after they are produced, and the
avalanche evolves deterministically in time (Bass & Fradin, 1973; Du et al., 1994; Joglekar et
al.,, 2003) in the same way in all solids, that behave like metals (Gamaly et al., 2002; Nolte et
al., 1997). These mechanisms confer a nonselective characteristic to the ultrashort pulse
ablation, and the intensity ablation threshold of a material, Iy, is the only parameter relevant
to the etching process. The established method (Liu, 1982) to determine the ultrashort pulses
ablation threshold of a given material consists in ablating this material with a TEMyo
Gaussian beam at various intensities, and then measuring each ablation area diameter. From
these data the ablation threshold is determined. A few years ago members of our group
analytically described (Samad & Vieira, 2006) and introduced an alternative simpler method
to measure the ultrashort pulses ablation threshold of solid samples, based in the very
precise definition of the etching region resulting from the nonlinear character of the
ultrashort pulse ablation together with the almost inexistent lateral heat diffusion. The
method consists in moving the sample diagonally across the waist of a focused ultrashort
pulses laser beam, etching the profile shown in Fig. 3 in its surface.

It can be easily shown that the maximum transversal dimension of the etched profile, pmax, is
related to the ablation threshold, Iy, by:

oo =0342 | T0 (10)

th

where Py is the ultrashort pulse power, readily measurable in a laser laboratory. The values
of ablation threshold measured with this technique agree with the ones given by the
traditional method (Freitas et al., 2010; Samad et al., 2008).
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Fig. 3. Ablation profile etched in the surface of a sample by the diagonal scan method. The
laser beam size is indicated by the curves labeled +w(z), and the horizontal and vertical axes
are normalized by the beam confocal parameter zy and beamwaist wo, respectively.

Once the ablation threshold is known, ultrashort pulses can be used in a variety of materials
ranging from transparent dielectrics (Gattass & Mazur, 2008) to metals (Dumitru et al., 2002;
Itoh et al., 2006; Ke et al., 2005; Shirk & Molian, 1998), semiconductors (Nayak et al., 2007) and
polymers (Baudach et al., 2000), to drill holes and to machine the material in a controlled way
to modify its surface (Zoubir et al.,, 2003), create microstructures (Kruger & Kautek, 1999;
Sugioka et al., 2005) and microchannels (Gomez et al., 2005). Due to the nonthermal character
of the ablation, the heat affected zone is minimized, and can be brought to be almost
nonexistent, allowing the use of ultrafast pulses to perform surgeries (Vogel et al., 2005; Vogel
& Venugopalan, 2003) like neuron severing without damaging neighboring living tissues
(Chung et al., 2006) and corneal cutting as high precision scalpels (Juhasz et al., 1999), among
other application in biological samples and tissues (Braun et al., 2008).

At lower intensities than those needed for ablation, the free electrons density does not reach
the value needed to produce the Coulombic explosion, but the localized excess of free
electrons can be enough to promote modifications in the material bulk such as permanent
changes in its refractive index (Davis et al., 1996) and the creation of defects like color centers
(Courrol et al., 2004). We suggest that the defects creation mechanism begins with electrons
being teared out from anions off the structure by multiphotonic or impact ionization, leaving a
neutral atom behind. This neutral atom is no longer held in its position by the surrounding
electric field, so it can be moved from its site by a collision with an electron oscillating in the
laser field, and when this occurs, an electron can be trapped in the potential of the now empty
position, creating a color center (Courrol et al., 2004; Gellermann, 1991). Alternatively,
electrons can be trapped in the UV or valence bands, modifying electronic properties of the
material, and consequently changing its refractive index. These processes and similar ones
happen in glasses (Courrol et al., 2008), crystals (Martynovich et al., 2008; Orlando et al., 2010),
and polymers (Samad et al., 2010), and when these defects are created with spatial control
inside the material, structures such as waveguides (Nolte et al., 2003), diffraction gratings
(Hirao & Miura, 1998) and photonic devices (Florea & Winick, 2003; Minoshima et al., 2001)
can be manufactured by the ultrashort pulses. Once again, all these processes benefit from the
minimized heat generation that preserves the material properties in the surroundings of the
created structures.

5. Plasma, high harmonic generation and attosecond pulses

When ultrashort pulses interact with a material at intensities higher than those needed for
ablation, the excess energy delivered by the pulses accelerates electrons, produce higher
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ionization states and excites the ions to upper energy levels, forming a light emitting plasma
(Gibbon & Forster, 1996) whose properties are essentially controlled by the laser pulse
characteristics.

Ultrashort pulses lasting 30 fs with modest energies under 1 mJ can be easily focused on
sample surfaces to intensities above 1015 W/cm?, generating plasmas whose emission is used
to determine the elements of the sample in a technique called femtosecond Laser Induced
Breakdown Spectroscopy (fs-LIBS) (Le Drogoff et al., 2001). The traditional LIBS technique
(Cremers & Radziemski, 2006) relies on the characteristic light emission of each element,
being used as an analytical tool for qualitative and quantitative analysis of the sample
composition, and is performed with nanosecond pulses that promote ablation through
thermal processes and then excite the ejected atoms by multiphotonic absorption. The
thermal character of the ablation creates a dependence of the LIBS signal on the type of
material under study, demanding the determination of many calibration curves. In fs-LIBS
the nonselective character of the ultrashort pulses ablation makes the technique almost
insensitive to the material under study, so less calibration curves must be created, and
almost any solid material can be studied, including biological (Baudelet et al., 2006; Samek
et al., 2006; Santos et al., 2008) and archeological samples, and works of art in order to
determine the materials used by their artists (Svanberg, 2008). Because the plasma is formed
by focused optical radiation, LIBS can also be used to interrogate samples remotely by
stand-off analysis.

The plasma formation capability of ultrashort pulses can also be used in conjunction with
LIDAR systems (Weitkamp, 2005) to investigate the atmosphere composition. For this,
terawatt pulses are sent into the atmosphere with negative dispersion, and are compressed
by the atmosphere positive dispersion until self-focusing occurs, leading to an abrupt
intensity increase that leads to breakdown and plasma formation. The plasma introduces a
defocusing effect that, under the right conditions, balance the self-focusing, channeling the
plasma into filaments that can propagate through hundreds of meters (Kasparian et al.,
2003), placing an intense light source in the sky. The plasma emission is collected by a
ground based telescope, providing information about the atmospheric composition and
transmittance. More recently, this plasma formation processes have been under study to
induce water condensation in the atmosphere as a rain starting mechanism (Rohwetter et al.,
2010), and to control lightning (Kasparian et al., 2010).

