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The role of dispersion in the mechanism of femtosecond pulse

self-shortening in Kerr media

Ya.V. Grudtsyn, A.V. Koribut, L.D. Mikheev, V.A. Trofimov, V.I. Yalovoi

Abstract. We investigate the influence of material dispersion on the
mechanism of self-shortening of femtosecond pulses interacting
with fused silica plates having thicknesses an order of magnitude
smaller than the dispersion length for the initial 72-fs pulse. The
femtosecond pulse self-shortening is observed at large values of the
B integral, when small-scale self-focusing develops in the central
part of the pulse; this self-focusing plays the role of an optical shut-
ter selecting the unperturbed radiation of the pulse leading edge. A
study of the femtosecond pulse self-shortening in 1- and 3-mm-thick
fused silica samples reveals that, under the experimental conditions
in use, the self-phase modulation enhances the role of dispersion in
the formation of a shortened pulse. With an increase in the sample
thickness, the shortened pulse width increases as a result of the dis-
persion spread of the initial pulse in time. At the same time, this
shortened pulse remains close to the transform-limited one, inde-
pendent of the sample thickness.

Keywords: self-shortening, femtosecond pulses, small-scale self-
focusing, modulational instability, nonlinear Schrodinger equation.

1. Introduction

Currently, various applications in fundamental and applied
physics [1-3] call for few-cycle pulses. However, because of
the regenerative narrowing of the spectrum during amplifica-
tion, it is difficult to obtain pulses shorter than 20-30 fs
directly at the output of multiterawatt and petawatt solid-
state systems. To form such few-cycle high-energy pulses, it is
necessary to develop extracavity compression techniques
[4, 5]. Most of the methods of pulse shortening are based on
the use of self-phase modulation (SPM) for pulse spectral
broadening with subsequent compensation for the acquired
nonlinear phase by dispersion elements. In some cases, a pulse
close to a transform-limited one is formed directly as a result
of nonlinear interaction (self-compression). The self-com-
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pression methods known to date are characterised by limited
energy scalability [6, 7].

Previously we described the effect of femtosecond pulse
self-shortening in fused silica glass at the second-harmonic
wavelength of a Ti:sapphire system (A = 475 nm) [8§—12]. This
effect is due to the development of small-scale self-focusing in
the central part of the pulse and the formation of plasma
channels (caused by this self-focusing), which remain until the
end of the pulse. As a result, the central part and trailing edge
of the pulse undergo strong angular loss due to the refraction
from refractive index inhomogeneities, which are caused by
the Kerr nonlinearity and plasma, while the unperturbed
leading edge of the pulse forms a shorter (close to transform-
limited) pulse in the far-field zone [11, 12]. The physical nature
of this pulse self-shortening mechanism is such that it has no
limitations on the beam energy scalability (with conservation
of necessary intensity on the sample surface), and there are
prospects for its further development for generating few-cycle
pulses. One of the conditions for making this method maxi-
mally efficient is the absence of influence of material disper-
sion on the self-shortening mechanism; the role of material
dispersion is the object of our study.

2. Experimental results and discussion

A schematic of the experimental setup is presented in Fig. 1.
The parameters of the radiation interacting with samples are
as follows: the pulse energy is up to 200 wJ, the FWHM of
transform-limited pulse is 7', = 72 fs, and the centre wave-
length is 471 nm (Fig. 2). The samples under study were KU-1
fused silica plates with thicknesses of 1 and 3 mm. The inten-
sity of the radiation interacting with samples was varied
within 1-2.9 TW cm2 by shifting the sample along the con-
vergent beam axis. The radiation of the central part of the
beam, with an approximately homogeneous spatial intensity
distribution, was cut by diaphragms 60 and 100 um in diam-
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Figure 1. (a) Schematic of the setup for studying the interaction of a
transform-limited pulse with a thin fused silica sample and (b) the beam
profile behind the diaphragm (intensity 2.9 TW cm2, 1-mm-thick fused
silica sample).
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Figure 2. (a) Spectrum and (b) autocorrelation function of the initial pulse: (dotted line) result of calculation (reverse Fourier transform of the pulse

spectrum) and (solid lines) experimental data.

eter, installed directly after the 1- and 3-mm-thick plates,
respectively. The beam behind the diaphragm consisted of a
core, whose size was independent of the initial radiation
intensity, and scattered radiation with a divergence angle of
up to 0.1 rad (the convergence angle of the initial beam was
0.01 rad).

