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Abstract—We discuss our recent results on the propagation dynamics of high-peak-power femtosecond laser
pulses in optical media. A number of important nonlinear effects, such as white-light continuum generation,
intensity clamping, transverse ring formation, and third-harmonic generation, are presented. It is shown that the
self-steepening of the pulse has an important role in supercontinuum generation and cannot be neglected. When
laser pulse filamentation takes place, it is found both experimentally and theoretically that the peak pulse inten-
sity is clamped down, which is an universal phenomenon in gases, liquids, and condensed matter. Theoretical
and experimental results on the formation of transverse rings are presented, which exhibit the rich dynamics of
femtosecond-pulse propagation. Finally, we show that an intense third-harmonic pulse is generated and under-
goes filamentation together with the pump pulse. This is found to be a consequence of a nonlinear phase-locking
mechanism between the two pulses that results in two-colored filament formation.

Before we start discussing the science, we would
like to pay our most sincere respect to the late
Dr. Charles Bowden (we all know him as Chuck), who
was co-organizer of Seminar 5 of the annual Laser
Physics workshop for many years. The subject matter
in this paper has a deep relationship with Chuck’s ini-
tiative, his leadership, and his deep insight and fore-
sightedness concerning the subject.

In 1996, after one of us (SLC) presented a talk on
long-distance filamentation of femtosecond laser
pulses in the atmosphere at an international conference
in Moscow, Chuck approached him and discussed col-
laboration. Chuck foresaw immediately that there
would be many interesting and challenging physics and
applications in this new subject of endeavor. These
include intense-field physics, extreme nonlinear optics,
nonlinear electromagnetic pulse propagation, quantum
optics, and some unknown new physical phenomena.
Since then, the very fruitful collaboration between his
group and us has resulted in more than a dozen joint
publications in prestigious international scientific jour-
nals. This collaboration has led to the fundamental
understanding of many physical aspects of the self-
focusing, filamentation, and consequences during the
propagation of femtosecond laser pulses. Some of these
constitute the subject matter of this paper.

The impact of Chuck on his friends and fellow sci-
entists cannot be totally expressed. We would just like
to touch upon it through the following poem composed

! This paper is dedicated to Dr. C.M. Bowden, co-organizer of
Seminar 5, Nonlinear Optics and Spectroscopy, of the annual
Laser Physics workshop, who passed away on August 14, 2004.

A Tribute to Dr. Charles Malcolm Bowden

by one of us (SLC) on behalf of all his collaborators in
the field of ultrafast intense laser science. It was read
during the funeral service for Chuck in Huntsville, Ala-
bama, USA on Aug. 17, 2004.

Dear Chuck

We all miss you

Deep from our heart.

We remember

Your youthful action, forever

Sliding down the icy sugar cone

At the Montmorency Falls of Quebec City
Deep in the winter.

We remember

Your optimistic view of life

Enjoying every moment wherever you happened to be
Across this planet earth.

We remember

Your acute scientific judgement and leadership
Forever pushing the frontier of knowledge
Advising your superior on the emerging technologies
Involving so many of us to debate together
About the truth of science

In an exciting and friendly atmosphere.

We remember; in particular

Your generosity

Sharing your intellectual wealth

Helping those in need

Keeping us all excited and cohesive

In the world of science.

We all miss you Chuck.