When plasmas are generated in gases at low pressures, the ionized electrons can be
accelerated to high energies before colliding with ions. This mechanism is known as three-
step model, in which the ultrashort pulse initially ionizes an atom by either tunneling or
multiphotonic absorption (Kautek et al., 1996; Keldysh, 1965; Miyazaki & Takada, 1995),
then the electron is accelerated away by the oscillating electric field that brings it back to
collide with the ion, emitting x-rays as its kinetic energy is converted to electromagnetic
radiation (Daido, 2002). Depending on the experimental details the x-rays generated can be
generated in a coherent way, originating a beam with laser characteristics. These x-rays obey
selection rules that determine the wavelengths generated, that can be understood as high
harmonics of the fundamental ultrashort pulse (L'Huillier & Balcou, 1993; Lewenstein et al.,
1994). Among other applications, these x-ray pulses can be used for high resolution imaging
(Chao et al., 2005) in the water window (Chang et al., 1997; Gibson et al., 2003; Spielmann et
al., 1997) of biological systems, and also of biomolecules and proteins (Neutze et al., 2000).
Assuming a pulse with a Gaussian temporal profile without generality loss, and referring to
equation (3), it can be seen that when an harmonic is generated by the n-order polarization,
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the harmonic pulse is shortened by a factor n" (Shen, 1984). If the harmonic order is
sufficiently high, the harmonic pulse can be generated with durations below a hundred
attoseconds (Krausz & Ivanov, 2009; Tang & Chen, 2010) in the x-ray spectral region. This is
the timescale of the electrons movements in atomic and molecular orbitals (Corkum &
Krausz, 2007), and these pulses can be used in pump-probe experiments to directly observe
electron tunneling in the dynamics of ionization (Kling & Vrakking, 2008; Uiberacker et al.,
2007) and to control ionization processes (Johnsson et al., 2007). To deal with pulses in the
attosecond time scale, new experimental tools and techniques are being developed to
control and measure these pulses, like x-ray photoemission, cross correlation of light and x-
rays (Hentschel et al., 2001). Today is possible to obtain information on the amplitude and
phase of electronic wavefunctions using attosecond pulses.

6. Relativistic optics and high field science

When intensities on the order of 1018 W/cm? are reached and the corresponding electric
field, given by expression (4), is an order of magnitude greater than the electric field in the
Bohr atom, relativistic nonlinear effects start to come into play. At these intensities, the
electron quivering motion on an ultrashort pulse reaches relativistic velocities, and the
magnetic term on the Lorentz force, equation (2), has to be taken into account since v/c
approaches the unity and the magnetic force is comparable to the electric one. In this
situation the magnetic force pushes the electron in the forward direction, along with the
Poynting vector. A direct consequence of this is wakefield generation, a relativistic optical
rectification, in which the longitudinal field effects could be as large as the transverse ones
(Umstadter et al., 1996). The electrons accelerated in this configuration are originated from a
plasma, and create a strong static field that pull the ions left behind, accelerating them.
Protons can be accelerated to energies over a GeV, in what are being called laser driven
particle accelerators (Bulanov et al., 2010; Maksimchuk et al., 2000).

At these high intensities, relativistic phenomena analogous to nonlinear ones appear, as
relativistic focusing in which the focusing is due to the relativistic electron mass increase
(Monot et al., 1995), relativistic transparency, nonlinear modulation and multiple harmonic
generation, and strong coupling to matter and other fields also take place (Mourou et al.,
2006).

At very high intensities the light pressure can be used to inertially confine targets that will
reach densities and temperatures high enough to obtain fast ignition in a laser driven atomic
fusion process (Moses et al., 2009). The densities and temperatures expected are almost an
order of magnitude higher than those at the center of the sun, allowing the accomplishment
of experimental astrophysics.

Nowadays, many laboratories are working to increase the power generated by ultrashort
lasers, and ways to focus it to ultimately reach intensities close to 102 W/cm?, the
Schwinger limit (Bulanov et al., 2003; Schwinger, 1951), at which electron positron pairs can
be created directly from the quantum vacuum as a consequence of its polarization by the
electromagnetic field.

7. Conclusions

Applications of ultrashort pulses were presented and discussed here. Some basic optical
mechanisms that permeate many applications were outlined to create a basis for the reader
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to expand his knowledge on the field of ultrashort pulses. Although the discussions of the
many applications are far from complete once almost each topic presented here can be
expanded to fill a complete book, updated references in the form of books, reviews and
cornerstone papers were given, and the reader is encouraged to read them to obtain a
deeper comprehension on the subjacent mechanisms and resulting phenomena.

8. References

Albota, M.; Beljonne, D.; Bredas, J. L.; Ehrlich, J. E.; Fu, J. Y.; Heikal, A. A; Hess, S. E.; Kogej,
T.; Levin, M. D.; Marder, S. R.; McCord-Maughon, D.; Perry, J. W.; Rockel, H.;
Rumi, M.; Subramaniam, C.; Webb, W. W.; Wu, X. L. & Xu, C. (1998). Design of
organic molecules with large two-photon absorption cross sections. Science, 281,
5383, 1653-1656, ISSN: 0036-8075

Alfano, R. R. (2006). The supercontinuum laser source : fundamentals with updated references,
Springer, ISBN: 0387245049 (acid-free paper), New York

Andrade, L. H. F.; Laraoui, A.; Vomir, M.; Muller, D.; Stoquert, J. P.; Estournes, C.;
Beaurepaire, E. & Bigot, J. Y. (2006). Damped precession of the magnetization
vector of superparamagnetic nanoparticles excited by femtosecond optical pulses.
Phys. Rev. Lett., 97, 12, 127401, ISSN: 0031-9007

Axt, V. M. & Kuhn, T. (2004). Femtosecond spectroscopy in semiconductors: a key to
coherences, correlations and quantum kinetics. Rep. Prog. Phys., 67, 4, 433-512, ISSN:
0034-4885

Badziak, J.; Chizhov, S. A.; Kozlov, A. A.; Makowski, J.; Paduch, M.; Tomaszewski, K.;
Vankov, A. B. & Yashin, V. E. (1997). Picosecond, terawatt, all-Nd:glass CPA laser
system. Opt. Commun., 134, 1-6, 495-502, ISSN: 0030-4018

Bagnoud, V. & Salin, F. (2000). Amplifying laser pulses to the terawatt level at a 1-kilohertz
repetition rate. Appl. Phys. B-Las. Opt., 70, 5165-5170, ISSN: 0946-2171

Bahk, S. W.; Rousseau, P.; Planchon, T. A.; Chvykov, V.; Kalintchenko, G.; Maksimchuk, A.;
Mourou, G. & Yanovsky, V. (2005). Characterization of focal field formed by a large
numerical aperture paraboloidal mirror and generation of ultra-high intensity (1022
W/cm?2). Appl. Phys. B-Las. Opt., 80, 7, 823-832, ISSN: 0946-2171

Balu, M.; Hales, J.; Hagan, D. & Van Stryland, E. (2004). White-light continuum Z-scan
technique for nonlinear materials characterization. Opt. Express, 12, 16, 3820-3826,

Bass, M. & Fradin, D. W. (1973). Surface and Bulk Laser-Damage Statistics and the
Identification of Intrinsic Breakdown Processes. IEEE ]. Quantum Elec., QE 9, 9, 890-
896, ISSN: 0018-9197

Baudach, S.; Bonse, J.; Kruger, J. & Kautek, W. (2000). Ultrashort pulse laser ablation of
polycarbonate and polymethylmethacrylate. Appl. Surf. Sci., 154, 555-560, ISSN:
0169-4332

Baudelet, M.; Guyon, L.; Yu, J; Wolf, J. P.; Amodeo, T.; Frejafon, E. & Laloi, P. (2006).
Femtosecond time-resolved laser-induced breakdown spectroscopy for detection
and identification of bacteria: A comparison to the nanosecond regime. J. Appl.
Phys., 99, 8, ISSN: 0021-8979

Beaurepaire, E.; Merle, J. C.; Daunois, A. & Bigot, J. Y. (1996). Ultrafast spin dynamics in
ferromagnetic nickel. Phys. Rev. Lett., 76, 22, 4250-4253, ISSN: 0031-9007