When the radiation with an intensity of 2.9 TW cm™
interacted with the 1-mm-thick sample, the pulse width was
reduced to 20 fs, the spectrum was broadened, and its maxi-
mum was red-shifted to 490 nm (Fig. 3a). A similar phenom-
enon was observed when radiation with an intensity of
1.1 TW cm2 interacted with the 3-mm-thick sample (Fig. 3b);
however, the pulse width decreased in this case to only 32 fs,

and the spectral shift was smaller. The autocorrelation func-
tions presented in Fig. 3, which were obtained using a reverse
Fourier transform from the pulse spectra, almost coincide
with the experimental curves, thus indicating that the short-
ened pulses are close to transform-limited ones.

The development of small-scale self-focusing, which leads
to pulse shortening, is due to the transverse beam instability
[13]. The noise gain throughout the entire sample thickness is
determined by the B integral, which can be estimated as (21/A)
X myIL,, where n, is the nonlinear refractive index, 7 is inten-
sity, and L is the sample thickness. Under our experimental
conditions, the B integral was estimated to be 7.3 and 7.7 for
samples with thicknesses of 1 and 3 mm, respectively. It is
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Figure 3. Spectra and autocorrelation functions of radiation in the core (far-field zone after the diaphragm) for fused silica samples with thick-
nesses of (a) 1 mm (intensity 2.9 TW cm2) and (b) 3 mm (intensity 1.1 TW cm2). Dotted lines are calculation results (obtained by inverse Fourier

transform of pulse spectra) and solid lines are experimental data.
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noteworthy that the thickness of the samples used was much
smaller than the dispersion length Lgs = T%/(4In2]k?))
[k® is the group-velocity dispersion parameter] for a 72-fs
pulse: 2.5 cm in fused silica. At first glance, it appears unlikely
that a change in thickness in the range under consideration
may affect significantly self-shortening. However, the effect
of SPM increases the role of dispersion in self-shortening and,
as will be shown below, reduces the B integral because of the
temporal broadening of the initial pulse.

The experimental results were analysed with allowance for
dispersion based on the numerical simulation of nonlinear
propagation of femtosecond radiation in a Kerr medium
using the axially symmetric model of radiation interaction
with optically transparent media, which was developed jointly
with the Laboratory of Mathematical Modelling in Physics
(Moscow State University). The model is based on solving the
nonlinear Schrodinger equation derived in the slowly-varying
wave approximation [14] and supplemented with the plasma
formation process [15]:
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Figure 4. Calculated spatial and temporal intensity distribution at the
output of 1-mm-thick sample, demonstrating the occurrence of self-fo-
cusing (d| is the initial beam diameter at the level of 1/2).
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Here, A(r,r,£) is the complex electric field envelope; w, is
the centre frequency of the initial pulse spectrum; k is the
wavenumber; T =t — z/u and & = z are, respectively, the time
and longitudinal coordinate in a moving coordinate system
(u is the group velocity, 7 and z are the time and longitudinal
coordinate in the system at rest); K = 4 is the order of multi-
photon absorption; p.(z,r,&) is the free-charge concentra-
tion; o is the four-photon absorption cross section; U; is the
band gap; 7, is the free-charge recombination time; p, is the
concentration of material; o is the inverse bremsstrahlung
absorption cross section; n is the refractive index; S is the
four-photon absorption coefficient; p. is the critical plasma
density; and R(t) is the molecular response function.

This model takes into account the diffraction, dispersion,
Kerr nonlinearity, self-steepening, stimulated Raman scatter-
ing, and multiphoton and inverse bremsstrahlung absorption,
as well as the influence of plasma on the refractive index.
However, in view of the axial symmetry, the model does not
allow one to perform a complete numerical calculation
describing the development of multiple filamentation in the
entire beam; therefore, we modelled for simplicity the devel-
opment of a single perturbation on the beam axis with a
transverse size much smaller than the beam diameter. This
model and the parameters entering it were described in more
detail in [12].

Figure 4 shows as an example the results of calculating the
spatiotemporal intensity distributions at the output of the
1-mm-thick sample, which demonstrates beam focusing in the
central part of the pulse. The trailing-edge radiation under-
goes refraction in the newly formed plasma, while the leading-
edge radiation remains unperturbed. The numerically calcu-
lated and measured spectra of shortened pulses are compared
in Fig. 5; one can see good agreement between the calculation
results and experimental data.

