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Intense Bessel femtosecond pulse
propagation in dispersive Kerr medium
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The performance of intense Bessel femtosecond pulse propagation in dispersive medium is investigated.
Water is chosen as the Kerr medium with large dispersion. We find that within the dispersion length, the
temporal profile integrated over the beam radius is controlled mainly by dispersion, whereas the spectral
profile is nearly undistorted. We also show the energy flow between different transverse parts of the beam,
which provides a reservoir for the intense part of the Bessel beam and extends the nonlinear effect length
between the pulse and the Kerr medium as we have previously found in argon.
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Since the Bessel beam has been proposed to the beam
profile family by Durnin et al. in 1987[1,2], the non-
diffraction property of the Bessel beam has attracted in-
creasing attention in recent years from both the scientific
and technological points of view, such as in microfabri-
cation, harmonic generation, and filamentation. Argon
(with small dispersion) is usually chosen as the typical
Kerr medium in studying the performance of intense
femtosecond pulses. We have studied the characteristics
of filament and plasma channel formed by Bessel beams
in argon in detail[3,4]. In the current work, we choose
water (with large dispersion) as the Kerr medium and
investigate the performances of intense Bessel femtosec-
ond pulse propagation in this medium. By solving the
general nonlinear Schrödinger equation coupled with the
electron density evolution equation[5,6], we reveal the in-
depth characteristics of intense Bessel beam propagation
in a dispersive medium.

While in argon, dispersion is too small to play an ob-
vious role during propagation for short distance. For
the Kerr medium with large dispersion, the contribution
of dispersion should not be neglected. Sometimes, it
may not only broaden the pulse but also lead to pulse
splitting[7]. For the simulation in water, since the inten-
sity we calculated is always in the multiphoton ionization
domain, we used the simplified multiphoton ionization
model[6,8]. The coefficients for water that we consid-
ered are: central wavelength λ0 = 800 nm, density of
neutral atoms ρnt = 6.68 × 1028/m3, linear refractive
index n0 = 1.334, nonlinear refractive index n2 = 4.1 ×
10−20 m2/W, the second order dispersive coefficient k′′

= 2.48 × 10−26 s2/m, ionization potential Ui = 6.5 eV,
the number of photons K = 5 required for multiphoton
ionization, MPI coefficient reads as σK = 1.2 × 10−72

m10/(s·W5) (which corresponds to βK = 1 × 10−61

m7/W4), and momentum transfer collision time τ c = 3
fs. The cross-section for inverse bremsstrahlung follows

the Drude mode[9] and reads as σ =
k0e
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where e is the electron charge and m is the electron-hole

reduced mass for gas or condensed dielectric medium.
For water, m equals half of the mass of electrons me,
i.e., m = 0.5 me. In addition, k′′ = 2.48 × 104 fs2/m,
which means the dispersion length LD = 1.31 cm. The
propagation distance is set as 5 cm, and we have also
chosen 30-fs, 100-µm Bessel beam as the incident pulse,
unless otherwise specified.

First, we investigated the evolution of the temporal
profiles. We plotted the temporal profiles integrated
over the beam radius at different propagation distances
for different incident peak powers and beam diameters
(see Figs. 1(a)–(f)). The peak power was measured by
the self focusing critical power Pcr = λ2/2πn0n2. The

Fig. 1. Temporal profiles integrated over the beam radius of
an incident pulse with a diameter of 100 µm with different
peak powers at Z = (a) 1, (b) 2, and (c) 5 cm, and a 10Pcr

peak power with different diameters at Z = (d) 1, (e) 2, and
(f) 5 cm.
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Fig. 2. Temporal profiles integrated over the beam radius of
a 10Pcr peak power incident pulse with a diameter of 100 µm
with all the effects and only dispersion taken into account at
z = (a) 1, (b) 2, and (c) 5 cm.

Fig. 3. Evolution of temporal profiles integrated over the
beam radius within (a) 100, (b) 200, (c) 500 µm, and (d)
the whole space as a function of the propagation distance for
a 10Pcr peak power incident pulse with a diameter of 100 µm.

Fig. 4. Evolution of the spectral profiles integrated over the
beam radius within (a) 100 µm, (b) 200 µm, (c) 500 µm, and
(d) the whole space as a function of the propagation distance
for 10Pcr peak power incident pulse with a diameter of 100
µm.

temporal profiles were normalized by themselves. Usu-
ally, the temporal profiles with different peak powers

Fig. 5. (a) Radii containing different energies and (b) energy
contained within different radii as functions of the propaga-
tion distance for 10Pcr peak power incident pulse with a di-
ameter of 100 µm.

and beam diameters are nearly identical at the same
propagation distance, and only dispersion contributes to
the distortion of the temporal profiles integrated over the
beam radius. To prove this conclusion, we compared the
temporal profiles of all linear and nonlinear effects with
those of only the dispersion effect taken into account for
the 10Pcr peak power, 100-µm diameter incident pulses
at different distances. They are shown in Figs. 2(a)−(c).
Figures 2(a)−(c) further prove the conclusion that the
temporal profiles of the Bessel beam integrated with the
beam radius are only affected by dispersion. To make
this conclusion more specific, we state that it is tenable
with the dispersion length LD, whereas it begins to de-
viate beyond LD.

We also investigated the evolution of the temporal and
spectral profiles integrated with different radii during
the propagation. They are shown in Figs. 3 and 4,
respectively. Within the dispersion length, when the
spatial integration range increased, the temporal profiles
converged to the profile controlled by dispersion, whereas
the spectral profiles converged to the original (see Figs.
3 and 4). This tendency comes from the contribution of
the peripheral part of the beam, which has comparable
energy and suffers small distortion.

After studying the evolution of temporal and spa-
tial profiles, we investigated the energy flow between
different transverse parts of the beam. We plotted the
radii containing different energies and energy contained
within different radii as functions of the propagation
distance, respectively (see Figs. 5(a) and (b)). The
reservoir effect for radius larger than 100 µm was very
small, but when we reduced the radius (for 75 and 50
µm), the reservoir effect became obvious (see Fig.5 (b)).
The reservoir effect distance for water was also very
short.

In conclusion, we choose water as the large dispersive
Kerr medium in order to investigate the temporal and
spectral propagation performances in the dispersive Kerr
medium through theoretical simulations. We show that
within dispersion length, the temporal profile integrated
over the beam radius is controlled by dispersion, and that
the spectral profile integrated over the beam radius is
nearly undistorted. We also conduct energy flux diagnos-
tic to show the energy flow between different transverse
parts of the Bessel beam. Based on the observation,
the energy flowing between different transverse parts of
the beam serves as an energy reservoir and extendes the
nonlinear effect between the pulse and the Kerr medium.
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