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Optical propagation in molecular gases undergoing filamentation-assisted field-free alignment
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An intense and ultrashort laser pulse undergoing filamentation in a molecular gas induces impulsive rota-
tional excitation of the medium. The changes produced in the gas optical properties can dramatically affect a
delayed probe pulse propagating in the wake of the pump one. We observe remarkable spatial and spectral
reshaping of the probe beam occurring simultaneously at suitable pump-probe delays. These effects are ex-
perimentally demonstrated in several molecular gases, with minor changes related to the nature of the medium.
A theoretical investigation shows that spatial and temporal domains are strictly related and cannot be disen-
tangled like in experiments performed in a hollow waveguide.
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I. INTRODUCTION

The interaction of intense and ultrashort laser pulses with
molecular gases has received increasing interest in the last
decade, owing to the noticeable effects induced in the me-
dium by the impulsive Raman excitation [1]. In particular
periodic revivals of molecular alignment, related to the rota-
tional response of the gas, can be observed after interaction
with the pump pulse [2]. Such effect is known as field-free
alignment or nonadiabatic alignment. After rotational exci-
tation the molecular medium loses the optical isotropy, due
to random orientation of molecules, acquiring birefingence
[3] and, at the same time, undergoing temporal modulation
of the refractive index [4]. Owing to its peculiar features,
field-free alignment (FFA) has been characterized and ex-
ploited in many ways, such as through Coulomb explosion
[5], optical Kerr gating [6], cross defocusing of laser pulses
[7], spectral interferometry [8,9], and time resolved polar-
igraphy [10].

Nowadays, FFA is a basic tool for experimental investi-
gations in molecular physics, like for instance in ionization
of aligned molecules [11], controlling of high-order har-
monic generation [ 12-14], and in molecular orbital tomogra-
phy [15]. Numerous applications to nonlinear optics have
been proposed such as dynamic quasi phase matching of
nonlinear optical processes [3,16], pulse spectral broadening
in gas-filled hollow waveguides [4,17], self-compression in
high pressure gas cells [18], phase shaping of ultrashort
pulses [19,20], and realization of active laser media in the
terahertz region [21]. FFA plays also a crucial role in the
long-range propagation of laser pulses in the atmosphere
[22,23].

In spite of the large interest and the numerous applications
of FFA in physics and nonlinear optics, still few experiments
have considered in detail the spatiotemporal effects occur-
ring in the free propagation of laser pulses through impul-
sively aligned molecular gases [24]. Recently, the authors
showed that a light probe pulse propagating in nitrogen along
the wake of an optical filament undergoes a strong spatial
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collapse and a huge spectral broadening at suitable time de-
lays with respect to the filamenting pulse [25]. This finding
was ascribed to FFA of nitrogen molecules, inducing spa-
tiotemporal effects on the probe along the filament wake.

In this work we extend the above-mentioned study, show-
ing that the experimental findings of Calegari er al. [25] are
not limited to nitrogen, but are reproducible in several gases
of linear molecules, with minor changes related to the nature
of the medium under investigation. The observed effects
were studied both experimentally and theoretically, allowing
a clear interpretation of the mechanism of pulse propagation
in a gas undergoing filament-assisted field-free alignment
(FA-FFA). Our simulations predict that FA-FFA induces a
strong spatiotemporal reshaping of a probe pulse propagating
in the excited medium; this finding has to be compared with
experiments performed in hollow waveguides [4], where
probe spectral broadening is the main observed effect.

The paper is organized as follows: after description of
setup and experimental findings in Sec. II, we present in Sec.
IIT a theoretical model for the interpretation of experimental
observations; afterwards, on the basis of numerical simula-
tions, we discuss about optical propagation in a molecular
gas undergoing FA-FFA. We then summarize the results in
Sec. IV.

