Temporal autolocalization of femtosecond light pulses in the
filaments observed in fused silica
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Abstract. We observe temporal self-compression of the axial component of femto-
second laser pulse in the filamentation regime in fused silica and find optimized
conditions for the maximum compression. Using spatial filtration, we extract the ax-
ial component of the pulse compressed down to the duration of 63 fs from the initial
160 fs one. The compressed pulse can be used as a probe in pump-probe measure-
ments to improve their temporal resolution.
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1. Introduction

Nonlinear changes of the refractive index of a medium under powerful femtosecond laser irradia-
tion result in development of long and narrow high-intensity filaments and the related plasma
channels. The process of femtosecond filamentation is closely interrelated with spatiotemporal
transformations of laser pulses. Apart from a transverse localization of the filament as tight as sev-
eral microns in its diameter, a temporal localization of the pulse also occurs, featuring self-
shortening and subsequent division into several separate pulses [1].
Considerable success has recently been achieved in self-compression of femtosecond laser pulses
in gases. It has been shown both experimentally and theoretically [2—6] that the initial several-tens-
of-femtoseconds-long pulses can be compressed down to almost one oscillation cycle. Using such
extremely compressed IR pulses, attosecond pulses in the UV can be obtained in the process of
high-order harmonic generation [7, 8]. The self-compression and temporal splitting of the femto-
second pulses have also been observed experimentally in some condensed media [9].
We suggest a qualitative explanation of the temporal self-compression and splitting of not trans-
form-limited laser pulses, using a simple moving focus model [10, 11] (see Fig. 1). Only those
temporal ‘slices’ of the input laser pulse whose power P exceeds the critical self-focusing power
P, =3.72)*/8nnn, [12] (with 4 being the wavelength of light, n the refractive index, and #n, the
nonlinear refractive index) collapse on the beam axis. The distance to the collapse point is de-
scribed by a half-empiric Marburger formula:

0.367Lpy

I - , (1)
JIP/R,) 2 ~0.8527 —0.0219

where Lpr is the Rayleigh length. As follows from Eq. (1), the bigger the P value the shorter the
collapse distance L. becomes. In fact, a complete collapse of the femtosecond laser pulse is
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stopped by intensity clamping mechanisms [1]. The collapse points of different temporal ‘slices’
of the pulse are ‘spread’ along the propagation axis according to their powers P, thus forming an
extended filament in the frame of the moving focus model. The filament starts from the point of
minimum L., formed by the temporal ‘slice’ at the pulse maximum. It is evident that the duration
of this on-axis self-focused pulse component is smaller than that of the input pulse, because it is
formed only by the partial temporal ‘slice’. Setting a small aperture D1 at the point of the filament
start, one can extract the temporally compressed pulse. The nearest pair of the lower-power tempo-
ral ‘slices’ collapses further onward. Hence, an aperture D2 would extract a temporally split dou-

m Axial pulse profiles
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Fig. 1. lllustration of principles used for nonlinear self-compression and splitting of femtosecond laser pulses.

ble pulse.

More complex is the self-compression process of the transform-limited pulses, i.e. the pulses of
physically limited duration, which satisfy the condition Awy7, =1 (with Aw, and T, denoting the
half-widths at the level 1/e of respectively the frequency band and the pulse duration). At first
glance it would seem that a further pulse compression is impossible. However, besides of the self-
focusing, the nonlinear changes of the refractive index in a Kerr medium cause widening of the
pulse frequency band due to self-phase modulation [13]. As a result, the Fourier limitation be-
comes weaker, thus allowing the subsequent temporal compression. With further propagation of
the pulse, the compression is replaced by temporal splitting, resulting eventually in a rather com-
plicated temporal shape [14, 15].

The extraction of the compressed component is not, however, a simple task. Apertures set on the
filament axis can indeed be used to this end in gaseous media, though such a scheme is not valid
for condensed media. To the best of our knowledge, the pulse compressed in solids has not been
extracted so far. One of the reasons for this is small energy of the filamented pulse in solids, which
limits possible applications.

However, a weak pulse can be used as a probe in time-resolved pump-probe experiments, which
do not require high energies. A pulse of the same laser, its second harmonic, or white supercon-
tinuum are used, as a rule, for both pumping and probing in the pump-probe experiments [16—18].
The probe duration in such a case is at best the same as that of the pump, thus limiting the tempo-
ral resolution of the experiment. Then using of shorter probe pulses should allow observation of
‘faster’ details of the interaction of pump pulses with the media.

2. Experimental results and discussion

We have performed an experiment on self-compression of the femtosecond laser pulse in the fila-
ments in fused silica, extracted the compressed component, and found the conditions of minimum
duration of the compressed pulse. A scheme presented in Fig. 2 has been used for controlling the
pulse intensity and shaping its cross-section profile.

