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Amplification of Femtosecond Laser Filaments in Ti:Sapphire
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Femtosecond laser filamentation is studied in a broadband amplifying medium, sapphire doped with
electronically excited Ti ions. Evidence for fluence amplification of self-guided pulses, increase of
filamentation length, as well as a lowering of the input laser power necessary for filamentation is reported.
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Much attention has been given in the last few years to the
propagation of ultrashort laser pulses through continuous
transparent media. With short pulses (pulse duration
<107'2 s), high peak intensities are achieved with modest
energy per pulse. As a consequence, the dielectric medium
is readily driven into a nonlinear regime. The nonlinear
polarization in turn induces significant changes in the pulse
characteristics. This can lead to spectacular new effects.
For instance, several groups have reported the occurrence
of femtosecond filamentation [1-9]. In this process, an
intense ultrashort laser pulse self-organizes into a con-
tracted beam, 10-100 wm in diameter, fed by a surround-
ing laser energy reservoir. It carries a peak intensity higher
than the initial one over distances which can reach several
km in air, well beyond the Rayleigh range. Filamentation is
accompanied by a temporal self-contraction of the pulse,
an effect occurring even if the pulse propagates in a region
of normal dispersion, where pulse lengthening is expected
in a linear regime. Self-contraction of laser pulses by
filamentation down to nearly a single-cycle pulse has
been recently reported [10].

The principal effects responsible for filamentation are
well recognized. Filamentation results predominantly from
a dynamic competition between the optical Kerr effect and
multiphoton ionization, even if other effects, such as pulse
self-steepening, spectral broadening by self-phase modu-
lation, and beam diffraction take part in the pulse reshap-
ing. The optical Kerr effect is responsible for self-focusing,
a process initiating beam collapse if the input laser pulse
power exceeds a critical value P% = A2/27ngn,, where A,
ng, and n, denote the laser wavelength, the linear index,
and the nonlinear index coefficient, respectively. Multi-
photon ionization sets in once the beam intensity reaches
a sufficiently high value. The multiphoton ionization rate
scales as I", where I is the laser intensity and », the number
of photons simultaneously absorbed, is typically greater
than 5 for infrared wavelengths. The generated electron
density has therefore a thresholdlike response, which satu-
rates self-focusing locally and limits the peak intensity
inside the filament by defocusing the beam. The dynamic
interplay between self-focusing and ionization is therefore
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a highly dynamic process, with recurrent, aperiodic strings
or spikes of ionization surging whenever the beam starts
collapsing again [11]. Energy losses during filamentation
are minimized because (a) the intensity is always main-
tained at the verge or below the value corresponding to
ionization threshold via this clamping mechanism and
(b) the short pulse duration prevents significant pulse at-
tenuation through its interaction with the generated plasma
(via inverse Brehmsstrahlung). Femtosecond filamentation
has been observed in air and other gases, in solids, and in
liquids [1-16]. Except for scaling factors, the physics is
basically the same in all media, although the relative
importance of the various physical effects may differ
from one medium to another [17]. Experimental results
are well reproduced by numerical simulations which re-
solve a 3D nonlinear Schrodinger equation for the evolu-
tion of the laser field envelope [16,18]. Typical values for
the critical power are in the GW range for gas and the MW
range in solids such as fused silica or sapphire [19]. Both in
solids and gases the maximum intensity inside the filament
is clamped to a value around a few 10> Wcem™2 [20].

The purpose of this Letter is to describe a study of
filamentation in an amplifying medium. We show, for the
first time, that it is possible to induce the formation of a
filament even if the incident pulse power is below thresh-
old. One can also, when using an incident pulse with power
above critical, increase the length of a filament and amplify
its fluence. More generally, by decoupling the formation of
a filament from its subsequent amplification, one is able to
maintain and extend the range of a single filament. This has
to be contrasted with the approach consisting in increasing
the pulse power before filamentation. In the latter case,
multifilamentation unavoidably occurs because initial ir-
regularities of the beam intensity profile are reinforced,
leading to an erratic pattern, unless provision is taken to
organize it [18,21-23].

We have performed the experiments in a 1.2 cm long
single crystal of sapphire doped with Ti** ions. This offers
a convenient laboratory size system with a very large
amplifying bandwidth. The experimental setup is shown
in Fig. 1. The output of a Ti:sapphire laser (pulse duration
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FIG. 1. Experimental setup (see text). The right part of the

figure magnifies the Schlieren imaging technique.