678 Coherence and Ultrashort Pulse Laser Emission

Bloembergen, N. (1974). Laser-Induced Electric Breakdown in Solids. IEEE |. Quantum Elec.,
QE10, 3, 375-386, ISSN: 0018-9197

Bohman, S.; Suda, A.; Kanai, T.; Yamaguchi, S. & Midorikawa, K. (2010). Generation of 5.0
fs, 5.0 m] pulses at 1 kHz using hollow-fiber pulse compression. Opt. Lett., 35, 11,
1887-1889, ISSN: 0146-9592

Born, M. & Wolf, E. (1999). Principles of optics : electromagnetic theory of propagation, interference
and diffraction of light, Cambridge University Press, ISBN: 0-521-642221 (hardback),
Cambridge [England] ; New York

Boyd, R. W. (2008). Nonlinear optics, Academic Press, ISBN: 9780123694706, Amsterdam ;
Boston

Brabec, T.; Spielmann, C.; Curley, P. F. & Krausz, F. (1992). Kerr lens mode locking. Opt.
Lett., 17,18, 1292-1294,

Braun, M.; Gilch, P. & Zinth, W. (2008). Ultrashort laser pulses in biology and medicine,
Springer, ISBN: 9783540735656 (alk. paper) 3540735658 (alk. paper), Berlin ; New
York

Brixner, T.; Stenger, J.; Vaswani, H. M.; Cho, M.; Blankenship, R. E. & Fleming, G. R. (2005).
Two-dimensional spectroscopy of electronic couplings in photosynthesis. Nature,
434, 7033, 625-628, ISSN: 0028-0836

Brorson, S. D.; Kazeroonian, A.; Moodera, J. S.; Face, D. W.; Cheng, T. K; Ippen, E. P.;
Dresselhaus, M. S. & Dresselhaus, G. (1990). Femtosecond room-temperature
measurement of the electron-phonon coupling constant gamma in metallic
superconductors. Phys. Rev. Lett., 64, 18, 2172, ISSN: 0031-9007

Bulanov, S. S.; Bychenkov, V. Y. Chvykov, V.; Kalinchenko, G.; Litzenberg, D. W.;
Matsuoka, T.; Thomas, A. G. R.; Willingale, L.; Yanovsky, V.; Krushelnick, K. &
Maksimchuk, A. (2010). Generation of GeV protons from 1 PW laser interaction
with near critical density targets. Phys. Plasmas, 17, 4, ISSN: 1070-664X

Bulanov, S. V.; Esirkepov, T. & Tajima, T. (2003). Light intensification towards the
Schwinger limit. Phys. Rev. Lett., 91, 8, ISSN: 0031-9007

Butcher, P. N. & Cotter, D. (1990). The elements of nonlinear optics, Cambridge University
Press, ISBN: 0521341833, Cambridge ; New York

Cerullo, G. & De Silvestri, S. (2003). Ultrafast optical parametric amplifiers. Rev. Sci. Instrum.,
74,1, 1-18, ISSN: 0034-6748

Chambaret, J. P.; Canova, F.; Lopez-Martens, R.; Cheriaux, G.; Mourou, G.; Cotel, A.; Le
Blanc, C.; Druon, F.; Georges, P.; Forget, N.; Ple, F.; Pittman, M. & leee (2007). ILE
25PW single laser beamline: the French step for the European Extreme Light Infrastructure
(ELI), Ieee, ISBN: 978-1-4244-3590-6, New York

Chang, Z. H.,; Rundquist, A.; Wang, H. W.; Murnane, M. M. & Kapteyn, H. C. (1997).
Generation of coherent soft X rays at 2.7 nm using high harmonics. Phys. Rev. Lett.,
79, 16, 2967-2970, ISSN: 0031-9007

Chao, W. L.; Harteneck, B. D.; Liddle, J. A.; Anderson, E. H. & Attwood, D. T. (2005). Soft X-
ray microscopy at a spatial resolution better than 15nm. Nature, 435, 7046, 1210-
1213, ISSN: 0028-0836

Chauhan, V.; Bowlan, P.; Cohen, J. & Trebino, R. (2010). Single-diffraction-grating and grism
pulse compressors. J. Opt. Soc. Am. B, 27, 4, 619-624, ISSN: 0740-3224



Ultrashort Laser Pulses Applications 679

Chung, S. H,; Clark, D. A.; Gabel, C. V.; Mazur, E. & Samuel, A. D. T. (2006). The role of the
AFD neuron in C-elegans thermotaxis analyzed using femtosecond laser ablation.
BMC Neurosci., 7, 30, ISSN: 1471-2202

Corkum, P. B. & Krausz, F. (2007). Attosecond science. Nat. Phys., 3, 6, 381-387, ISSN: 1745-
2473

Courrol, L. C.; Messaddeq, Y.; Messaddeq, S. H.; Ribeiro, S. J. L.; Samad, R. E.; de Freitas, A.
Z. & Vieira Jr, N. D. (2008). Production of defects in ZBLAN, ZBLAN:Tm3* and
ZBLAN:Cr3* glasses by ultra-short pulses laser interaction. J. Phys. Chem. Sol., 69, 1,
55-59, ISSN: 0022-3697

Courrol, L. C.; Samad, R. E.; Gomes, L.; Ranieri, I. M.; Baldochi, S. L.; de Freitas, A. Z. &
Vieira, N. D. (2004). Color center production by femtosecond pulse laser irradiation
in LiF crystals. Opt. Expr., 12, 2, 288-293, ISSN: 1094-4087

Cremers, D. A. & Radziemski, L. ]. (2006). Handbook of laser-induced breakdown spectroscopy,
John Wiley, ISBN: 0470092998 (cloth alk. paper), Chichester, England ; Hoboken, NJ

Cumpston, B. H.; Ananthavel, S. P.; Barlow, S.; Dyer, D. L.; Ehrlich, J. E.; Erskine, L. L,;
Heikal, A. A.; Kuebler, S. M,; Lee, 1. Y. S.; McCord-Maughon, D.; Qin, J. Q.; Rockel,
H.; Rumi, M;; Wu, X. L; Marder, S. R. & Perry, ]J. W. (1999). Two-photon
polymerization initiators for three-dimensional optical data storage and
microfabrication. Nature, 398, 6722, 51-54, ISSN: 0028-0836

Daido, H. (2002). Review of soft x-ray laser researches and developments. Rep. Prog. Phys.,
65, 10, 1513-1576, ISSN: 0034-4885

Davis, K. M.; Miura, K.; Sugimoto, N. & Hirao, K. (1996). Writing waveguides in glass with a
femtosecond laser. Opt. Lett., 21, 21, 1729-1731, ISSN: 0146-9592

Denk, W.; Strickler, J. H. & Webb, W. W. (1990). Two-photon laser scanning fluorescence
microscopy. Science, 248, 4951, 73-76, ISSN: 0036-8075

DiDomenico, M.; Geusic, ]J. E.; Marcos, H. M. & Smith, R. G. (1966). Generation of ultrashort
optical pulses by mode lockin the YAIG:Nd laser. Appl. Phys. Lett., 8, 7, 180-183,
ISSN: 0003-6951

Diels, J.-C. & Rudolph, W. (2006). Ultrashort laser pulse phenomena : fundamentals, techniques,
and applications on a femtosecond time scale, Academic Press, ISBN: 9780122154935
(hbk.), Burlington, MA

Diels, J. C.; Van Stryland, E. & Benedict, G. (1978). Generation and measurement of 200
femtosecond optical pulses. Opt. Commun., 25, 1, 93-96, ISSN: 0030-4018