Rest well, please.
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1. INTRODUCTION

The propagation of a high-peak-power femtosecond
pulse in transparent condensed media, gases, or air can
result in strong modification of its shape by self-focus-
ing and defocusing in the spatial domain and by self-
phase modulation in the temporal domain (e.g., [1, 2]).
Self-focusing is a dynamical Kerr lens effect, which
causes the pulse to be contracted in space [3]. The pro-
cess is balanced at high enough intensities by defocus-
ing due to the formation of a low-density plasma. While
in gases the plasma is generated due to multiphoton
ionization (e.g., [4]), in condensed matter quasi-free
electrons are created by multiphoton excitation from
the valence to the conduction band [5]. The dynamical
balance between Kerr self-focusing and plasma defo-
cusing is known to lead to the appearance of filaments
in the optical media (e.g., [4]). The long-range propaga-
tion of the pulses beyond their first self-focus depends
on the use of subpicosecond laser pulses, which are
short enough to avoid the occurrence of avalanche ion-
ization. The details of the filamentation process are
complex, and different interpretations such as the self-
channeling model [4], the moving focus picture [6], or
spatial replenishment [7] have been proposed. During
the propagation of the pulse self-phase modulation
causes a spectral broadening. This phenomenon has
been found to appear universally in all optical media,
namely, solids [5], liquids [8], gases [9], and air [10],
and is named supercontinuum generation or white-light
laser [11, 12]. In general, it has been found that, besides
self—phase modulation, various other nonlinear effects,
such as self-steepening, can contribute to the genera-
tion of the white-light spectrum [13].

There has been great interest in the last several years
in the propagation of high-peak-power femtosecond
laser pulses in optical media due to the wide variety of
possible applications, such as optical pulse compres-
sion [11], optical parametric amplification [14], time-
resolved broadband spectroscopy [11], lightning dis-
charge control [15, 16], and remote sensing [10]. For
example, the ability to generate an ultrashort intense
white-light source at remote locations has been demon-
strated recently for atmospheric remote sensing [17].
Besides these applications the phenomenon of filament
formation is also very interesting from a fundamental
nonlinear-dynamical point of view. Since temporal and
spatial dynamics cannot be separated, theoretical inves-
tigations have to involve a number of coupled nonlinear
effects. Much progress towards numerical solutions of
propagation models based on the Maxwell equations
has been made recently in this direction.

In this paper, we discuss some of our recent findings
in femtosecond-pulse propagation and filamentation in
various optical media. First, we will consider the super-
continuum generation during the propagation of a pulse
in air and analyze the influence of self-steepening on
the spectrum. Next, we will show that inside the fila-
ment the intensity is clamped down to a maximum
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value, a phenomenon that appears to be universal for all
kinds of optical media. Then the formation of a trans-
verse ring with near-infrared pulses during propagation
in air will be discussed and, finally, we will end by
showing that in air the filamentation of the pulse is cou-
pled with the generation and filamentation of a strong
third-harmonic pulse.

2. SUPERCONTINUUM GENERATION
AND SELF-STEEPENING

Ultrafast supercontinuum generation has been a
subject of interest in nonlinear optics for over 30 years
now [11]. Itis a result of the propagation of intense sub-
picosecond laser pulses in bulk transparent media. In
most cases the spectral broadening of the pulse can be
explained through self—phase modulation. However, in
general various other nonlinear effects cannot be
neglected and may contribute to the supercontinuum
generation. We have analyzed supercontinuum genera-
tion in air using a pulse-propagation model that goes
beyond the slowly varying envelope approximation
[18]. The generalized propagation equation is derived
using the approach by Brabec and Krausz [19] and by
self-consistently including multiphoton ionization of
the air molecules. The model is used here for propaga-
tion of pulses in air but can be applied also to propaga-
tion in other types of bulk media, including liquids.

The propagation equation can be written in dimen-
sionless form in the retarded coordinate frame (T =t —
7/v,) as [18]

9 1, . N 1Lp[9* L9
{15_2+4—|-(1+1S5‘-C) VL—ZZ—d((_;E'l‘gEg;; @
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where Fyy, = (1 — 0)[€ + o J.;R(T, _ 1)[€]2dt, and

where the generated electron density N,(z, r, T) is
obtained from

oN
ot

€(z, r, 1) is the electric-field envelope function with
é(z=0, r, T) = exp(—(r* + 1%)), where € is normalized
to the peak input field. The transverse, r, and temporal,
T, coordinates are normalized to the initial beam radius
w, and the pulse width T, respectively. The propagation
distance z is given in units of the diffraction length L, =