Figure 6 shows the calculated temporal intensity profiles
and nonlinear phase derivative d¢,,/dt (¢, = f(wo/c)nI(t)dz)
at the output of 1- and 3-mm-thick samples in the paraxial
region of the beam. The maximum value of d¢,,/dr at the
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Figure 5. Comparison of the experimental (solid lines) and numerically calculated (dotted lines) core spectra after a diaphragm for fused silica
samples with thicknesses of (a) 1 mm (intensity 2.9 TW cm) and (b) 3 mm (intensity 1.1 TW cm™).




The role of dispersion in the mechanism of femtosecond pulse self-shortening

305

._.
~
<
w

9@
£ a o
o
= 127 02 %
%, 10 EQ
= ASSBS]
z 0.1
L
=8
_____ 0
6F R
-0.1
4r AN
oL . -0.2
0 L 1 1 -T--:-- 1 1 -0.3
-100 -80 ~60 —40 -20 0
Time/fs

Intensity/TW cm 2

-0.2

1 1 _03
-20 0
Time/fs

—40

Figure 6. Temporal profiles of the (solid lines) intensity and (dotted lines) nonlinear phase derivative at the output of samples with thicknesses of
(a) I and (b) 3 mm. (/, 2) Profiles of perturbed and unperturbed intensities, respectively, with dispersion taken into account, and (3) intensity pro-

file without perturbation and with dispersion disregarded.

pulse leading edge characterises the spectral shift of the
shortened pulse, while the presence of a plateau in the curve
d¢,/dt indicates possibility of forming transform-limited
pulses in the far-field zone behind the sample. A comparison
of the temporal profiles of output pulses, which were obtained
without intensity perturbation in the initial beam profile
(Fig. 6), shows that dispersion causes significant pulse broad-
ening in both samples; in addition, it leads to a larger (by a
factor of 1.3) increase in the pulse duration (at half maximum)
in the 3-mm-thick sample (GDD = 225 fs?) in comparison
with that in the 1-mm-thick sample (GDD = 75 fs?) [16]. This
gives rise to approximately the same decrease in the nonlinear
phase derivative with respect to time at the sample output
and, correspondingly, to a spectral shift of the shortened
pulse formed at its leading edge.

Thus, the numerical simulation results confirm the impor-
tant role of material dispersion in the mechanism of femtosec-
ond pulse self-shortening in thin (as compared with the dis-
persion length) fused silica samples: it leads to a decrease in
the self-shortening efficiency with an increase in the sample
thickness from 1 to 3 mm. Note that the shortened pulses
observed in the far-field are close to transform-limited for
both samples. Hence, in the case under consideration, disper-
sion does not affect the formation conditions for a transform-
limited pulse but broadens it due to the spread of the initial
pulse in time.

3. Conclusions

It was established that, even when using samples with thick-
nesses much smaller than the dispersion length for the initial
pulse, dispersion plays an important role under the SPM con-
ditions and imposes limitations on the choice of the optimal
thickness of the sample applied for femtosecond pulse self-
shortening. According to the numerical simulation for the
chosen experimental conditions, the dispersion spread of the
initial pulse leads to a decrease in the nonlinear phase deriva-
tive at the sample output, which corresponds to the experi-
mentally observed decrease in the spectral shift and spectral
width of the shortened pulse. The numerical simulation
results indicate also that, independent of the sample thick-
ness, the conditions for forming a transform-limited short-

ened pulse are implemented on the initial-pulse leading edge.
This is confirmed by the results of experiments where the
shortened pulse widths were close to those of transform-lim-
ited pulses for both 1- and 3-mm-thick samples but differed
by a factor of 1.5.

Based on the results obtained, we can conclude that optical
materials with a high nonlinearity of refractive index and mini-
mally possible group-velocity dispersion are most promising
for implementing femtosecond pulse self-shortening. An exam-
ple of such material for the wavelength range near 480 nm is
CaF, (n,=4 x 10'°cm® W-! [17] and GVD = 53 fs> mm' [18],
whereas for fused silica 7, = 2.2 x 1071 cm® W' [19] and GVD
= 75 s> mm™! [16]). In this context, note that the aforemen-
tioned requirement can more easily be implemented in the
near-IR region for the Tiisapphire laser first harmonic,
because in this case the nonlinear refractive index generally
does not differ much from the values characteristic of the vis-
ible spectral range, whereas the dispersion is much lower.
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