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Abstract—We show that the filamentation dynamics of a femtosecond laser probe pulse can be readily con-
trolled by properly matching it to the quantum revivals of pre-aligned molecules prepared through impulsive
rotational Raman excitation with an advancing ultrashort pump pulse. Several features of the filamentation
process including supercontinuum generation, the length of the plasma channel generated in the wake of the
filament, the associated secondary radiations and the multiple filamentation pattern are all easily modified
by tuning the cross phase modulation induced by the field-free revivals of molecular alignment, through the
delay between the pump and the probe pulses. We show that molecular alignment can also be used to generate
conical waves with extremely short intensity spike called shocked X-waves and to further tune the frequency
of a few-cycle laser pulse in the wake of a self-guided intense filament.
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1. INTRODUCTION

Intense ultrashort laser pulses propagating in trans-
parent nonlinear media typically undergo filamenta-
tion, which denotes a peculiar propagation regime
with a well confined beam radius of ~50 um and high
peak-intensity of ~5 x 103 W/cm? over distances
much longer than the Rayleigh length [1, 2]. It is now
well established that several physical effects among
which optical Kerr self-focusing, plasma defocusing,
plasma and multiphoton absorptions as well as mate-
rial diffraction/dispersion compete so as to maintain
interaction of light with the medium over extended
distances. In gases, many applications based on fila-
ments are foreseen, such as light detection and ranging
techniques [3], high-energy few-cycle laser pulse gen-
eration [4, 5], nonlinear frequency conversion [6],
supercontinuum generation [7, 8], and THz emission
[9]. Therefore, it is important to study practical meth-
ods to control the features of filaments with the aim of
developing their potential applications. In contrast
with atomic gases, molecular gases such as air can be
prepared to orientate the diatomic molecules of N,
and O, with respect to the field polarization of the
pulse undergoing filamentation. Molecular alignment
is known to exhibit periodic revivals several picosec-
onds after the impulsive rotational Raman excitation.
This effect, known as the quantum wake, has been
extensively studied for molecular orbital reconstruc-
tion [10], high harmonic generation [11], and recently
for the propagation of ultrashort laser pulses [12—14].
In this paper, we show that the quantum wake consti-

! The article is published in the original.

tutes a versatile tool to control several important fea-
tures of filamentation.

The main idea of the control mechanism is that a
femtosecond pump pulse is used as impulsive rota-
tional Raman excitation to align the molecules and a
delayed femtosecond laser pulse which will undergo
filamentation, hereafter called probe even if it is stron-
ger than the pump, is then sent within the time win-
dow of the field-free revivals of the molecular align-
ment. By tuning the delay between both pulses, the
probe will experience a cross phase modulation
(XPM) effect which can be precisely tuned in space
and time by matching the probe with the rising or fall-
ing edge of the quantum revivals. The filamentation
process is strongly sensitive to XPM induced by the
quantum revivals allowing us to readily control the
dynamics of single- and multiple filamentation, the
associated supercontinuum generation, the formation
of conical optical shocks (shock X-wave), and to tune
the frequency of few-cycle laser pulses in the quantum
wake of a self-guided femtosecond filament.

2. IMPULSIVE MOLECULAR ALIGNMENT

For a molecular gas exposed to ultrashort laser
pulses of duration much shorter than the correspond-
ing rotational period, molecular alignment is not only
achieved during the pulse duration but also exhibits
periodic revivals after the extinction of the pump pulse
[15]. This is due to the quantum beatings of the pre-
populated rotational states |/M), where /=0, 1, 2, ....
andM=-J,—J+1,...,J—1,Jaccount for the orbital
momentum and corresponding projection onto the
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Fig. 1. Experimental setup used for measurements of molecular alignment by weak field polarization spectroscopy. BS: beam
splitter; HWP: half-wave plate; PD: photodiode detector. The insets show the measured revivals of molecular alignment propor-

tional to ({(cos?0)) — 1/3)? for (a) Ny, (b) O,, (c) CO,, and (d) air.