< = [g )

kwé /2, where k = ngk, and n, is the linear index of
refraction of air. The dispersion length scales are
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defined as L, = T, /2k" and L, = 1, /2k"", where k" and
k" are the second- and third-order group-velocity dis-
persion coefficients, respectively. For air, k" =
0.2 fs*/cm and k"' = 0.1 fs’/cm at A, = 800 nm [20]. The
nonlinear length scale Ly, = 1/n,kyl,, where n, = 4 X
107 cm¥W [21] is the nonlinear index of refraction
coefficient and [ is the input peak intensity given in
units of W/cm?. L,,/Ly, can also be written as L /Ly, =
2Py/P.., where P, is the input power and P

7»3 [2mngyn, is the critical power for self-focusing in the

CW limit, which is about 3 GW for air at 800 nm. The
Raman response function R(T) accounts for the delayed
nonlinear effect and o denotes the fractional amount of
the time-delayed nonlinear response. The generated

electron density N, is normalized to N,T,6" I, , where

Ny =3 x 10" cm™ is the number density of neutral air
molecules (20% O, and 80% N,) and 6™ is the ioniza-
tion cross section. The ionization rate is obtained by fit-

ting the experimental data to the form of 6™I", where
n = 6-7. The plasma length scale is defined as Lyj,qm, =

km,c2me*T Ny ™ Iy, and Lypy = nh@oN,o™ 1 ' 12 is
the length scale for multiphoton absorption due to ion-
ization losses. The parameter s = 1/0yT, represents an
expansion coefficient associated with the higher order
correction terms to the nonlinear Schrodinger equation
in the slowly varying envelope approximation.

We have integrated Eqgs. (1) and (2) for the following
initial conditions: T, = 127.5 fs (150 fs FWHM) and
W =250 pm, so that Ly/Lyj,gm, = 9 X 102 and Py/P,, = 6.
We define the spectral density as S(r, ®) = |E(r, ®)?,
from which the average spectrum is obtained by S(®) =

o J‘;ﬁmmeﬂqE (r, ®)|*>rdr, where rgmen = 0.3 (in units of

the input beam radius) is chosen such that the signifi-
cant portion of the filament is taken into account.

Lp/L,=0.05, L,/L}, =0.005, and s = 1/mgT, = 0.005.

In Fig. 1 the effect of higher order correction terms
(s #0) in Eq. (1) on the power spectrum is investigated.
The spectrum at a propagation distance z = 1.0 obtained
with the generalized equation (dashed—and—dotted line)
is compared with the result obtained by the slowly
varying envelope approximation (s = 0) (dotted line).
The initial pulse spectrum is also shown for reference
(solid line). It is clearly seen from this comparison that
the inclusion of higher order terms, in particular the
self-steepening term (time derivative of the nonlinear
index), causes a strong blueshift. At further propagation
distances, the spectrum develops a smooth shoulder on
the blue side of the spectrum, as depicted in Fig. 2. The
main reason for the strong blueshift is a shock forma-
tion at the back of the pulse, shown in Fig. 3. This spec-
trum is in good qualitative agreement with the experi-
mentally observed white-light continuum in air [10].
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Fig. 1. Compared are the power spectra of the optical pulse
at a propagation distance of z = 1.0 (in units of diffraction
length) in the case of SVEA (dotted line) and non-SVEA
(dotted-and-dashed line). The solid curve is the initial pulse
spectrum at z = 0. It is clearly seen that higher order terms
in Eq. (1) contribute significantly to the blue side of the
spectrum as compared to the SVEA case. The spectral
intensities are normalized to the peak input spectral inten-
sity.
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Fig. 2. The simulated power spectrum using the non-SVEA
wave equation (s = 0.005) is plotted for z = 1.0 (solid line),
z=1.1 (dotted line), and z = 1.2 (dashed line).