50 fs or 80 fs) centered around 820 nm at 1 kHz repetition
rate is focused with a lens on the entrance plane of the
sample held at room temperature. The experiments have
been performed with several convergent beams, showing
essentially similar results. The maximum energy per pulse
of the laser is 1 mJ but only pulses with a few wJ are used
here since we concentrate on the regime P ~ P, where
P, denotes the power required for the onset of filamenta-
tion within our 1.2 cm long sample. P, is larger than the
theoretical P! = 1.9 MW, which is calculated under the
assumption of a CW laser and a Gaussian beam in a non-
dispersive medium of infinite length. For P2 < P < P_,,
the self-focusing length exceeds the size of the sample and
no beam collapse can be observed. The beam profile at
different depths in the crystal is measured by imaging it
with a microscope objective on a high contrast CCD cam-
era (1024 gray levels of resolution). We use a ““Schlieren”
imaging technique which images the conical emission of
the filament at various depths (as shown in the right part of
Fig. 1.) The Ti ions of the sample can be easily brought in
the excited metastable state 2Eg by pumping the crystal
longitudinally with a ns pulse at 527 nm, obtained by
harmonic generation of a Nd:YLF laser. 70% of the pump-
ing beam is absorbed, giving a fairly homogeneous gain
along the propagation axis. The volume of the gain region
is approximately a cylinder, 500 wm in diameter, larger
than the filament. The green pumping pulse is launched
~1 us before the passage of the IR pulse.

We first consider filamentation in the unpumped crystal.
Figure 2 shows a side view photograph of a filament
traversing the sample when a 4 wpJ, 50 fs pulse is focused
with a f =20 cm lens onto the entrance face of the
sample. The image corresponds to the luminescence of
the crystal excited by the pulse and reflects the intensity
pattern of the propagating pulse. Instead of diffracting
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FIG. 2. Side view photograph of a filament generated in an
unpumped Ti:sapphire crystal with a pulse duration of 50 fs, a
focusing lens of 20 cm, and an incident energy of 3.7 mJ. The
converging laser beam is incident on the left side. A filament
with ~10 um diameter is formed over the crystal length, dis-
playing several secondary intensity maxima.

according to the law of linear optics, the beam takes the
shape of a narrow core ~10 pwm in diameter. This core is
maintained over a distance of about 1 cm, corresponding to
the length of the crystal. Furthermore, one distinguishes
several intensity maxima along the propagation axis. This
provides a striking illustration of the expected recurrent
cycles of refocusing yielding secondary collapses, as first
pointed out in Refs. [11,20,24,25]. The size of the filament
core is determined from the photograph and also by record-
ing the beam intensity profile at the exit face of the crystal
as shown in Fig. 3(b). For comparison, the beam profile for
P < P, is also shown [see Fig. 3(a)]. One clearly notices
the shrinkage of the beam waist to a radius of about 10 um
if P> P_. By further increasing P, one eventually ob-
serves the formation of two or more filaments as shown in
Fig. 3(c). We note that no appreciable damage of the
crystal is observed under such conditions.

This behavior is well reproduced by numerical simula-
tions, as shown in Fig. 4. They were obtained by solving a
three-dimensional propagation equation for the laser field
coupled to an evolution equation for the density of
electron-hole pairs generated in the wake of the pulse via
multiphoton absorption. The physical effects taken into
account include diffraction, self-focusing, and self-phase
modulation, multiphoton absorption and ionization, group
velocity dispersion, pulse self-steepening, plasma absorp-
tion, and avalanche ionization. A detailed description of
the physical model can be found in [16,18]. Here, the
propagation of a 50 fs, 3.7 wJ laser pulse was computed
in Ti:sapphire with n, = 3 X 107'® cm? W~ [19]. Multi-
photon ionization is computed according to Keldysh’s
formulation [26] with a gap of 7.3 eV and an effective
mass for electron-hole pairs m* = 0.35m,. Figure 4(a)
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FIG. 3 (color online). Beam profile measured at the exit face of
the crystal for several conditions. (a) P < P, unpumped crystal;
(b) E =12 wJ, unpumped crystal; (c) E = 47 wJ, unpumped
crystal; (d) same as (a), (e) E = 3.6 uJ, pumped crystal;
(f) image of the damage seen through a microscope (note the
change of scale). In all cases, the pulse duration was 80 fs and
the focus length of the lens was 8 cm.
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FIG. 4. (a) Computed beam width (FWHM of fluence distri-
bution) for input power P = 70 MW and an input beam diameter
of 60 um. The incident beam is focussed on the entrance plane
with a flat phase. This corresponds to the experimental condi-
tions of Fig. 2. (b) Computed on-axis intensity of the pulse in the
filament. Note the appearance of several intensity peaks at ~2, 6,
and 8§ mm.

shows the beam width (FWHM of the fluence) and the on-
axis intensity [Fig. 4(b)] calculated as a function of the
propagation distance. A narrow light string is formed with
a nearly constant diameter of about 10 microns over 1 cm.
In agreement with experimental observation, the pulse
refocuses several times during the 1 cm path, leading to
multiple refocusing peaks with intensities reaching 8 X
10> W em™2. About 25% of the input energy is lost via
multiphoton and plasma absorption. The computed fluence
in this case does not exceed 0.5 Jcm ™2, below the charac-
teristic damage fluence of transparent optical materials
[27].