symmetry axis of the molecule. In the case of an off-
resonant excitation, the interaction of a linearly polar-
ized pump pulse with linear molecules can be
described by the effective Hamiltonian H = H, —
1/4A0.E*cos?0, where Hy = ByJ(J + 1) + Dy J?(J + 1)?
denotes the field free Hamiltonian, 6 is the angle
between the molecular axis and the field polarization
of the pump pulse, B, and D, are the rovibrational
molecular constants which determine the revival
period, E(7) is the amplitude of the pump pulse, and
Ao = oy — a, is the polarizability difference between
the components parallel and perpendicular to the
molecular axis. During the excitation by the pump
pulse, the evolution of the molecular rotational state

) = ZJMC mlMM) is calculated by integrating the

Schrédinger equation iAid|y)/0t = H|y). After extinc-
tion of the pump, the population of each rotational
state continues to evolve in the field-free Hamiltonian.
The degree of molecular alignment is characterized by
the quantity {(cos?0)) which is calculated by a double
averaging procedure: First the Schrodinger equation is
solved for each initial molecular rotational state |y(# =
0)) = |/yM,), and the degree of molecular alignment at
time ¢ is obtained from the population Cj;(7) of each
rotational state as:

(cos 0)s,m, = > CrrCofd Mcos’0lIMy. (1)

JM,IM

Then we considered that initial states are populated
according to the temperature-dependent Boltzmann

distribution. The averaged degree of molecular align-
ment in the quantum wake is thus obtained by

Jo
ZPJO z (cos’0),m,

((cos’By) = Lo M=oty

Jy

; (2

where Py, is the population probability of state J;. Its
dependence upon temperature follows the Boltzmann
distribution. For randomly oriented molecules, the
average term ((cos’0)) is equal to 1/3. The molecular
orientation tends to be parallel to the field polarization
when ({cos?0)) is greater than 1/3, whereas smaller val-
ues indicate perpendicular orientation.

Experimentally, the molecular alignment was mea-
sured by weak field polarization spectroscopy [16]
which is based on the modulation of the field polariza-
tion experienced by a probe pulse in oriented mole-
cules. Our setup is shown in Fig. 1. By means of a half-
wave plate, the polarization of the pump pulse was
rotated by 45° with respect to the probe polarization.
The modulations of the latter follow the revivals of the
molecular alignment. A polarizer was used to transmit
only the polarization component perpendicular to the
incident polarization of the probe before measure-
ment. The typical molecular alignment signal propor-
tional to ({({cos?0)) — 1/3)? was measured by this con-
ventional technique for linear molecules O,, N,, and
CO, which exhibit revival periods of 11.6, 8.4, and
42.7 ps, respectively, as shown in the insets (a), (b),
and (c) of Fig. 1. The hybrid molecular alignment sig-
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nal of air, composed of N, and O,, is also presented in
the inset (d) of Fig. 1 and is in good agreement with
measurements of [17].

3. CROSS PHASE MODULATION
VIA THE QUANTUM WAKE

Following the revivals of molecular alignment, the
refractive index of the molecular gas along the pump
polarization is periodically modulated and can be
expressed as dn(r, 1) = 0.5(pyAa/ny) ({{cos?0)) — 1/3) +
on,x [13], where p, is the initial molecular density and
ny is the linear refractive index. The rotational Raman
contribution dn,; of the pre-excited molecules
describes the molecular contribution to the optical
Kerr effect that is modeled as in [17] and effectively
depends on the pump intensity. Depending whether
the molecules are oriented parallel or perpendicular to
the field polarization, the refractive index is corre-
spondingly increased or decreased, as presented in
Fig. 2.