3. INTENSITY CLAMPING

It is difficult to investigate the properties of laser fil-
aments, such as their temporal and spatial intensity dis-
tribution, experimentally, since the peak intensity
within the filaments far exceeds the damage threshold
of any measurement system. Alternatively, information
must be determined by observations outside the interac-
tion volume. We have performed two kinds of experi-
ments [22, 27] to show that the peak intensity in laser
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Fig. 3. The spatio-temporal intensity profile is plotted with all higher order terms included at a propagation distance of z = 1.0.
Notice the steep edge at the back of the pulse, which causes the strong blueshifted spectrum depicted in Fig. 1 (dotted-and-dashed

line).
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Fig. 4. Comparison of the intensities of the strongest band heads of the second positive band system in N, (open squares) and of the

first negative band system in N; (closed circles) at low (left-hand panel) and atmospheric pressures (right-hand panel) as a function

of the laser energy.

filaments in any optical medium is clamped down to a
maximum value. In nitrogen gases, we have observed
the fluorescence spectra of the nitrogen molecule and
molecular ion at different gas pressures [22], while, in
condensed media, the supercontinuum spectrum of the
self-transformed laser pulse is measured [27].

3.1. Intensity Clamping in Nitrogen Molecular Gas

For the fluorescence measurements from laser pulse
filaments, the beam of a Ti:sapphire laser system, deliv-
ering pulses at 800 nm and 250 fs, was focused through
a 100-cm lens in an interaction chamber filled with
nitrogen molecular gas. At high gas pressures and high
input energies, a filament occurred around the geomet-

rical focus, which was imaged onto the center of the
entrance of the spectrometer. Further details of the
experimental setup can be found in [22, 23]. In Fig. 4,
the results of our observations for the strongest band
heads in a neutral nitrogen molecule (open squares) and
in the molecular ion (closed circles) are plotted as a
function of the input pulse energy [22]. The data are
obtained at 0.63 Torr (left-hand panel) and atmospheric
pressure (right-hand panel). The fluorescence signal at
both pressures shows a quick rise when the laser energy
is increased, followed by a characteristic change of
slope towards a slower increase. The change of slope is
found to appear at the same input energy for both the
band heads. It is seen from the comparison in Fig. 4 that
this energy is smaller at atmospheric pressure than at
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low pressure. We may note that, at the higher pressure,
a filament was observed for input energies larger than
the energy at which the change of slope occurs.

Since excitation and ionization of atoms and mole-
cules in intense laser pulses are highly nonlinear pro-
cesses, the fluorescence signals in Fig. 4 depend on the
intensity distribution in the focal volume. For example,
the quick rise of the band-head strengths below the
characteristic change of slope indicates the increase of
the laser peak intensity. At low pressure (left-hand
panel), this increase slows down due to the depletion of
neutral molecules in the central part of the focal volume
[22, 24, 25]. It has been shown [22] that the same expla-
nation does not hold at high pressures (right-hand
panel), but here the deviation at a lower energy indi-
cates that the peak intensity is clamped down to a max-
imum value near the characteristic change of slope, i.e.,
as the filamentation process sets in.

A comparison of the fluorescence spectra at low and
high pressures allows for an estimation of the clamped
peak intensity. From theoretical calculations [25] it is
known that the depletion effect at low pressure (respon-
sible for the change of slope) sets in at about 2 X
10'*W/cm? for the laser parameters of the current
experiment. Since at atmospheric pressure the charac-
teristic change of slope appears at a laser energy that is
about four times smaller than that at low pressure, the
clamped peak intensity is about 5 x 10'* W/cm?, in
agreement with recent theoretical predictions [26].

