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We present the results of the investigation of the effect of material dispersion on a
novel femtosecond pulse self-shortening mechanism based on the transient regime
of multiple filamentation in samples with Kerr nonlinearity. This regime occurs at
rather high B-integral values for the pulse passing through the sample, so that
multiple filamentation in the trailing part causes strong on-axis intensity losses due to
diffraction and refraction that allows far-field spatial filtering of the pulse front edge
unaffected by the multiple filamentation. Self-shortening of a 72 fs transform-limited
pulse to 23 fs, 32 fs and 30 fs was observed in a 1-mm-thick fused silica plate at
intensity of 2.9 TW/cm?, a 3-mm-thick fused silica plate at intensity of 1.1 TW/cm? and
a 5-mm-thick LiF plate at intensity of 2.1 TW/cm?, respectively, without the use of
additional dispersive elements. Experimental results obtained in this article show that
the duration of self-shorted pulses increases with increasing group delay dispersion
in the material.

multiple filamentation, pulse self-shortening

To date, various fields of basic and applied research require few-cycle optical pulses
[1-3]. However, it is difficult to obtain pulses shorter than 20-30 fs in multi-terawatt
and petawatt power level solid state systems because of spectrum narrowing during
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pulse amplification. The solution to this problem lies in the development of nonlin-
ear methods for the extracavity shortening of femtosecond pulses [4, 5]. The meth-
ods currently used are based on the spectrum broadening due to self-phase modula-
tion (SPM) in media with Kerr nonlinearity with compensation of the acquired phase
modulation by using additional dispersive elements or without the use of these ele-
ments if the transform-limited pulses are formed directly in a nonlinear medium (self-
compression). At the same time, currently developed self-compression methods are
limited in energy by tens of m) and do not have the prospect of further energy scaling
[6, 7]. Earlier, we presented the results of investigations of a new mechanism for
femtosecond pulse self-shortening in thin optically transparent materials with Kerr
nonlinearity [8-11]. In [11], this mechanism was attributed to the formation of multiple
filaments in the trailing edge of the pulse, which leads to a sharp increase in diffrac-
tion and refraction losses in the near-axis region. The mechanism of the observed
phenomenon allows energy scaling of the self-shortening technique. In this article,
we study effect of the group delay dispersion on femtosecond pulse self-shortening
in Kerr media.

The scheme of the experimental setup is shown in Figure 1. The duration of the initial
transform-limited 200 pJ pulse was 72 fs at a wavelength of 475 nm. Experiments were
carried out with three samples: 1-mm and 3-mm-thick silica plates and a 5-mm-thick
LiF plate. The radiation intensity on samples varied in the range of 1-2.9 TW/cm? by
moving them along a converging beam. Using 60 pm or 100 pm pinholes, adjacent
to the back surface of the sample, a region of uniform intensity in the central part of
the beam was selected. The radiation at the exit of the pinholes consisted of a central
core, whose size did not depend on the interaction intensity, and conical emission with
a divergence angle of up to 0.1 rad (the angle of convergence of the initial radiation
was < 0.01rad).

In the 1--mm-thick fused silica plate, the radiation spectrum observed at intensity
of 2.9 TW/cm? was broadened and redshifted to a wavelength of ~ 490 nm with
the pulse duration being reduced to 22 fs (Figure 2a). A similar phenomenon of the
pulse self-shortening was observed in the 3-mm-thick silica plate at an intensity of
1.1 TW/cm?(Figure 2b) and in the 5-mm-thick LiF sample at an intensity of 2.1 TW/cm?
(Figure 20).
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Figure 1: Experimental setup for the observation of pulse self-shortening (a) and fluence distribution for
the beam at a distance of 5 cm from the pinhole 1 (b).
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Figure 2: On-axis spectra and autocorrelation traces of pulses passed through: (a) 1-mm-thick fused silica
plate, (b) 3-mm-thick fused silica plate, (c) 5-mm-thick LiF plate. Dashed curves: autocorrelation functions
reconstructed from the inverse Fourier transform of the measured spectra.
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According to [11], self-shortening process is caused by the multiple filamentation in
the trailing part that arises due to the transverse modulational instability [12], which
leads to the strong on-axis intensity losses due to diffraction and refraction. At the
same time, radiation from the leading edge of the pulse is not affected by the multiple
filamentation and keeps its divergence close to the initial value. SPM enriches and
red-shifts the spectrum in the leading part of the pulse.

Spatial fluctuations of the beam intensity grow during pulse propagation with the
gain determined by the B-integral, which can be roughly estimated as 2n,1L, where
n, is the nonlinear refractive index; |, radiation intensity, and L, sample thickness. Using

—-16

n, = 2.2 x 10~'%cm?/W for fused silica and n, = 5.3 x 10~7cm?/W for LiF [13], we can

obtain
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B,(2.9 TW/cm?, 1 mm, fused silica) = 8.5

B,(1.1 TW/cm?, 3 mm, fused silica) = 9.4

B;(2.1 TW/cm?, 5 mm, LiF) = 7.4

Despite the fact that the values of the B-integral are close to each other, the output
pulses have different durations, which is most clearly seen from comparing the 1- and
3-mm-thick fused silica samples. However, these samples have different group delay
dispersion (GDD), namely 75 fs? and 225 fs? for the 1- and 3-mm-thick fused silica
samples [14], respectively, as well as 210 fs? for LiF [15]. GDD results in temporal pulse
broadening, which reduces the real value of the B-integral and increases the duration
of the leading edge. As a result, this leads to an increase in the duration of the self-
shorted pulse with sample thickness (Figure 2). The differences in the real values of
the B-integral explain the different spectrum broadening and red-shifting. Despite the
different group delay dispersion, the self-shorted pulses are close to the transform-
limited ones.

Since the GDD depends on the sample thickness and the group velocity dispersion
(GVD), to maintain the interaction regime (B-integral value) to be optimal for the self-
compression, it is necessary to choose a material with a large nonlinear refractive
index n, and a small GVD. A CaF,sample could be promising for self-shortening (n, =
4 x 10~1%cm?/W [16], GVD = 53 fs>/mm [17] at A = 480 nm). For near infrared region,
the dispersion factor can be further reduced (for LiCl n, = 4 x 10~'*cm?/W [18], GVD =
10 fs?/mm [15] at A = 1064 nm).

We have observed pulse self-shortening phenomenon based on the transient regime
of multiple filamentation in samples with different GDD. The experimentally obtained
results demonstrate that to generate pulses with shorter duration, samples with small
dispersion factor should be used.

This work was supported by the Presidium of the Russian Academy of Sciences
(Programme ‘Extreme laser radiation: physics and fundamental applications’), and
the Competitiveness Programme of the National Nuclear Research University MEPhI
(Moscow Engineering Physics Institute).
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