The revivals of molecular alignment therefore
induce an additional nonlinear phase shift ¢,, to a
properly matched ultrashort probe pulse correspond-
ing to a spectral phase modulation given by dw(f) =
-0¢p,,/0t ~ —03n(t)/0t [18]. In addition, the trans-

verse profile of the pump pulse remains approximately
Gaussian along propagation, i.e., more intense in the
central part, leading to a larger degree of molecular
alignment in the beam center than in its periphery.
Correspondingly, a probe pulse properly matching the
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Fig. 3. (a) Schematic representation of self-focusing of a
Gaussian beam in a Kerr medium and its subsequent col-
lapse. (b) The modulation of the collapse length (dashed
curve) follows the revivals

parallel or perpendicular orientation of the molecules
during the revival will experience an additional cross-
focusing or defocusing effect, respectively. This effect
allows us to control the onset of filamentation since
the collapse length, defined as the propagation dis-
tance to the nonlinear focus of the probe beam and
well reproduced by the Marburger law for randomly
oriented molecules (see Fig. 3a), can be decreased
when the pre-aligned molecules are parallel to the
probe polarization or increased in the case of perpen-
dicular alignment (see Fig. 3b) [13].

Therefore, as schematically presented in Fig. 2, the
space- and time-dependent quantum revival of
molecular alignment acts as a XPM effect on a prop-
erly matched probe pulse, thereby opening possibili-
ties to control both its spectral and spatial filamenta-
tion dynamics.

Figure 4 shows the typical experimental setup used
in our studies for filamentation control. A femtosec-
ond pulse at 800 nm delivered by a 1 kHz Ti:sapphire
amplified laser system was first split into a pump used
for molecular alignment and a probe pulse used for
investigating its propagation dynamics. The pulses
were then re-combined and collinearly focused with a
lens into a gas cell. The relative delay between pump
and probe pulses was controlled by using a motorized
translation stage in the pump arm. The polarization of
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Fig. 4. The typical experimental setup used in our studies
on filamentation control by molecular alignment. BS:
beam splitter, HWP: half-wave plate, TFP: thin film polar-
izer, CCD: charge coupled device.

the pump pulse was rotated to be orthogonal to the
probe by using a half-wave plate in the pump arm just
before the re-combination mirror. At the exit of the gas
cell, the spectral and spatial profiles of the probe pulse
were measured simultaneously by using a spectrome-
ter and a CCD camera after a polarization analysis
(polarizer), which reflected the s-polarized pump and
transmitted the p-polarized probe. This setup was used
for different experiments discussed below, with lenses
of different focal lengths, input laser pulses of different
energies and durations, and gas cells filled with various
molecular gases (N,, O,, or CO,) at different gas pres-
sures.

Figure 5a shows the calculated time-dependent
spectral modulation (dashed curve) expected from the
revival of molecular alignment (solid curve). It sug-
gests that new redder or bluer frequencies should
appear when the temporal peak of the probe pulse is
tuned to the rising or falling edge of the revival, respec-
tively [13, 18]. The measured spectral modulation of a
femtosecond laser pulse propagating in pre-aligned
molecular N, is shown in Figs. 5b and 5c¢ for two delays
corresponding to the rising and falling edge of the
revival, as indicated in Fig. 5a. Here, the orthogonally
polarized pump (0.7 mJ) and probe pulses (0.2 mJ)
with a temporal duration of 50 fs were collinearly
focused with a lens of f = 40 cm into a gas cell filled
with pure N, gas at a pressure of 2 atm. As expected
[18], owing to the nonlinear phase shift induced by the
revival of molecular alignment, the spectrum of the
probe pulse was red-shifted for delay-A (Fig. 5b) or
blue-shifted (Fig. 5¢) for delay-C matching the rising
or falling edges of the quantum revivals, respectively.
Due to the additional cross-(de)focusing effect and its
spectral counterpart, namely self-phase modulation
(SPM), the spectrum of the probe pulse was corre-
spondingly broadened for molecular alignment revival
with transient orientation parallel to the field polariza-
tion, or narrowed in the case of perpendicular orienta-
tion.
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Fig. 5. (a) The spectral modulation (dashed curve) induced
by the revivals of molecular alignment (solid curve) for N,,

where 0 is the angle between the molecular axis and the

probe polarization. The measured spectral modulation of
the 50 fs probe pulse when its temporal peak is tuned to
match the molecular alignment revivals at (b) delay-A and
(c) delay-C as labeled in Fig. 5a [18].