Drescher, M.; Hentschel, M.; Kienberger, R.; Uiberacker, M.; Yakovlev, V.; Scrinzi, A,;
Westerwalbesloh, T.; Kleineberg, U.; Heinzmann, U. & Krausz, F. (2002). Time-
resolved atomic inner-shell spectroscopy. Nature, 419, 6909, 803-807, ISSN: 0028-
0836

Du, D.; Liu, X;; Korn, G.; Squier, ]J. & Mourou, G. (1994). Laser-induced breakdown by
impact ionization in Si0; with pulse widths from 7 ns to 150 fs. Appl. Phys. Lett., 64,
23, 3071-3073, ISSN: 0003-6951

Dubietis, A.; Butkus, R. & Piskarskas, A. P. (2006). Trends in chirped pulse optical
parametric amplification. IEEE |. Sel. Top. Quantum Elec., 12, 2, 163-172, ISSN: 1077-
260X

Dumitru, G.; Romano, V.; Weber, H. P.; Sentis, M. & Marine, W. (2002). Femtosecond
ablation of ultrahard materials. Appl. Phys. A-Mat. Sci. Proc., 74, 6, 729-739,



680 Coherence and Ultrashort Pulse Laser Emission

Eesley, G. L. (1983). Observation of Nonequilibrium Electron Heating in Copper. Phys. Rev.
Lett., 51, 23, 2140-2143, ISSN: 0031-9007

Ell, R.; Morgner, U.; Kartner, F. X,; Fujimoto, J. G.; Ippen, E. P.; Scheuer, V.; Angelow, G.;
Tschudi, T.; Lederer, M. J.; Boiko, A. & Luther-Davies, B. (2001). Generation of 5-fs
pulses and octave-spanning spectra directly from a Ti : sapphire laser. Opt. Lett., 26,
6, 373-375, ISSN: 0146-9592

Florea, C. & Winick, K. A. (2003). Fabrication and characterization of photonic devices
directly written in glass using femtosecond laser pulses. Journal of Lightwave
Technology, 21, 1, 246-253, ISSN: 0733-8724

Fork, R. L.; Cruz, C. H. B,; Becker, P. C. & Shank, C. V. (1987). Compression of optical pulses
to six femtoseconds by using cubic phase compensation. Opt. Lett., 12, 7, 483-485,
ISSN: 0146-9592

Fork, R. L.; Martinez, O. E. & Gordon, J. P. (1984). Negative dispersion using pairs of prisms.
Opt. Lett., 9, 5, 150-152, ISSN: 0146-9592

Fowles, G. R. (1989). Introduction to modern optics, Dover Publications, ISBN: 0486659577,
New York

Freitas, A. Z.; Freschi, L. R.; Samad, R. E.; Zezell, D. M.; Gouw-Soares, S. C. & Vieira, N. D.
(2010). Determination of Ablation threshold for composite resins and amalgam
Irradiated with femtosecond laser pulses. Las. Phys. Lett., 7, 3, 236-241, ISSN: 1612-
202X

Gallmann, L.; Sutter, D. H,; Matuschek, N.; Steinmeyer, G.; Keller, U.; Jaconis, C. &
Walmsley, I. A. (1999). Characterization of sub-6-fs optical pulses with spectral
phase interferometry for direct electric-field reconstruction. Opt. Lett., 24, 18, 1314-
1316, ISSN: 0146-9592

Gamaly, E. G; Rode, A. V.; Luther-Davies, B. & Tikhonchuk, V. T. (2002). Ablation of solids
by femtosecond lasers: Ablation mechanism and ablation thresholds for metals and
dielectrics. Phys. Plasmas, 9, 3, 949-957, ISSN: 1070-664X

Gattass, R. R. & Mazur, E. (2008). Femtosecond laser micromachining in transparent
materials. Nat. Photonics, 2, 4, 219-225, ISSN: 1749-4885

Gaul, E. W.; Martinez, M.,; Blakeney, J.; Jochmann, A.; Ringuette, M.; Hammond, D.; Borger,
T.; Escamilla, R.; Douglas, S.; Henderson, W.; Dyer, G.; Erlandson, A.; Cross, R,;
Caird, J.; Ebbers, C. & Ditmire, T. (2010). Demonstration of a 1.1 petawatt laser
based on a hybrid optical parametric chirped pulse amplification/mixed Nd:glass
amplifier. Appl. Opt., 49, 9, 1676-1681, ISSN: 0003-6935

Gellermann, W. (1991). Color center lasers. J. Phys. Chem. Sol., 52, 1, 249-297, ISSN: 0022-3697

Gibbon, P. & Forster, E. (1996). Short-pulse laser-plasma interactions. Plasma Phys. Control.
Fusion, 38, 6, 769-793, ISSN: 0741-3335

Gibson, E. A.; Paul, A,; Wagner, N.; Tobey, R.; Gaudiosi, D.; Backus, S.; Christov, L. P.;
Aquila, A.; Gullikson, E. M.; Attwood, D. T.; Murnane, M. M. & Kapteyn, H. C.
(2003). Coherent soft x-ray generation in the water window with quasi-phase
matching. Science, 302, 5642, 95-98, ISSN: 0036-8075

Gomez, D.; Tekniker, F.; Goenaga, I; Lizuain, I. & Ozaita, M. (2005). Femtosecond laser
ablation for microfluidics. Optical Engineering, 44, 5, ISSN: 0091-3286

Habara, H.; Xu, G.; Jitsuno, T.; Kodama, R.; Suzuki, K.; Sawai, K.; Kondo, K.; Miyanaga, N.;
Tanaka, K. A.; Mima, K.; Rushford, M. C,; Britten, J. A. & Barty, C. P. J. (2010). Pulse



Ultrashort Laser Pulses Applications 681

compression and beam focusing with segmented diffraction gratings in a high-
power chirped-pulse amplification glass laser system. Opt. Lett., 35, 11, 1783-1785,

Hannaford, P. (2005). Femtosecond laser spectroscopy, Springer, ISBN: 0387232931 (hd. bd.),
New York, NY

Hargrove, L. E.; Fork, R. L. & Pollack, M. A. (1964). Locking of He-Ne Laser Modes Induced
by Synchronous Intracavity Modulation. Appl. Phys. Lett., 5, 1, 4-5, ISSN: 0003-6951

Haus, H. A. (2000). Mode-locking of lasers. IEEE ]. Sel. Top. Quantum Elec., 6, 6, 1173-1185,
ISSN: 1077-260X

Haus, H. A.; Fujimoto, J. G. & Ippen, E. P. (1992). Analytic theory of additive pulse and Kerr
lens mode locking. IEEE J. Quantum Elec., 28, 10, 2086-2096, ISSN: 0018-9197

Hentschel, M.; Kienberger, R.; Spielmann, C.; Reider, G. A, Milosevic, N.; Brabec, T.;
Corkum, P.; Heinzmann, U.; Drescher, M. & Krausz, F. (2001). Attosecond
metrology. Nature, 414, 6863, 509-513, ISSN: 0028-0836

Hirao, K. & Miura, K. (1998). Writing waveguides and gratings in silica and related
materials by a femtosecond laser. . Non-Cryst. Sol., 239, 1-3, 91-95, ISSN: 0022-3093