The interpretation given above is also consistent
with the results of numerical simulations using the
parameters of the experimental setup in a pulse-propa-
gation model [18, 22, 28]. In Fig. 5, results of the
numerical calculations for the on-axis peak intensity in
nitrogen molecular gas at 760 Torr are shown as a func-
tion of the distance from the lens at various input pow-
ers below and above the critical power for self-focus-
ing. It is seen from the figure that the intensity distribu-
tion changes its shape from an undisturbed Gaussian
distribution around the geometrical focus at low power
to a broad distribution with a maximum before the geo-
metrical focus and, finally, to a two-hump distribution
indicating refocusing of the pulse. Most interesting
here is that the increase in the maximum intensity is
reduced for input powers near and above the critical
power. This confirms the occurrence of intensity clamp-
ing in laser filaments at high gas pressure, as it was
observed in the fluorescence measurements.

3.2. Intensity Clamping in Condensed Optical Media

In order to show that the phenomenon of intensity
clamping is not limited to laser pulse filamentation in
gases, but rather is a general phenomenon, a series of
measurements of the supercontinuum spectrum gener-
ated by a Ti:sapphire laser pulse (800 nm, 170 fs)
focused in different condensed media, namely, water,
chloroform, and glass, has been performed. Different
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Fig. 5. Results of numerical simulations for the on-axis
peak intensity as a function of the distance from the lens.
The distributions are obtained for nitrogen molecular gas at
different input pulse powers below and above the critical
power for self-focusing, P, at 760 Torr.

setups have been used to filter out the strong central part
of the pump pulse around 800 nm; for details, we refer
to [27].

The spectra observed at various input laser powers
in water are shown in Fig. 6 as a function of the wave-
length, and results obtained at low input energies (left-
hand panel) are compared with those obtained at high
energies (right-hand panel). Each spectrum is normal-
ized to unity at the central wavelength of 800 nm for the
sake of comparison. At low input energies, we observe
a symmetrical broadening of the spectrum to both sides
of the central wavelength, whereas at the higher input
energies a long pedestal on the blue side of the spectra
appears up to a minimum wavelength of about 365 nm,
which remains constant for an increase of the input
energies by two orders of magnitude from 2 to 200 pJ.
Similar observations have been made for chloroform
and soda lime glass plate as well [27].

From simple qualitative theoretical considerations,
it can be shown [27] that the frequency variation during
pulse propagation mainly depends on changes in the
temporal pulse form (e.g., self-steepening [18]) and on
the plasma generation due to multiphoton ioniza-
tion/excitation of the medium. Both are highly nonlin-
ear effects that crucially depend on the peak intensity of
the pulse. Thus, it has been argued [27] that the constant
low-wavelength limit of the supercontinuum spectrum
is an indication of a constant peak intensity inside the
laser filaments. Thus, the phenomenon of intensity
clamping in the filamentation of intense femtosecond
laser pulses is found to occur not only in gases but also
in various condensed optical media.
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Fig. 6. Supercontinuum spectra obtained experimentally for propagation in water at various average input powers (see legends).

4. TRANSVERSE-RING FORMATION

In another experiment [29], we exposed a silica
glass plate in the filament in air at various propagation
distances. A 350-fs laser pulse with energy 85 mJ was
focused externally by a lens with a focal length of
150 cm. Damages on the plate were scanned by a Dek-
TakII profilometer. This has allowed us to get a measure
of the ablation profile, which is directly related to the
distributed transverse fluence of the laser pulse. The
experimental data are compared with the results of
numerical simulations using initial conditions as close
as possible to that of the experiment. To this end, we
integrated Eq. (1) using the slowly varying envelope
approximation (s = 0). This was done because higher
order correction terms do not contribute significantly to
the propagation dynamics for the initial conditions con-
sidered here.