The cross-(de)focusing effect was further analyzed
by considering a small part of the probe beam which
exhibits a modulation of its energy content following
the periodic revivals of the molecular alignment. For
instance, as shown in Fig. 6a, the center of the probe
beam was selected by an aperture of diameter D (much
smaller than the beam waist), leading to a measured
signal inversely proportional to 1 — m({{cos’0)) —
1/3)?, where 1 is a scaling factor linked to the polariz-
ability difference Ao, the gas density, the interaction
distance of the molecular gas as well as the aperture
diameter. The molecular alignment signal is thus
expected to relatively increase for the parallel orienta-
tion transient ({{cos?0)) — 1/3 > 0) and decrease in the
perpendicular case ({({cos?0)) — 1/3 < 0). Experimen-
tally, our cross-(de)focusing assisted polarization
spectroscopy for measuring molecular alignment is
similar to the conventional polarization spectroscopy
technique [16] but only a small part at the beam center
of the probe pulse is collected (see Fig. 6a) and ana-
lyzed after an a.-BBO polarizer.

Figures 6b—6d show the signals corresponding to
revivals of molecular alignment for N, measured at
various pump intensities by means of our cross-
(de)focusing assisted polarization spectroscopy. The
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sponding to revivals of molecular alignment for N, measured at various pump intensities by means of cross-(de)focusing assisted

polarization spectroscopy.

molecular alignment signal increases or decreases as
expected for parallel and perpendicular transient ori-
entations when the pump intensity increases. In addi-
tion, owing to the double-well potential structure of
the diatomic molecules, the parallel orientated mole-
cule shows a much higher ionization probability than
the perpendicular one [19, 20]. This leads to an aniso-
tropic depletion of neutral molecules with different
orientations and hence to a modulation of the refrac-
tive index difference which reads An = n —n, ~ BW/3 +

(3 = 3AW + BW)({{c0s?*0)) — 1/3), where Wis the ion-
ization rate for randomly orientated molecules, and A
and B are the parameters used to characterize the ori-
entation-dependent ionization probability and can be
derived from [11]. For high pump intensities with
noticeable ionization probabilities, this effect also
contributes to the measured molecular alignment sig-
nal as the cross-(de)focusing effect does, which yields
an enhancement of the signal by ~3% at a pump inten-
sity of 5.0 x 10'> W/cm? as shown in Fig. 6d. There-
fore, our hybrid technique for the measurement of
molecular alignment can be used not only to identify
the transient orientation of the molecules based on the
asymmetric evolution of the signal profiles, but also to
study the weak ionization dynamics associated with
the impulsive rotational Raman excitation. Regarding
the filamentation dynamics in molecular gases (e.g.,
air), the method can be used to characterize ionization
as well as the clamping intensity inside the intense core
[1,2].
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5. CONTROL OF THE FILAMENT LENGTH
AND SHOCK-X WAVE GENERATION

By including the contribution of the revivals of
molecular alignment to the refractive index, the prop-
agation of an ultrashort laser pulse in pre-aligned mol-
ecules can be modeled as [13]:

. 2 (2) ;2 (3) 43
Q.z_;: _l._U_l(_@_+l_a_)E_ll_€.9_a_l.z‘+l£9_a_E
0z 2k, ok ror 2 57 6 57

+ U”[Tziko(nzuﬂ2 +omE-S(1+iogr)pE ()

- TB—KIEIM_Z(I _ R) EJ
2 p
Here, k, is the wave-number of the ultrashort laser

pulse centered at 800 nm, kéz) and k(()S) are the sec-
ond- and third-order dispersions. The operators Uand
T account for space-time focusing and self-steepening
of the ultrashort laser pulse. The cross-section &
stands for inverse Bremsstrahlung, [z accounts for
multiphoton absorption, and #, denotes the nonlinear
refractive index. The electron density p is calculated
by resolving 0p/dt = o ¢ E|*(p, — p) at each propaga-
tion step, where oy denotes the ionization cross-sec-
tion which accounts for the dependence upon molec-
ular orientation as Gx = Ogll + (1.5a, —
3.75a,)({{cos?0))y — 1/3) + 4.375a,({{cos*0)) — 1/5)]
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Fig. 7. Filamentation and shock X-wave formation in pre-aligned N, molecules at a gas pressure of 1 atm. (a) Beam radius of the

probe pulse as a function of the propagation distance in the cases of parallel molecular orientation (delay-A as labeled in Fig. 3(b))
and random orientation. On-axis temporal profiles (b) and far-field intensity distributions (c, d, e, f) (log scale) of the probe pulse

at propagation distances of 30, 40, 50, and 75 cm.

