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Femtosecond filamentation and pulse compression
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We numerically demonstrate that femtosecond filamentation in a molecular gas can be controlled in the
wake of molecular alignment following impulsive rotational Raman excitation with a weak pump pulse. The
succeeding filamentation dynamics of the collinearly propagating probe pulse is significantly influenced by
the spatiotemporally modulated refractive index at the revivals of molecular alignment. The length of the
filament generated by the probe pulse can be efficiently increased to obtain an ultrabroad spectrum and a
few-cycle pulse via self-compression by tuning its delay to match the molecular alignment revivals. © 2008
Optical Society of America
OCIS codes: 320.7110, 260.5950, 020.2649.

The propagation of intense femtosecond (fs) pulses in
transparent nonlinear media (e.g., air) leads to the
observation of filaments [1]. Several applications
based on filaments were foreseen, such as light detection and ranging techniques [2], laser induced breakdown spectroscopy [3], remote terahertz sources [4],
and nonlinear optical processes [5]. It is important to
manage an accurate control of the filament features,
in particular the filamentation length that was predicted to reach a maximum for a specific pulse duration [6] and could be controlled by adjusting the initial pulse chirp [7]. An additional control parameter
exists for all applications based on filamentation in
air: in contrast with an atomic gas, air contains diatomic molecules N2 and O2, the orientation of which
can be manipulated by using impulsive rotational
Raman excitation with periodic revivals [8,9]. Fieldfree molecular alignment has been extensively studied for full-dimensional molecular manipulation [10],
molecular orbital reconstruction [11], and highharmonic generation [12,13].
In this Letter, we numerically demonstrate that
filamentation can be controlled by impulsive rotational Raman excitation of nitrogen with a weak femtosecond pump pulse sent in advance of a more intense probe pulse undergoing filamentation. The
molecular refractive index seen by the probe pulse is
modulated both spatially and temporally depending
on the pump-probe delay, which allows for a control
of its propagation dynamics. The filament length is
shown to be efficiently increased with a significant
spectrum broadening and pulse self-compression
when the probe delay is properly tuned to match with
the molecular alignment revivals.
The propagation for the probe pulse envelope in
prealigned molecules is governed by the nonlinear
envelope equation in the local reference frame
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where n0, k0, and k0共2兲 = 兩2k / 2兩0 are the refractive
index, the wave vector, and the coefficient for group
velocity dispersion of the probe pulse centered at 0,
respectively. The cross-section  ⬃ e2 / 共c0me02c兲 accounts for inverse Bremsstrahlung with collision
time c. The quantity ␤K = Kq00K is the multiphoton ionization coefficient, K is the number of photons
involved in the process, and 0 is the initial molecular
density. The electron density  is calculated by resolving  / t = K兩E兩2K共0 − 兲 [1]. The orientation dependent refractive index ␦n and ionization
cross-section K are modeled by ␦n = 0.5共0 ⌬␣ / n0兲
⫻共具具cos2 典典 − 1 / 3兲 + ␦nrot-Raman and K = K 0关1 + 共1.5a2
− 3.75a4兲 共 具具cos2典典 − 1 / 3兲 + 4.375a4 共 具具cos4 典典 − 1 / 5兲兴
[12], where ⌬␣ is the polarizability difference [8]. The
refractive index ␦n due to prealigned molecules is
evaluated by including the rotational Raman contribution ␦nrot-Raman and effectively depends on the
pump intensity [14,15]. Molecular alignment is characterized by the averaged terms 具具cos2 典典 and
具具cos4 典典 [8], which are equal to 1 / 3 and 1 / 5, respectively, for randomly orientated molecules (without
pump).
Figures 1(a) and 1(b) show the calculated alignment metrics versus time delay. Here, the pump
pulse is assumed to be 50 fs in duration (FWHM)
with a peak intensity of 2 ⫻ 1013 W / cm2 at the focus,
whose evolution is assumed to obey the basic Gaussian optics. The molecular gas is considered to be pure
N2 with 0 = 2.5⫻ 1019 cm−3. As shown in Figs. 1(c)
and 1(d), the refractive index and ionization cross
section are modulated by closely following the revivals of the molecular alignment. The modulation of
the ionization cross section is due to the fact that a
parallel oriented diatomic molecule exhibits a doublewell potential structure and is therefore easier to be
ionized than a perpendicularly oriented one [16,17].
For N2 exhibiting a positive ⌬␣, the refractive index
of the molecular gas seen by the probe pulse increases (decreases) as the molecules are prealigned
parallel (perpendicular) to the field polarization. Figure 1(c) shows that the rotational Raman contribu© 2008 Optical Society of America
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Fig. 1. (Color online) Alignment metrics for pure nitrogen
at 1 atm. (a) Ⰶcos2 Ⰷ and (b) Ⰶcos4 Ⰷ, (c) the refractive
index ␦nrot-Raman, (d) the normalized ionization cross section, and (e) the collapse length Lc as a function of time delay. (f) The collapse length Lc as a function of Pin / Pcr when
the molecules are randomly orientated (dashed curve), or
orientated at delays B (dotted curve) and E (solid curve) as
labeled in the inset. The corresponding frequency shift induced by the molecular revivals is also plotted in the inset.
In the calculations of the collapse length Lc for the collimated probe beam (diameter of 1.0 mm), the pump pulse is
focused by a lens (focal length f = 40 cm) with an initial
beam diameter of 1.6 mm.