In Fig. 7 we exhibit the numerical results for the flu-
ence distribution at different propagation distances, and
the inset of each figure shows the experimental profile
of the damage created at the surface of the glass plate
[29]. Before the geometrical focal point, shown in
panel (a), there is a central dip in the fluence profile,
which is also observed in the experiment. Around the
geometrical focal point (Fig. 7b), the dip in the fluence
disappears and there is mainly a center part with an
outer ring structure. This result is also in agreement
with the experiment. Well beyond the geometrical focal
point (Fig. 7¢), we see that the outer ring structure has
diminished, but we also see the reappearance of the dip
in the fluence, which is also the case in the experiment.
Thus, the numerical fluence distribution evolution as a
function of propagation distance using similar experi-
mental input conditions is in good qualitative agree-
ment with the experiment.

5. THIRD-HARMONIC GENERATION
AND SELF-CHANNELING

The clamped peak intensity of about 5 x 10'* W/cm?
in the laser filaments in air is sufficient to generate
higher harmonics. The latter process is one of the fun-

damental nonlinear processes for laser frequency con-
version and has wide application. In air, high conver-
sion efficiencies of up to 0.1% have been observed [30,
31] for third-harmonic generation. We have shown [31,
32] both theoretically and experimentally that, during
laser pulse filamentation in air, the fundamental- and
the third-harmonic pulses form a two-colored filament
due to a nonlinear phase-locking mechanism.

In both experiments and numerical calculations, the
propagation of a linearly polarized, collimated Gauss-
ian input laser pulse with a center wavelength at A, =
800 nm, a beam radius of wy=0.3 cm, and a pulse dura-
tion Teywiy = 250 fs has been investigated. The beam
was focused with a lens with a focal length of f =
100 cm in air. Our theoretical model is based on a set of
coupled equations, which are written in dimensionless
form in the retarded coordinate system (T = 7 — 2/v,(®))
as [31]

iaa%’+%Vi%m—li—l:zNe%‘” 3)
+ %ﬁf(l%mlz%“%iz%sm +2[E] €)= 0,
ia;g;‘” + f—ZLAkaf_sm + i_if%m - %Ne%m @)
S LS S LY R
ION,(T)

= (To(|€u]) + T30 (€36 (1 = No(1)). (5)

ot

€., and €5, are the electric-field envelope functions,
normalized to the peak value of the input pump field

€= 2P0/nw§ and using the transformation €, —»

€5,¢™. The sub- and superscripts, ® and 3w, denote
the fundamental- and third-harmonic pulses, respec-
tively. The propagation direction z is scaled in units of
Vol. 15 No. 4
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Fig. 7. The laser pulse fluence (normalized to the peak flu-
ence) is plotted as a function of the radius at the positions
(a) 59.5, (b) 60.5, and (c) 68 cm. Note the appearance of the
dip in the center of the fluence profile, which disappears in
(b) and reappears again in (c). Experimental results are
shown in the insets.

Lpp= kwwg /2, the temporal coordinate T, in units of the
input pulse width T, and the transverse coordinate r, in
units of the input beam radius w,. Furthermore, Ly; =
(nykylo)™! is a nonlinear length scale, where I, = [€,%,
and Lp, = kym,c*2me’N, is the plasma length scale,
where N, is the number density of neutral air mole-

cules. L,, = (v;1 (Bw) — v: (w))'t, represents the
characteristic temporal walk-off distance that is due to
the group-velocity mismatch between the fundamental-
and third-harmonic pulses. Finally, Ly, = |Ak|™! = |3k, —
ks, |™! is the linear wavevector mismatch length scale in
the wavevectors k,, = nyk, and ks, = n;.ky, where Ak =
No. 4 2005
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Fig. 8. Results of numerical calculations for the on-axis
peak intensity of (a) the fundamental pulse and (b) the third-
harmonic pulse at different input powers below and above
the critical power for self-focusing as a function of the prop-
agation distance; (c) total conversion efficiency as a func-
tion of the propagation distance.