[11] and ok, denotes the ionization cross section for
randomly aligned molecules. For our simulations, we
considered nitrogen at a pressure of 1 atm, which cor-

responds to the coefficients: k(()z) = 0.2 fs?/cm, k(()3) =
0.11s3/cm, 65 =6.31 x 1075~ cm??/W'! a,=10.39,
and a, = —0.21. The pump and probe pulses are
assumed to have the same initial polarization, beam
waist, central wavelength and temporal duration,
except if otherwise specified. Both the probe and
pump pulses were focused by using a lens of focal

length f= 30 cm. The pump pulse used for molecular
alignment was set to have a peak intensity of 2 x
10'* W/cm? at the geometric focus of the lens, thus
never leading to significant ionization. Its evolution
along the propagation axis therefore obeys the laws of
Gaussian optics.

As shown in Fig. 7a, filamentation of the probe
pulse reaches ~50 cm when the probe matches the
revival of molecular alignment at delay-A as labeled in
Fig. 3b (polarization parallel to the molecular orienta-
tion). This is a considerably longer distance than that
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reached in the case of randomly oriented N, molecules
(dashed curve). The temporal duration, beam diame-
ter, and peak power of the input probe pulse were 50 fs,
1.5 mm, and 2P, respectively, where P,, = 4.4 GW is
the critical power for self-focusing in N, (at 1 atm and
800 nm). Filamentation is associated with significant
spatiotemporal reshaping of the pulse leading to a self-
shortening effect [5, 21]. Molecular alignment with a
pump pulse allows for a control of the self-shortening
of a delayed probe pulse undergoing filamentation
[13]. As shown in Fig. 7b, the probe pulse with an
input temporal duration of 50 fs was dramatically
compressed down to 5.6 fs with a falling edge featured
by an optical shock associated with a significant spec-
tral blue-shift [22, 23].

It was demonstrated that filamentation of
ultrashort laser pulses leads to the spontaneous forma-
tion of nonlinear conical waves which are stationary
non-diffractive and non-dispersive wave-packets sup-
ported by a conical energy flux from the periphery
toward the intense central part of the wave [24]. These
peculiar wave-packets not only exhibit a conical shape
in the near-field, as shown by measurements based on
a 3D mapping technique [25], but also in the far-field
(6, 1) or equivalently (k,, ®) and were therefore called
X-waves [26]. The X shaped structure of the far-field
reflects the fact that conical emission with different
frequencies propagating at different angles is gener-
No. 8
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ated from the filament and measurements can be fully
interpreted from the knowledge of the dispersive prop-
erties of the medium [24]. In addition, conical emis-
sion and axial supercontinuum were interpreted as
parts of the same physical process identified as the for-
mation of a shock-X wave [23]. Here, we show that the
quantum revival of molecular alignment can act as a
control mechanism for the formation of shock-X-
waves [13]. Figs. 7c—7f show that at delay-A (as
labeled in Fig. 3b), an X-shaped angular spectrum fea-
tured by an on-axis blue-shifted super continuum and
red-shifted conical tails is gradually generated along
the propagation axis, in spite of our moderate input
power. This far-field corresponds to the few-cycle
pulse with a falling shock edge shown in Fig. 7b (red-
solid curve). The red-shifted conical tails result from
the excitation of the redder frequency components in
the leading part of the probe pulse, and their subse-
quent diffraction while they travel faster than the ini-
tial group velocity v,(®,) of the wave-packet to reach
the region of weak intensities ahead the peak of the
pulse. For the case of randomly oriented molecules
without pump pulse, the probe pulse with the same
input duration and power propagates without forming
any X-shaped wave. Molecular pre-alignment there-
fore constitutes a simple and unique method to pro-
mote the spontaneous generation of shock X-waves in
a filament and tune their characteristics [13].
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6. CONTROL OF MULTIPLE FILAMENTATION