We have modified our code to include the amplification
process. It is treated as an effective 4 level system, with a
resonance absorption cross section o = 6.8 X 10720 cm?,
following typical parameters obtained from the literature
[28] and a total density of Ti atoms of 5 X 10'° cm™3. The
modeling of the volume excited by the pumping green laser
corresponds to the experimental conditions. However, for
simplicity, we assume a flat spectral gain bandwidth. This
assumption is reasonable for single pass amplification.
Several new features are predicted in the presence of
gain. Filamentation is expected to occur even if P < P,
a feature which can be easily understood by noting that the
pulse power in the initial pure Kerr region can be now
amplified until it satisfies the conditions for beam collapse
inside the sample. If the incident pulse has power P > P,
the filament length inside the crystal should increase due to
the shift of the nonlinear focus towards the entrance face of
the sample. The filament should persist as long as it prop-
agates in an excited medium.

Experimental results obtained with an amplifying crys-
tal show several predicted effects, such as an extension of
the filament length inside the crystal, an increase of its

fluence, and the onset of filamentation at subthreshold
power level. Figures 3(d) and 3(e) show a comparison of
the beam profile measured at the exit face of the crystal,
with and without population inversion. The incident energy
was 3.6 uJ for the 80 fs pulse at 820 nm and 1.6 mJ for the
200 ns pulse at 527 nm. With the green pump on, a clean
intense 10 wm spot is apparent. By contrast, with the green
pump off, a larger beam waist is observed at the same
distance. In Figs. 5(a), 5(c), and 5(d), we show the filament
diameter extracted from sequences of schlieren images
recorded at different depths inside the crystal. As can be
seen in trace (a) of Fig. 5, pumping of the crystal with
green light induces a beam collapse at z = 7 mm, corre-
sponding to the onset of filamentation. These results are
well reproduced numerically, as shown in Fig. 5(a) by
continuous lines. Figure 5(b) shows the computed intensity
inside the filament core with and without pumping. When
P > P, an extension of the filament range is also seen [as
shown experimentally in Figs. 5(c) and 5(d)] due to a shift
of the beginning of the filament towards the entrance face
of the sample. Finally, evidence for an increase of the
filament fluence is obtained by measuring the output flu-
ence with a power meter. An amplification of the total
transmitted energy by a factor up to 3 in a single pass is
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FIG. 5. (a) Beam spatial profile as a function of propagation
distance inside the crystal. Circles: experimental data with pump
at 527 nm off; black dots: experimental data with pump on;
dotted line: simulation with pump off; solid line: simulation with
pump on. The incident pulse energy is 3.6 wJ. (b) Computed
intensity as a function of propagation distance. Dotted line: with
pump off; solid line: with pump on. The pulse parameters
correspond to Fig. 5(a). (¢) Beam spatial profile measured at
different depths in the crystal with pump off. The incident pulse
energy is 12 wJ. Black dots: experimental data; dotted line:
guide fore the eyes. (d) Beam spatial profile measured at differ-
ent depths in the crystal with pump. The incident pulse energy is
12 wJ. Black dots: experimental data; dotted line: guide for the
eyes. In all cases, the pulse duration was 80 fs and the focus
length of the lens was 8 cm.
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detected. We also notice that irreversible damage is done to
the sample. The damage spot, which occurs near the output
face of the crystal, takes the form of a circular spot
~10 wm in diameter [as shown in Fig. 3(f)], which cor-
responds to the size of filament core. Thus, the filament
core fluence has indeed been amplified beyond the thresh-
old for damage of doped sapphire F ~ 0.5 Jcm ™2 without
breaking up in two or more filaments. This is not the case in
an unpumped crystal.

Filament amplification is not restricted to the case con-
sidered here. It should also apply to other media such as
dyes in solution, for which the damage issue is less con-
straining. Filament amplification may find applications in
several areas. For instance, by initiating beam collapse in
the form of a Townes mode over a reduced distance, it
could test in a large class of transparent media the law of
universal beam collapse discussed recently by Moll, Gaeta,
and Fibich [29]. Filament amplification can also provide a
venue to form well controlled, intense ultrashort light
bullets [30]. As already mentioned, filamentation in gases
is accompanied by an important pulse self-compression.
The same effect can be expected in solids and liquids. By
upscaling the fluence of the compressed pulse while main-
taining a single filament, one should obtain nearly single-
cycle multiterawatt optical pulses. Such ultrashort intense
pulses are a key feature for the generation of attosecond
XUV pulses [31]. Well controlled, intense single filaments
launched in the atmosphere can be expected to have inter-
esting properties over long distance, such as improved
aiming accuracy, since their reduced size makes them
less sensitive to air turbulence. Finally, filament amplifica-
tion could also be useful in situations requiring energy
transfer in condensed matter over a long path, as, e.g.,
for the production of bulk optical devices such as buried
gratings as well as for the realization of quasi-one-
dimensional amplifying geometries for short-lived gain
media.
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