Holzwarth, R.; Udem, T.; Hansch, T. W.; Knight, J. C.; Wadsworth, W. J. & Russell, P. S. J.
(2000). Optical frequency synthesizer for precision spectroscopy. Phys. Rev. Lett., 85,
11, 2264-2267, ISSN: 0031-9007

Itoh, K,; Watanabe, W.; Nolte, S. & Schaffer, C. B. (2006). Ultrafast processes for bulk
modification of transparent materials. Mrs Bulletin, 31, 8, 620-625, ISSN: 0883-7694

Jackson, J. D. (1999). Classical electrodynamics, Wiley, ISBN: 0-471-30932-X, New York

Joglekar, A. P.; Liu, H.; Spooner, G. J.; Meyhofer, E.; Mourou, G. & Hunt, A. J. (2003). A
study of the deterministic character of optical damage by femtosecond laser pulses
and applications to nanomachining. Appl. Phys. B-Las. Opt., 77, 1, 25-30, ISSN: 0946-
2171

Johnsson, P.; Mauritsson, J.; Remetter, T.; L'Huillier, A. & Schafer, K. J. (2007). Attosecond
control of ionization by wave-packet interference. Phys. Rev. Lett., 99, 23, ISSN:
0031-9007

Joo, T. & Albrecht, A. C. (1993). Electronic dephasing studies of molecules in solution at
room temperature by femtosecond degenerate four wave mixing. Chem. Phys., 176,
1, 233-247, ISSN: 0301-0104

Juhasz, T.; Frieder, H.; Kurtz, R. M.; Horvath, C,; Bille, J. F. & Mourou, G. (1999). Corneal
refractive surgery with femtosecond lasers. IEEE |. Sel. Top. Quantum Elec., 5, 4, 902-
910, ISSN: 1077-260X

Kane, D. J. & Trebino, R. (1993). Characterization of arbitrary femtosecond pulses using
frequency-resolved optical gating. IEEE |. Quantum Elec., 29, 2, 571-579, ISSN: 0018-
9197

Kasparian, J.; Rodriguez, M.; Mejean, G.; Yu, J.; Salmon, E.; Wille, H.; Bourayou, R; Frey, S.;
Andre, Y. B.; Mysyrowicz, A.; Sauerbrey, R.; Wolf, J. P. & Woste, L. (2003). White-
light filaments for atmospheric analysis. Science, 301, 5629, 61-64, ISSN: 0036-8075

Kasparian, J.; Woste, L. & Wolf, ].-P. (2010). Laser-Based Weather Control. Opt. Photon. News,
21,7, 22-27,

Kautek, W.; Kruger, J.; Lenzner, M.; Sartania, S.; Spielmann, C. & Krausz, F. (1996). Laser
ablation of dielectrics with pulse durations between 20 fs and 3 ps. Appl. Phys. Lett.,
69, 21, 3146-3148, ISSN: 0003-6951



682 Coherence and Ultrashort Pulse Laser Emission

Ke, K.; Hasselbrink, E. F. & Hunt, A. J. (2005). Rapidly prototyped three-dimensional
nanofluidic channel networks in glass substrates. Analytical Chemistry, 77, 16, 5083-
5088, ISSN: 0003-2700

Keldysh, L. V. (1965). Ionization in the Field of a Strong Electromagnetic Wave. Sov. Phys.
JETP-USSR, 20, 5, 1307-1314, ISSN: 0038-5646

Keller, U. (1994). Ultrafast all-solid-state laser technology Appl. Phys. B-Las. Opt., 58, 5, 347-
363, ISSN: 0946-2171

Keller, U. (2010). Ultrafast solid-state laser oscillators: a success story for the last 20 years
with no end in sight. Appl. Phys. B-Las. Opt., 100, 1, 15-28, ISSN: 0946-2171

Kershaw, S. V. (1995). Analysis of the EZ Scan Measurement Technique J. Mod. Opt., 42, 7,
1361-1366, ISSN: 0950-0340

Kling, M. F. & Vrakking, M. J. J. (2008). Attosecond electron dynamics. Annu. Rev. Phys.
Chem., 59, 463-492, ISSN: 0066-426X

Knox, W. H.; Fork, R. L.; Downer, M. C.; Stolen, R. H.; Shank, C. V. & Valdmanis, J. A.
(1985). Optical pulse compression to 8 fs at a 5-kHz repetition rate. Appl. Phys. Lett.,
46,12, 1120-1121, ISSN: 0003-6951

Koda, R.; Oki, T.; Miyajima, T.; Watanabe, H.; Kuramoto, M.; Tkeda, M. & Yokoyama, H.
(2010). 100 W peak-power 1 GHz repetition picoseconds optical pulse generation
using blue-violet GaInN diode laser mode-locked oscillator and optical amplifier.
Appl. Phys. Lett., 97, 2, 021101-021103,

Koechner, W. (2006). Solid-state laser engineering, Springer, ISBN: 038729094X, New York

Konig, K. (2000). Multiphoton microscopy in life sciences. ]. Microsc. - Oxford, 200, 83-104,
ISSN: 0022-2720

Krauss, G.; Lohss, S.; Hanke, T.; Sell, A.; Eggert, S.; Huber, R. & Leitenstorfer, A. (2010).
Synthesis of a single cycle of light with compact erbium-doped fibre technology.
Nat. Photonics, 4, 1, 33-36, ISSN: 1749-4885

Krausz, F. & Ivanov, M. (2009). Attosecond physics. Rev. Mod. Phys., 81, 1, 163-234, ISSN:
0034-6861

Kruger, J. & Kautek, W. (1999). The femtosecond pulse laser: a new tool for micromachining.
Las. Phys., 9, 1, 30-40, ISSN: 1054-660X

L'Huillier, A. & Balcou, P. (1993). High-order harmonic generation in rare gases with a 1-ps
1053-nm laser. Phys. Rev. Lett., 70, 6, 774,

Laenen, R;; Wolfrum, K.; Seilmeier, A. & Laubereau, A. (1993). Parametric generation of
femtosecond and picosecond pulses for spectroscopic applications. J. Opt. Soc. Am.
B, 10, 11, 2151-2161,

Le Drogoff, B.; Margot, J.; Chaker, M.; Sabsabi, M.; Barthelemy, O.; Johnston, T. W.; Laville,
S.; Vidal, F. & von Kaenel, Y. (2001). Temporal characterization of femtosecond
laser pulses induced plasma for spectrochemical analysis of aluminum alloys.
Spectrochim. Acta B, 56, 6, 987-1002, ISSN: 0584-8547

Lenzner, M.; Kruger, J.; Sartania, S.; Cheng, Z.; Spielmann, C.; Mourou, G.; Kautek, W. &
Krausz, F. (1998). Femtosecond optical breakdown in dielectrics. Phys. Rev. Lett., 80,
18, 4076-4079, ISSN: 0031-9007

Leo, K,; Shah, ]J.; Gobel, E. O.; Damen, T. C.; Schmittrink, S.; Schafer, W. & Kohler, K. (1991).
Coherent oscillations of a wave packet in a semiconductor double-quantum-well
structure. Phys. Rev. Lett., 66, 2, 201-204, ISSN: 0031-9007



Ultrashort Laser Pulses Applications 683

Lewenstein, M.; Balcou, P.; Ivanov, M. Y.; Lhuillier, A. & Corkum, P. B. (1994). Theory of
high-harmonic generation by low-frequency laser fields. Phys. Rev. A, 49, 3, 2117-
2132, ISSN: 1050-2947