Instead of a single filament, multiple filamentation
typically occurs when an intense ultrashort laser pulse
propagates in a transparent nonlinear medium in the
presence of symmetry breaking effects such as noise,
vectorial effects, turbulence, etc. [27—29]. Multiple
filamentation patterns were demonstrated to be con-
trollable by adjusting intensity or phase gradients,
astigmatism [30] or ellipticity [31] of the incident
beam. We found that the multiple filamentation
dynamics of the probe pulse could be controlled by
using the spatiotemporal coupling induced by XPM
originated from the revivals of molecular alignment.
In our experiments, after a thin film polarizer for beam
recombination, the collinear s-polarized pump pulse
(~0.6 mJ) for molecular alignment and p-polarized
probe pulse (~1.05 mJ) for filamentation were both
focused (focal length = 50 cm) into a 60 cm gas cell
filled with pure molecular CO, at a pressure of 2 atm.
The spatial and spectral profiles of the probe pulses
were then analyzed simultaneously by a CCD and a
spectrometer after an a.-BBO polarizer (see Fig. 4).

Without pump, the probe pulse with an input spa-
tial ellipticity of e ~ 1.5 forms three hot spots aligned
along the long axis of the beam profile (see Fig. 8b; a
similar effect was reported in [32]). As shown in
Fig. 8c, by switching on the pump and tuning the peak
of the probe to match delay-A (labeled in Fig. 8a) on
the negative side of the revival of molecular, the three
hot spots are suppressed; a single filament is thus
obtained in perpendicularly oriented molecules due to

Fig. 10. Frequency tuning of a few cycle probe pulse by
means of filamentation and molecular alignment of an
intense pump pulse. (a) The beam radius (solid curve) and
peak intensity (dashed curve) of the pump pulse as it prop-
agates in randomly oriented molecular N,. The spectra (b)
and temporal profiles (c¢) of the probe pulse at various
propagation distance when it is respectively tuned to
match the rising- (red curve, labeled as r) and falling-edges
(blue curve, labeled asf) of the revivals of molecular align-
ment inside the pump filament.

the weakening of SPM leading to a narrower spectrum
and a cross-defocusing effect. In contrast, SPM was
enhanced on the positive side of the revival and the
associated cross-focusing effect originating from the
parallel orientation of the molecules leads to the
observation of band- or ripple-like beam profiles of the
probe pulse with broadened spectra. For example, as
shown in Fig. 8d, for delay-B (labeled in Fig. 8a), the
probe pulse was regularized to have a ripple-like struc-
ture. The multiple filamentation dynamics of the
probe pulse could thus be controlled to display various
beam patterns with correspondingly modulated spec-
tra by means of the quantum wake of the molecular
alignment.

7. CONTROL OF SUPERCONTINUUM
GENERATION

Supercontinuum generation by self-guided fila-
ments was investigated extensively [7, 8]. Recently,
Kolesik et al. have shown from numerical simulations
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that XPM between a pump and a closely following
probe pulse (several hundred of femtoseconds) allows
for an enhancement of the supercontinuum generated
by the probe pulse [33]. Here, by using the quantum
revivals of the molecular alignment, we show experi-
mentally that supercontinuum generation can also be
controlled [13]. The experiments were performed with
an amplified femtosecond pulse with duration of 35 fs
at 800 nm. Both the pump and probe pulses were
focused by a lens of f= 60 cm into a 85 cm-long gas
cell, which was filled with pure molecular CO, with a
maximum gas pressure of 2 atm. The final pulse ener-
gies for the pump and probe pulses before the gas cell
were respectively measured to be 0.5 and 1.5 mJ, and
the probe pulse energy was slightly higher than that
used for multiple filamentation.