tion leads to an additional self-focusing (defocusing)
effect for the probe pulse, which linearly depends on
the pump intensity for intensities smaller than
1014 W / cm2 [18]. Accordingly, the collapse length Lc,
defined as the distance to the nonlinear focus of the
probe beam, is modulated [Fig. 1(e)], which is obtained by integrating Eq. (1) without the contributions of dispersion and ionization. Obviously, for parallel orientated molecules the collapse distance is
shorter than that for perpendicularly orientated
ones. As the molecules are randomly orientated the
collapse length is well approximated by the Marburger formula [19]. For prealigned molecules, as
shown in Fig. 1(f), this formula still holds for probes
with large input powers. However, a noticeable departure from Marburger’s collapse distance is observed for probe beams with low input powers and
collapse may even be suppressed for a weak probe
beam propagating in perpendicularly orientated molecular gas.
The collinearly propagating pump and probe
pulses at 800 nm are assumed to have the same polarizations, beam waists, and pulse durations, and

are focused using a lens with a focal length of 40 cm.
The simulation parameters used here are: ⌬␣
= 1.0 Å3, k0共2兲 = 0.2 fs2 / cm, n2 = 2.3⫻ 10−19 cm2 / W, c
= 350 fs, K0 = 6.31⫻ 10−140 s−1 cm22 / W11, and K = 11
[1]. The input power and beam diameter of the probe
pulse are set as Pin = 2.0 Pcr (Pcr = 4.4 GW for N2 at
800 nm) and 1.5 mm (FWHM). In the following discussion the probe pulse is tuned to various delays (labeled as A, B, C, D, and E) around the half revival
time of the molecular alignment as shown in the inset of Fig. 1(f).
The probe pulse self-focuses at different positions
along the propagation direction as its delay relative
to the pump pulse is tuned. When its temporal peak
matches the revival time for parallel orientation (delay B), the probe pulse self-focuses at a distance
shorter by ⬃2 cm with respect to the case of randomly orientated molecules. In contrast, when the
delay is tuned to delay E (perpendicular orientation),
the probe pulse focuses at a larger distance and diffracts immediately after the geometric focus of the
lens. As shown in Fig. 2(a), for parallel orientation,
the filament length 共⬃13 cm兲 is roughly doubled with
respect to the case of randomly orientated molecules
(filament length ⬃7 cm).
In a way similar to the conventional self-phase
modulation, here, the phase modulation induced by
the temporal evolution of the refractive index (following the molecular alignment revival) plays an impor-

Fig. 2. (Color online) (a),(b) Beam radius evolution of the
probe pulse along the propagation distance, (c),(d) the normalized spectra, and (e),(f) the normalized temporal profile
of the probe pulse at the end of filamentation in nitrogen
when it is delayed to see various molecular orientations.

November 15, 2008 / Vol. 33, No. 22 / OPTICS LETTERS

tant role. The frequency shift induced by the modulated refractive index is plotted in the inset of Fig.
1(f). As a result, for delay A, the probe pulse is redshifted [Fig. 2(d)] and is further compressed down to
a few cycles [Fig. 2(f)] via significant spatiotemporal
reshaping during its long filamentation stage [Fig.
2(b)] [20]. As shown in Figs. 2(d) and 2(f), for delay C
the probe pulse is spectrally blueshifted and a compressed ultrashort pulse is obtained at the end of the
filament. The phase modulation is most important at
delay D for the maximum slope of the refractive index profile. As shown in Fig. 2(a), a filament of
⬃55 cm is generated when the probe pulse is tuned
to delay D. The probe pulse undergoes significant
spectral broadening, which results in an ultrabroad
spectrum ranging from 360 to 1300 nm [Fig. 2(c)],
and thus in a self-compressed ultrashort pulse of
3.5 fs (FWHM) [Fig. 2(e)]. A small pedestal exists but
applications such as the generation of high harmonics and single attosecond pulses were predicted to be
rather insensitive to the pedestal [21]. Filamentation
in properly aligned molecular gas is therefore an efficient way to force self-compression and generate
few-cycle pulses and possibly to overcome the limitations encountered with self-compressed filaments in
noble gases such as, e.g., the trade-off between pulse
duration and energy of the compressed pulse [22]. Although the maximum refractive index is obtained at
delay B the phase modulation effect (proportional to
the slope of the refractive index profile) for this delay
is quite small, which leads to limited spectrum broadening and thus a short filamentation length as shown
in Figs. 2(a) and 2(c).
In summary, we have shown by means of numerical simulations that by using a weak pump pulse as
an impulsive rotational Raman excitation and by
tuning the delay of an intense probe pulse undergoing filamentation to scan various revival times of molecular alignment induced by the pump, the filamentation dynamics can be readily controlled to obtain
desired filament lengths, ultrabroad spectra and
pulse self-compression. This provides us an efficient
approach to manipulate femtosecond filaments for
various promising applications in filamentation nonlinear optics.
During the reviewing process, we became aware of
recent experimental works [23] in keeping with the
simulations of this paper.
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