Li, J; Liu, Z; Tan, C; Guo, X,; Wang, L.; Sancar, A. & Zhong, D. (2010). Dynamics and
mechanism of repair of ultraviolet-induced (6-4) photoproduct by photolyase.
Nature, advance online publication, ISSN: 1476-4687

Liu, J. M. (1982). Simple technique for measurements of pulsed Gaussian-beam spot sizes.
Opt. Lett., 7, 5,196-198, ISSN: 0146-9592

Ma, H.; Gomes, A. S. L. & Dearaujo, C. B. (1991). Measurements of nondegenerate optical
nonlinearity using a two-color single beam method. Appl. Phys. Lett., 59, 21, 2666-
2668, ISSN: 0003-6951

Maine, P.; Strickland, D.; Bado, P.; Pessot, M. & Mourou, G. (1988). Generation of ultrahigh
peak power pulses by chirped pulse amplification. IEEE |. Quantum Elec., 24, 2, 398-
403, ISSN: 0018-9197

Maksimchuk, A.; Gu, S; Flippo, K.; Umstadter, D. & Bychenkov, V. Y. (2000). Forward ion
acceleration in thin films driven by a high-intensity laser. Phys. Rev. Lett., 84, 18,
4108-4111, ISSN: 0031-9007

Malinowski, A.; Piper, A,; Price, J. H. V.; Furusawa, K,; Jeong, Y.; Nilsson, J. & Richardson,
D. J. (2004). Ultrashort-pulse Yb3+-fiber-based laser and amplifier system
producing > 25-W average power. Opt. Lett., 29, 17, 2073-2075, ISSN: 0146-9592

Martinez, O. E. (1987a). 3000 times grating compressor with positive group velocity
dispersion: Application to fiber compensation in 1.3-1.6 um region. IEEE ]. Quantum
Elec., 23,1, 59-64, ISSN: 0018-9197

Martinez, O. E. (1987b). Design of high-power ultrashort pulse amplifiers by expansion and
recompression. IEEE |. Quantum Elec., 23, 8, 1385-1387, ISSN: 0018-9197

Martynovich, E. F.; Glazunov, D. S,; Grigorova, A. A,; Starchenko, A. A.; Kirpichnikov, A.
V.; Trunov, V. I; Merzlyakov, M. A, Petrov, V. V. & Pestryakov, E. V. (2008).
Highly nonlinear fundamental mechanisms of excitation and coloring of wide-gap
crystals by intense femtosecond laser pulses. Optics and Spectroscopy, 105, 3, 348-351,
ISSN: 0030-400X

Maruo, S.; Nakamura, O. & Kawata, S. (1997). Three-dimensional microfabrication with two-
photon-absorbed photopolymerization. Opt. Lett., 22, 2, 132-134, ISSN: 0146-9592

Mauritsson, J.; Remetter, T.; Swoboda, M.; Klunder, K.; L'Huillier, A.; Schafer, K. J.; Ghafur,
O.; Kelkensberg, F.; Siu, W.; Johnsson, P.; Vrakking, M. J. J.; Znakovskaya, I,
Uphues, T.; Zherebtsov, S.; Kling, M. F.; Lepine, F.; Benedetti, E.; Ferrari, F.;
Sansone, G. & Nisoli, M. (2010). Attosecond Electron Spectroscopy Using a Novel
Interferometric Pump-Probe Technique. Phys. Rev. Lett., 105, 5, ISSN: 0031-9007

Minoshima, K.; Kowalevicz, A. M.; Hartl, I; Ippen, E. P. & Fujimoto, J. G. (2001). Photonic
device fabrication in glass by use of nonlinear materials processing with a
femtosecond laser oscillator. Opt. Lett., 26, 19, 1516-1518, ISSN: 0146-9592

Miyazaki, K. & Takada, H. (1995). High-order harmonic generation in the tunneling regime.
Phys. Rev. A, 52, 4, 3007,

Monot, P.; Auguste, T.; Gibbon, P.; Jakober, F.; Mainfray, G.; Dulieu, A.; Louis-Jacquet, M.;
Malka, G. & Miquel, J. L. (1995). Experimental Demonstration of Relativistic Self-



684 Coherence and Ultrashort Pulse Laser Emission

Channeling of a Multiterawatt Laser Pulse in an Underdense Plasma. Phys. Rev.
Lett., 74,15, 2953,

Moses, E. I; Boyd, R. N.; Remington, B. A.; Keane, C. J. & Al-Ayat, R. (2009). The National
Ignition Facility: Ushering in a new age for high energy density science. Phys.
Plasmas, 16, 4, ISSN: 1070-664X

Moulton, P. F. (1986). Spectroscopic and laser characteristics of Ti:ALOs. J. Opt. Soc. Am. B, 3,
1, 125-133, ISSN: 0740-3224

Mourou, G. A,; Barty, C. P. J. & Perry, M. D. (1998). Ultrahigh-intensity lasers: Physics of the
extreme on a tabletop. Phys. Today, 51, 1, 22-28, ISSN: 0031-9228

Mourou, G. A.; Tajima, T. & Bulanov, S. V. (2006). Optics in the relativistic regime. Rev. Mod.
Phys., 78, 2, 309-371, ISSN: 0034-6861

Muller, M.; Squier, J.; Wilson, K. R. & Brakenhoff, G. J. (1998). 3D microscopy of transparent
objects using third-harmonic generation. J. Microsc. - Oxford, 191, 266-274, ISSN:
0022-2720

Musgrave, 1. O.; Hernandez-Gomez, C.; Canny, D.; Collier, ]J. & Heathcote, R. (2007).
Minimization of the impact of a broad bandwidth high-gain nonlinear preamplifier
to the amplified spontaneous emission pedestal of the Vulcan petawatt laser
facility. Appl. Opt., 46, 28, 6978-6983,

Naumov, S.; Fernandez, A.; Graf, R; Dombi, P.; Krausz, F. & Apolonski, A. (2005).
Approaching the microjoule frontier with femtosecond laser oscillators. New ].
Phys., 7, ISSN: 1367-2630

Nayak, B. K.; Gupta, M. C. & Kolasinski, K. W. (2007). Spontaneous formation of nanospiked
microstructures in germanium by femtosecond laser irradiation. Nanotechnology, 18,
19, ISSN: 0957-4484

Neutze, R.; Wouts, R.; van der Spoel, D.; Weckert, E. & Hajdu, J. (2000). Potential for
biomolecular imaging with femtosecond X-ray pulses. Nature, 406, 6797, 752-757,
ISSN: 0028-0836

Nisoli, M.; DeSilvestri, S.; Svelto, O.; Szipocs, R.; Ferencz, K.; Spielmann, C.; Sartania, S. &
Krausz, F. (1997). Compression of high-energy laser pulses below 5 fs. Opt. Lett., 22,
8, 522-524, ISSN: 0146-9592

Nolte, S.; Momma, C.; Jacobs, H.; Tunnermann, A.; Chichkov, B. N.; Wellegehausen, B. &
Welling, H. (1997). Ablation of metals by ultrashort laser pulses. J. Opt. Soc. Am. B,
14, 10, 2716-2722, ISSN: 0740-3224

Nolte, S.; Will, M.; Burghoff, J. & Tuennermann, A. (2003). Femtosecond waveguide writing:
a new avenue to three-dimensional integrated optics. Appl. Phys. A-Mat. Sci. Proc.,
77,1,109-111, ISSN: 0947-8396