As shown in Fig. 9, for parallel orientation tran-
sient of the molecular alignment with the maximum
value of ({cos?0)) around the half-revival time (delay-
B in Fig. 8a), the ultraviolet cutoff wavelength of the
probe pulse decreased gradually when the pump inten-
sity was increased. This finally led to a cutoff around
380 nm with a broadband plateau for a pump energy of
0.5 mJ as shown in the inset, whereas the cutoff wave-
length obtained with the same probe pulse and a ran-
dom molecular orientation lies around 600 nm. In
addition to the supercontinuum generation, a self-
cleaning effect of the probe pulse was also observed, as
reported in [34]. The incident beam with an input spa-
tial ellipticity of e ~ 1.6 led to multiple filaments along
the long axis of the incident beam in randomly orien-
tated molecules, whereas a self-cleaned single beam
profile was obtained with preliminary alignment of the
molecules with the 0.5 mJ pump. We attribute this
effect to an indirect effect of supercontinuum genera-
tion, which redistributed the available energy over a
broad spectral range and thus decreased the peak
intensity around the central wavelengths of the inci-
dent probe. This suppressed the beam breakup and led
to the observed single core beam. A similar control of
supercontinuum generation was also observed in
diatomic molecules of N, and O, [13[. A more signifi-
cant dependence on the degree of molecular align-
ment was observed for molecular O, owing to its larger
polarizability difference with respect to molecular N,.

8. TUNING OF FEW-CYCLE LASER PULSE

Tuning few-cycle laser pulses to wavelengths differ-
ent from the fundamental and its harmonics is very
important for various applications. This was demon-
strated to be achievable by using conventional non-
collinear optical parametric amplications (NOPAs) in
a thin nonlinear crystal [35, 36], four-wave mixing
(FWM) processes in filaments [37], or molecular
phase modulation in hollow fibers [38—40]. We show
here that tuning of few-cycle laser pulses can also be
achieved by using filament propagation and the quan-
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tum revivals of molecular alignment [13]. In contrast
with previous studies, the pump is now sufficiently
intense to form a filament with a stable high intensity
and a well confined beam diameter over a propagation
distance much longer than the Rayleigh range. This
provides us with a steady channel to manipulate the
molecular orientation and thus to induce a continuous
frequency shift on a properly delayed few-cycle laser
pulse.

We performed a numerical experiment in molecu-
lar N, at a gas pressure of 1 atm. As shown in Fig. 10a,
a self-guided filament with a stable peak intensity of
~5.0 x 10'* W/cm? and beam radius of ~50 um over a
propagation distance of ~38 cm is obtained by focus-
ing (focal length = 30 cm) a 50 fs pump pulse with
input power and beam diameter of P,, = 2.0P,, and
1.5 mm. Figure 10b shows that the spectrum of a few-
cycle probe pulse of 10 fs was respectively red- or blue-
shifted when the peak of the probe is matches the ris-
ing (labeled as r) or falling (labeled as f) edge of the
molecular alignment revival inside the pump filament
(Fig. 10a). Interestingly, the central wavelength of the
few-cycle probe could be up-shifted or down shifted
by several hundreds of nm. The pulse duration of the
probe remained close to the input value of 10 fs as
shown in Fig. 10c. Therefore, in addition to the con-
ventional NOPAs and FWM processes [35—37], the
rotational Raman effect in the wake of femtosecond
filament provides us a flexible approach to tune the
frequency of few-cycle laser pulses.

9. CONCLUSIONS

In summary, the filamentation dynamics of a fem-
tosecond laser pulse can be readily controlled by
means of the quantum wake of a pump pulse, generally
used for molecular alignment. By properly delaying a
probe pulse, we controlled the XPM effect induced via
the field-free revivals of the molecular alignment. The
filamentation dynamics of the probe pulse then
becomes no longer spontaneous but strongly depends
on the part of the revival experienced by the probe.
Several features of the filament can be directly or indi-
rectly controlled. Beyond the observations discussed
here, including the filamentation length, multiple fil-
amentation dynamics, shock X-wave generation,
supercontinuum emission, and wavelength tuning of
few-cycle laser pulses, the quantum-wake based con-
trol can be applied for atmospheric applications and
remote probing of aerosols with intense femtosecond
filaments.
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