3ky(ng, — n3,) = =5.0 cm™'. Electron generation via mul-
tiphoton ionization of N, and O, by both pulses is taken
into account using an S-matrix model formula [33]. The
set of equations above is integrated numerically with
the initial condition €5,(z = 0) = 0 for different input
powers P, both below and above the critical power P,
for self-focusing and filamentation.

In Fig. 8, the numerical results for the on-axis peak
intensity of the pump pulse (panel a) and the third har-
monic pulse (panel b) are shown as a function of the
propagation distance. In the linear focusing limit (P, =
0.1P,, solid line), no distortion of the pump pulse
occurs, and the pulse comes to a focus at the geometri-
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Fig. 10. Spectrum of the fundamental- and third-harmonic
pulses before filamentation (dotted line) and in the filament
(at z = 200 cm, solid line). It can be seen that the third-har-
monic pulse undergoes continuum generation and is red-
shifted.

cal focus. As the input power is increased, the pump
pulse self-focuses before the geometrical focus, and its
peak intensity remains nearly unchanged over a dis-
tance of several centimeters, indicating filamentation of
the pulse. The same filamentation phenomenon occurs
for the third-harmonic pulse as well (panel b). The
results in Fig. 8c show that the third-harmonic energy-
conversion efficiency is roughly constant over the
length of the filament, which is much longer than the
characteristic coherence length. In addition, there is no
apparent temporal walk-off between the two pulses;
i.e., the third-harmonic pulse travels inside the filament
with nearly the same group velocity as the fundamental
pulse. It has been shown [31] that, inside the filament,
the two pulses are coupled together in a quasi-steady-
state condition with constant phase difference, thus
forming a two-colored filament. Furthermore, the third-
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harmonic pulse does not give back its energy to the
pump pulse, even well after the filament has ceased.

The theoretical predictions are confirmed by a mea-
surement [31] of the pump and the third-harmonic ener-
gies (defined as the values contained within the 400-um
diameter of a pinhole placed at various positions along
the filament). The experimental data, presented as a
function of the propagation distance after the lens in
Fig. 9, show that the pump pulse energy (circles, left-
hand scale) and the third-harmonic pulse energy (trian-
gles, right-hand scale) remain constant over the whole
length of the filament.

It has been found [32] that the cofilamentation effect
is rather independent of the wavelength of the input
beam and the focal geometry. During the filamentation
process, the third-harmonic pulse itself generates a
broad continuum, as can be seen from the supercontin-
uum spectrum presented in Fig. 10 (solid line). For the
sake of comparison, we have also plotted, by dotted
lines, the respective fundamental pulse and the third-
harmonic pulse just before the filamentation process
starts. A comparison reveals that both the pulses are
broadened during the filamentation process. This might
potentially extend, in long-range femtosecond-pulse
propagation, the effective spectral region of atmo-
spheric sensing methods further into the UV and,
hence, into an important wavelength regime for moni-
toring chemical pollutants and biological species.

6. SUMMARY

In conclusion, we have shown the complex and rich
nonlinear propagation and interaction dynamics of
high-peak-power femtosecond laser pulses in transpar-
ent optical media. It is shown that a generalized nonlin-
ear envelope equation that includes higher order effects
such as self-steepening adequately describes the propa-
gation of high-power femtosecond laser pulses in opti-
cal media. Particularly, the self-steepening of the pulse,
which forms a shock at the trailing part of the pulse,
contributes significantly to the blueshift of the contin-
uum generation and therefore cannot be neglected. We
have also shown experimentally that, in all kinds of
optical media matter, the peak pulse intensity inside the
filament is clamped to a maximum value. This supports
the fact that intensity clamping is a universal phenome-
non. Finally, the generation of an intense ultra-short
third-harmonic pulse during filamentation of the pump
pulse has been investigated. The strong interaction of
the two pulses results in a two-colored filament in
which the third-harmonic pulse also undergoes contin-
uum generation. This provides the possibility of
extending the broadband spectrum well into the UV
and could have potential applications in remote-sensing
types of applications.
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