Orlando, S.; Langford, S. C. & Dickinson, J. T. (2010). Generation of color centers in alkali
halide single crystals using ultrafast laser pulses. J. Optoelectron. Adv. Mater., 12, 3,
707-710, ISSN: 1454-4164

Pal, S. K.; Peon, J.; Bagchi, B. & Zewail, A. H. (2002). Biological water: Femtosecond
dynamics of macromolecular hydration. Journal of Physical Chemistry B, 106, 48,
12376-12395, ISSN: 1520-6106

Perry, M. D. & Mourou, G. (1994). Terawatt to Petawatt Subpicosecond Lasers Science, 264,
5161, 917-924, ISSN: 0036-8075



Ultrashort Laser Pulses Applications 685

Perry, M. D,; Stuart, B. C,; Banks, P. S;; Feit, M. D.; Yanovsky, V. & Rubenchik, A. M. (1999).
Ultrashort-pulse laser machining of dielectric materials. J. Appl. Phys., 85, 9, 6803-
6810, ISSN: 0021-8979

Peticolas, W. L.; Rieckhoff, K. E. & Goldsborough, ]J. P. (1963). Double Photon Excitation in
organic crystals. Phys. Rev. Lett., 10, 2, 43-&, ISSN: 0031-9007

Reichert, J.; Holzwarth, R.; Udem, T. & Hansch, T. W. (1999). Measuring the frequency of
light with mode-locked lasers. Opt. Commun., 172, 1-6, 59-68, ISSN: 0030-4018

Reiter, F.; Graf, U.; Schultze, M.; Schweinberger, W.; Schroder, H.; Karpowicz, N.; Azzeer, A.
M.; Kienberger, R.; Krausz, F. & Goulielmakis, E. (2010). Generation of sub-3 fs
pulses in the deep ultraviolet. Opt. Lett., 35, 13, 2248-2250,

Rohwetter, P.; Kasparian, J.; Stelmaszczyk, K;; Hao, Z. Q.; Henin, S.; Lascoux, N.; Nakaema,
W. M,; Petit, Y.; Queisser, M.; Salame, R.; Salmon, E.; Woste, L. & Wolf, J. P. (2010).
Laser-induced water condensation in air. Nat. Photonics, 4, 7, 451-456, ISSN: 1749-
4885

Rossi, F. & Kuhn, T. (2002). Theory of ultrafast phenomena in photoexcited semiconductors.
Rev. Mod. Phys., 74, 3, 895-950, ISSN: 0034-6861

Rulliere, C. (1998). Femtosecond laser pulses : principles and experiments, Springer, ISBN: 3-540-
63663-3 (acid-free paper), Berlin ; New York

Samad, R. E.; Baldochi, S. L. & Vieira Jr, N. D. (2008). Diagonal scan measurement of
Cr:LiSAF 20 ps ablation threshold. Appl. Opt., 47, 7, 920-924, ISSN: 0003-6935

Samad, R. E.; Courrol, L. C.; Lugdo, A. B.; de Freitas, A. Z. & Vieira Junior, N. D. (2010).
Production of color centers in PMMA by ultrashort laser pulses. Rad. Phys. Chem.,
79, 3, 355-357, ISSN: 0969-806X

Samad, R. E. & Vieira, N. D. (2006). Geometrical method for determining the surface damage
threshold for femtosecond laser pulses. Las. Phys., 16, 2, 336-339, ISSN: 1054-660X

Samek, O.; Lambert, J.; Hergenroder, R.; Liska, M.; Kaiser, J.; Novotny, K. & Kukhlevsky, S.
(2006). Femtosecond laser spectrochemical analysis of plant samples. Las. Phys.
Lett., 3,1, 21-25, ISSN: 1612-2011

Sansone, G.; Benedetti, E.; Calegari, F.; Vozzi, C; Avaldi, L.; Flammini, R,; Poletto, L.;
Villoresi, P.; Altucci, C.; Velotta, R.; Stagira, S.; De Silvestri, S. & Nisoli, M. (2006).
Isolated single-cycle attosecond pulses. Science, 314, 5798, 443-446, ISSN: 0036-8075

Santos, D.; Samad, R. E.; Trevizan, L. C,; de Freitas, A. Z.; Vieira, N. D. & Krug, F. J. (2008).
Evaluation of Femtosecond Laser-Induced Breakdown Spectroscopy for Analysis of
Animal Tissues. Appl. Spectrosc., 62,10, 1137-1143, ISSN: 0003-7028

Scheps, R. (2002). Introduction to laser diode-pumped solid state lasers, SPIE Press, ISBN:
0819442747 (pbk.), Bellingham, Wash.

Schoenlein, R. W.; Lin, W. Z_; Fujimoto, J. G. & Eesley, G. L. (1987). Femtosecond studies of
nonequilibrium electronic processes in metals. Phys. Rev. Lett., 58, 16, 1680-1683,
ISSN: 0031-9007

Schreier, W. J.; Schrader, T. E; Koller, F. O.; Gilch, P.; Crespo-Hernandez, C. E;
Swaminathan, V. N, Carell, T; Zinth, W. & Kohler, B. (2007). Thymine
dimerization in DNA is an ultrafast photoreaction. Science, 315, 5812, 625-629, ISSN:
0036-8075

Schwinger, J. (1951). On Gauge Invariance and Vacuum Polarization. Phys. Rev., 82, 5, 664,



686 Coherence and Ultrashort Pulse Laser Emission

Shank, C. V. & Ippen, E. P. (1974). Subpicosecond kilowatt pulses from a mode-locked cw
dye laser. Appl. Phys. Lett., 24, 8, 373-375, ISSN: 0003-6951

Sheik-Bahae, M.; Said, A. A.; Wei, T. H.; Hagan, D. J. & Van Stryland, E. W. (1990). Sensitive
measurement of optical nonlinearities using a single beam. IEEE ]. Quantum Elec.,
26, 4, 760-769, ISSN: 0018-9197

Shen, Y. R. (1984). The principles of nonlinear optics, ]. Wiley, ISBN: 0471889989, New York

Shirk, M. D. & Molian, P. A. (1998). A review of ultrashort pulsed laser ablation of materials.
Journal of Laser Applications, 10, 1, 18-28, ISSN: 1042-346X

Spence, D. E.; Kean, P. N. & Sibbett, W. (1991). 60-fsec pulse generation from a self-mode-
locked Ti:sapphire laser. Opt. Lett., 16, 1, 42-44, ISSN: 0146-9592

Spielmann, C.; Burnett, N. H.; Sartania, S.; Koppitsch, R.; Schnurer, M.; Kan, C.; Lenzner, M;
Wobrauschek, P. & Krausz, F. (1997). Generation of Coherent X-rays in the Water
Window Using 5-Femtosecond Laser Pulses. Science, 278, 5338, 661-664,

Stoeckl, C.; Delettrez, J. A.; Kelly, J. H.; Kessler, T. J.; Kruschwitz, B. E.; Loucks, S. J.;
McCrory, R. L.; Meyerhofer, D. D.; Maywar, D. N.; Morse, S. F. B.; Myatt, ].; Rigatti,
A. L; Waxer, L. ].; Zuegel, J. D. & Stephens, R. B. (2006). High-energy petawatt
project at the University of Rochester's Laboratory for Laser Energetics. Fusion Sci.
Technol., 49, 3, 367-373, ISSN: 1536-1055

Strickland, D. & Mourou, G. (1985). Compression of amplified chirped optical pulses. Opt.
Commun., 56, 3, 219-221, ISSN: 0030-4018