A narrow beam with the diameter ~ 2 mm is cut with an aperture Al from a wide (the diameter
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~7 mm at the FWHM) horizontally polarized beam of a regenerative amplifier Legend F-1K-HE
(A =820 nm, the duration of 160 fs, and the repetition rate of 1 kHz). The polarization plane of the
pulse can be changed while rotating a half-wave plate A/2, thus varying the pulse energy behind a
vertically arranged Glan polarizer P. A centrally peaked ring intensity pattern is formed at the po-
sition of an aperture A2 at the distance of 2 m from the aperture A1, as a result of diffraction. The
higher-order diffraction rings are cut off, while the central peak (the Airy spot) passes the aperture
A2 with the diameter of 2 mm to be further used in the self-compression experiments. The maxi-
mum output pulse energy is equal to 10 pJ.
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Fig. 2. Intensity control and profile shaping of the pump beam.

A principal scheme of the self-compression experiment is shown in Fig. 3. The beam is focused
with a lens (the focal distance of 14 cm) onto a polished input face of a 1 cm-thick fused silica
slab, where self-focusing and filamentation occur. The relaxation of free carriers generated by
multiphoton absorption processes in filament causes a photoluminescence in the transverse direc-
tion, which is collected by a x3.7 microscopic lens and then recorded with a CCD camera.

The exit spot of the beam is imaged upon the aperture D of variable diameter by a microscopic
x16 lens. Given the 200-fold magnification of the exit spot, the aperture D allows to extract the
light of the ‘hot’ filament core. In fact, this aperture acts similarly to the aperture D1 in Fig. 1,
though it is set at the magnified image of the filament, rather than directly at the latter. The 2 mm
diameter of the aperture D corresponds to the 10 um circle on the exit face of the fused silica slab
around the beam axis, while a typical diameter of the femtosecond filament in the fused silica is
equal to 3—4 um [16—18]. The autocorrelation function of the beam, which passes the aperture D,
is measured with an APE Autocorrelator mini. The large magnification mentioned above is used
because of the requirements of autocorrelator for the input beam parameters (namely, the colli-
mated beams should have their diameters not less that 2 mm).
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Fig. 3. Principal scheme of self-compression and compressed-pulse extraction experiment.

The minimum output pulse duration 63 fs is observed for the input pulse energy E =2 pJ. With
slowly increasing E, the optimum energy manifests itself microscopically as the appearance of
filament-induced luminescence, which is located just at the output face of the slab. Visually, a
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white supercontinuum emission appears at £ =2 pJ in the direction of the optical axis.

The autocorrelation functions of the output beam measured for different diameters of the aperture
D in the linear mode (at £=0.5 pJ) and in the filamentation mode (at £=2 pJ) are shown in
Fig. 4. Here 7 is the width of the autocorrelation function at the FWHM.
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Fig. 4. Photographs of autocorrelator traces taken from the display of APE Autocorrelator mini: (a) output pulse
in the linear mode at E = 0.5 pJ, (b) output pulse in the nonlinear mode at £ =2 pJ and 5 mm aperture D, and
(c) output pulse at E = 2 yJ and 2 mm aperture D.

The autocorrelation function width T =228 fs of the input pulse is the same as that of the output
one in the linear mode at £= 0.5 pJ (see Fig. 4a). Assuming the Gaussian temporal shape of the
pulse, one gets its width at the FWHM as 0.7z = 160 fs. Although in reality the shape of the pulse
can differ from the Gaussian one, we conditionally accept this value. With the diameter of 5 mm
for the aperture D (see Fig. 4b), apart from the intense filament core, there passes also a part of
enveloping energetic reservoir of a lower intensity. Therefore, we obtain a superposition of the
compressed and wide pulses in the autocorrelator trace. With a smaller diameter of 2 mm (see
Fig. 4¢c) of the aperture D, we observe an almost ‘clean’ and more than twice compressed pulse
with 7= 90 fs, which corresponds to the pulse duration of 63 fs at the FWHM, if one assumes the
Gaussian shape.

To the best of our knowledge, the extraction of the femtosecond pulses compressed in the con-
densed media, has not been implemented before. Notice that in order to achieve this, we have used
an original method for the spatial filtration, setting the aperture not directly at the filament, but at
its magnified image.

3. Conclusions

We have implemented the temporal compression of the femtosecond laser pulse from its initial
duration of 160 fs down to 63 fs, using the self-compression phenomenon in the filaments occur-
ring in fused silica. To extract the compressed pulse, we have used the spatial filtration for the
200-fold magnified image of the filament. The compressed pulse can be used as a probe in time-
resolved pump-probe measurements, improving more than twice their temporal resolution.
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Anomauin. CnocmepedceHo uacogy CamMOKOMAPECiio aKCianbHOI KOMROHEHMU BeMmMOCeKyHOHO20
JIA3ePHO20 IMRYIBCY 8 pedicumi (inamenmayii 6 NiaeieHoMy Keapyi i 3HAUOeHO ONMmuMi308aHi
VYMOBU MAKCUMATbHOI Komnpecii. 3 8UKOPUCTNAHHAM NpoCmopoeol ginempayii 6i00KpeMieHO aK-
CianbHy KOMROHEHMY IMIYIbCY ma cKopoueHo ii 00 63 ¢c 6i0 nowamxoeoi mpusanocmi 160 ¢c.
CKropouenutl iMnyibe MONACHA BUKOPUCHOBYBAMU SIK 30HOVIOUULL Ol NOKPAWEHHS 4aco80i po30i-
JIbHOT 30amHocmi y 8UMipax 3a cxemoro "30y0acenna—3ou0ysanns’”.
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