II. SETUP AND EXPERIMENTAL RESULTS

The experiments have been performed using a Ti:sapphire
laser system in chirped pulse amplification, generating 800—
nm, 60—fs pulses at 10 Hz. A small fraction (about 1 mJ) of
the laser beam was split in two arms as shown in Fig. 1: the
first one (with a maximum energy of 0.9 mJ) was focused in
a gas cell by a 60-cm focal length lens, generating a short-
range optical filament. An iris was used to tune the pump
power for stable filamentation in the gas; typical pump pow-
ers ranged between 300 and 450 wJ according to gas com-
position and pressure. The length of the visible plasma trace
generated by the filamentation process was on the order of 4
cm in our experimental conditions.

The second pulse was frequency doubled in a 1-mm-thick
B-barium borate (BBO) crystal followed by an IR-absorbing
filter (maximum second harmonic energy: 10 wJ) and fo-
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FIG. 1. (Color online) Experimental setup.

cused by a 30-cm focal length lens in order to probe the
effects occurring in the filament wake. Owing to the limited
phase matching bandwidth, the transform limited probe du-
ration, as evaluated from the spectrum, resulted in about 80
fs. A half-wave plate was used to change the polarization
direction of the pump with respect to the probe. After inde-
pendent focusing, the pump and the probe pulses were col-
linearly combined with a dichroic beam splitter in order to
overlap the two foci inside the gas cell. The gas pressure was
chosen between 1 and 3 bar in order to optimize the interac-
tion between the two beams; a computer-driven translation
stage on the probe arm was used to scan the pump-probe
delay. The probe beam at the output of the cell was then
separated from the pump using a second dichroic beam split-
ter. The spatial shape and the spectrum of the probe were
recorded as a function of pump-probe delay; probe images
were acquired using a low noise CCD camera; spectra were
acquired selecting the central part of the beam with an opti-
cal fiber coupled to a spectrometer. The experiments dis-
cussed in this work were performed in N,, O,, and CO,;
although not reported here, we observed spatiotemporal ef-
fects also in FA-FFA performed in N,O and H,.

A. Temporal phase modulation and probe spectral broadening

In a set of experiments we analyzed the spectral modula-
tion induced by the filament-assisted FFA on the probe beam.
It is useful to introduce the ideal temporal compression fac-
tor B=7y/ 7, defined as the ratio between the transform-
limited probe temporal duration without (7,) and with (7)
pump excitation, respectively; 8 was calculated from the ac-
quired spectra. This factor gives at the same time an idea of
the probe spectral broadening and of the temporal compres-
sion that could be achieved after ideal compensation of probe
dispersion at the output of the gas cell.

Figure 2 shows the probe pulse spectrum measured in
nitrogen at a pressure of 3 bar as a function of the pump-
probe delay; in this case the pump and probe polarization
directions were parallel. The probe undergoes remarkable
spectral broadening at periodic delays, corresponding to in-
teger and fractional multiples of the rotational period Ty,
~8.4 ps, owing to the temporal refractive index modulation
occurring in the filament wake. In order to quantify the ob-
served broadening we calculated the S factor along the mea-
sured spectral scan; S is larger in correspondence of full and
half revivals of alignment (8~ 11-12), whereas it is smaller
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FIG. 2. (Color online) Temporal evolution of the output probe
spectrum in N,. Pump and probe polarizations were parallel.

in correspondence of quarter revivals (8~4-6). A strong
effect (8~ 13) is also observed when pump and probe pulses
are overlapped in time, owing to the instantaneous cross-
phase modulation induced on the probe by Kerr effect; this
instantaneous effect is followed by a delayed response, pro-
ducing a noticeable spectral broadening up to few hundreds
of femtoseconds later.

It is worth noting that spectral broadening induced by
rotational excitation has been already observed in pump-
probe measurements performed in a hollow waveguide [4];
nevertheless in those experiments the length of the wave-
guide ranged between 30 and 60 cm, which is 1 order of
magnitude longer than the vacuum Rayleigh range of the
filamenting pump beam used in our setup. The amount of
spectral broadening we observed is not compatible with a
free propagation of the probe, since its natural divergence
would strongly limit the interaction with the filament wake.
As it will be discussed in the following, we ascribe the ob-
served behavior to the occurrence of spatiotemporal effects
in the filament wake [25].