Sugioka, K.; Cheng, Y. & Midorikawa, K. (2005). Three-dimensional micromachining of
glass using femtosecond laser for lab-on-a-chip device manufacture. Appl. Phys. A-
Mat. Sci. Proc., 81,1, 1-10, ISSN: 0947-8396

Sun, C. K;; Vallee, F.; Acioli, L. H.; Ippen, E. P. & Fujimoto, J. G. (1994). Femtosecond-tunable
measurement of electron thermalization in gold. Phys. Rev. B, 50, 20, 15337-15348,
ISSN: 0163-1829

Svanberg, S. (2008). Laser based diagnostics - From cultural heritage to human health. Appl.
Phys. B-Las. Opt., 92, 3, 351-358, ISSN: 0946-2171

Szipocs, R.; Ferencz, K.; Spielmann, C. & Krausz, F. (1994). Chirped multilayer coatings for
broadband dispersion control in femtosecond lasers. Opt. Lett., 19, 3, 201-203, ISSN:
0146-9592

Tajima, T. & Mourou, G. (2002). Zettawatt-exawatt lasers and their applications in
ultrastrong-field physics. Phys. Rev. Spec. Top.-Ac., 5, 3, ISSN: 1098-4402

Takamoto, M.; Hong, F. L.; Higashi, R. & Katori, H. (2005). An optical lattice clock. Nature,
435, 7040, 321-324, ISSN: 0028-0836

Tang, S. S. & Chen, X. F. (2010). Generation of isolated sub-100-as pulses with 30-fs lasers.
Phys. Rev. A, 82,1, ISSN: 1050-2947

Telle, H. R; Steinmeyer, G.; Dunlop, A. E.; Stenger, ]J.; Sutter, D. H. & Keller, U. (1999).
Carrier-envelope offset phase control: A novel concept for absolute optical
frequency measurement and ultrashort pulse generation. Appl. Phys. B-Las. Opt., 69,
4, 327-332, ISSN: 0946-2171

Tréger, F. (2007). Springer handbook of lasers and optics, Springer, ISBN: 9780387955797, New
York

Treacy, E. B. (1969). Optical Pulse Compression With Diffraction Gratings. IEEE ]. Quantum
Elec., QE 5, 9, 454-458, ISSN: 0018-9197



Ultrashort Laser Pulses Applications 687

Trebino, R. (2000). Frequency-resolved optical gating : the measurement of ultrashort laser pulses,
Kluwer Academic, ISBN: 1402070667 (alk. paper), Boston

Udem, T.; Diddams, S. A,; Vogel, K. R.; Oates, C. W.; Curtis, E. A.; Lee, W. D,; Itano, W. M.;
Drullinger, R. E.; Bergquist, ]. C. & Hollberg, L. (2001). Absolute frequency
measurements of the Hg+ and Ca optical clock transitions with a femtosecond
laser. Phys. Rev. Lett., 86, 22, 4996-4999, ISSN: 0031-9007

Uiberacker, M.; Uphues, T.; Schultze, M.; Verhoef, A. ]J; Yakovlev, V.; Kling, M. F,;
Rauschenberger, ].; Kabachnik, N. M.; Schroder, H.; Lezius, M.; Kompa, K. L.;
Muller, H. G.; Vrakking, M. ]J. J.; Hendel, S.; Kleineberg, U.; Heinzmann, U.;
Drescher, M. & Krausz, F. (2007). Attosecond real-time observation of electron
tunnelling in atoms. Nature, 446, 7136, 627-632,

Umstadter, D.; Chen, S. Y.; Maksimchuk, A.; Mourou, G. & Wagner, R. (1996). Nonlinear
optics in relativistic plasmas and laser wake field acceleration of electrons. Science,
273, 5274, 472-475, ISSN: 0036-8075

Vogel, A.; Noack, J.; Huttman, G. & Paltauf, G. (2005). Mechanisms of femtosecond laser
nanosurgery of cells and tissues. Appl. Phys. B-Las. Opt., 81, 8, 1015-1047, ISSN:
0946-2171

Vogel, A. & Venugopalan, V. (2003). Mechanisms of pulsed laser ablation of biological
tissues. Chem. Rev., 103, 2, 577-644, ISSN: 0009-2665

Vomir, M.; Andrade, L. H. F.; Guidoni, L.; Beaurepaire, E. & Bigot, J. Y. (2005). Real space
trajectory of the ultrafast magnetization dynamics in ferromagnetic metals. Phys.
Rev. Lett., 94, 23, 237601, ISSN: 0031-9007

Weitkamp, C. (2005). Lidar : range-resolved optical remote sensing of the atmosphere, Springer
Science+Business Media, ISBN: 0387400753 (acid-free paper), New York

Xu, C,; Zipfel, W.; Shear, J. B, Williams, R. M. & Webb, W. W. (1996). Multiphoton
fluorescence excitation: New spectral windows for biological nonlinear microscopy.
Proc. Natl. Acad. Sci. USA, 93, 20, 10763-10768, ISSN: 0027-8424

Yariv, A. (1989). Quantum electronics, Wiley, ISBN: 0471609978, New York

Yariv, A. & Yeh, P. (2007). Photonics : optical electronics in modern communications, Oxford
University Press, ISBN: 0195179463, New York

Yau, H.-F.; Wang, P.-].; Pan, E.-Y. & Chen, J. (1996). Self-pumped phase conjugation with
femtosecond pulses by use of BaTiO3. Opt. Lett., 21, 15, 1168-1170,

Ye, J. & Cundiff, S. T. (2005). Femtosecond optical frequency comb : principle, operation, and
applications, Springer, ISBN: 0387237909 (hd.bd.), New York, NY

Zewalil, A. H. (2000). Femtochemistry: Atomic-scale dynamics of the chemical bond. J. Phys.
Chem. A, 104, 24, 5660-5694, ISSN: 1089-5639

Zhan, C. L; Zhang, D. Q.; Zhu, D. B,; Wang, D. Y; Li, Y. ]; Li, D. H;; Lu, Z. Z,; Zhao, L. Z. &
Nie, Y. X. (2002). Third- and fifth-order optical nonlinearities in a new stilbazolium
derivative. J. Opt. Soc. Am. B, 19, 3, 369-375, ISSN: 0740-3224

Zhou, S.; Kuznetsova, L.; Chong, A. & Wise, F. W. (2005). Compensation of nonlinear phase
shifts with third-order dispersion in short-pulse fiber amplifiers. Opt. Expr., 13, 13,
4869-4877, ISSN: 1094-4087

Zipfel, W. R.; Williams, R. M.; Christie, R.; Nikitin, A. Y.; Hyman, B. T. & Webb, W. W.
(2003). Live tissue intrinsic emission microscopy using multiphoton-excited native



Coherence and Ultrashort Pulse Laser Emission

688
fluorescence and second harmonic generation. Proc. Natl. Acad. Sci. USA, 100, 12,

7075-7080, ISSN: 0027-8424

Zoubir, A.; Shah, L.; Richardson, K. & Richardson, M. (2003). Practical uses of femtosecond
laser micro-materials processing. Appl. Phys. A-Mat. Sci. Proc., 77, 2, 311-315, ISSN:
0947-8396

Zumbusch, A.; Holtom, G. R. & Xie, X. S. (1999). Three-dimensional vibrational imaging by
coherent anti-Stokes Raman scattering. Phys. Rev. Lett., 82, 20, 4142-4145, ISSN:

0031-9007