The experiment was repeated at the same pressure for a
pump polarization perpendicular to the probe one; the corre-
sponding probe spectrum is shown in Fig. 3. In this case the
measured effect was much weaker with respect to the case of
parallel polarizations: periodic revivals of spectral broaden-
ing are still observed, but the ideal compression factor is 8
~15 around the full revival. As discussed in Sec. III, the
refractive index modulation in the case of pump and probe
having perpendicular polarizations is half the amount ob-
tained in the configuration with parallel polarizations; this is
consistent with the observed value of .

The experiments performed in N, were also reproduced in
other molecular gases, namely, O, and CO,. Figure 4 shows
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FIG. 3. (Color online) Temporal evolution of the output probe
spectrum in N,. Pump and probe polarizations were perpendicular.
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FIG. 4. (Color online) Temporal evolution of the output probe
spectrum in O,. Pump and probe polarizations were parallel.

the evolution of the probe spectrum in O, at a pressure of 2
bar as a function of pump-probe delay, for the case of paral-
lel polarizations. Also in this case the probe undergoes re-
markable spectral broadening at periodic delays, correspond-
ing to integer and fractional multiples of the rotational period
To,~ 11.6 ps. Differently from the nitrogen case, the
amount of spectral broadening observed in correspondence
of full and half revivals is comparable to that observed on
quarter revivals, as one can note from the figure. A compres-
sion factor S~14-15 was for instance measured around
both the first quarter and the half revival. This peculiarity is
related to the statistics of rotational population: differently
from N,, where thermal population of even and odd rota-
tional levels is distributed with a 2:1 ratio, in O, only odd
rotational states are occupied. Correspondingly, the quarter
revivals in oxygen have the same intensity than half and full
revivals, whereas in nitrogen a partial cancellation occurs
owing to opposite contribution to quarter revivals from even
and odd states.

We observed spectral broadening also in carbon dioxide;
the probe spectrum, measured at a pressure of 1 bar in the
case of pump and probe with parallel polarizations, is shown
in Fig. 5. Revivals corresponding to integer and fractional
multiples of the rotational period TCO2%42.7 ps were ob-
served. Although the behavior is similar to that of N, and O,,
a smaller amount of spectral broadening (8= 6 around the
first quarter revival) was measured in this case. This lower
effect cannot be completely ascribed to the lower pressure
used for CO, with respect to others gases. Indeed it must be
observed that the polarization anisotropy of carbon dioxide is
2.79 times the one of N, and 1.82 times the one of O, [26].
Thus the product density X anisotropy (which is the relevant
parameter for spectral broadening [4]) was similar in the
three experiments; moreover numerical simulations per-
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FIG. 5. (Color online) Temporal evolution of the output probe
spectrum in CO,. Pump and probe polarizations were parallel.
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FIG. 6. (Color online) Temporal evolution of the spectrally in-
tegrated probe signal in N, (left scale); solid line: pump and probe
polarizations are parallel; dashed line: polarizations are perpendicu-
lar. Dash-dotted line: alignment factor calculated in the experimen-
tal conditions (right scale).

formed in the experimental conditions show that the amount
of FFA was comparable in the three cases. Accordingly, one
should expect comparable spectral broadenings in the three
gases, whereas similar results are observed only in nitrogen
and oxygen. The reduced broadening observed in CO, can be
ascribed to its smaller rotational constant with respect to the
other two gases. Indeed, owing to a larger inertia, rotational
revivals in CO, are much slower; thus the spectral broaden-
ing induced on the probe (which is as a first approximation
related to the second temporal derivative of the probe phase)
is weaker with respect to lighter gases. Differences among
the filamentation dynamics in the three gases should be also
considered for a complete explanation of the results.

B. Spatial modulation of the probe beam

A careful analysis of Figs. 2-5 shows that the spectrally
integrated probe signal is not conserved as a function of
pump-probe delay; this result appears incorrect at first sight,
because we are dealing with a pure phase modulation, which
should not perturb the probe energy. Since the spectrum was
measured in the center of the probe beam, this finding can be
explained as the result of a spatial modulation of the probe,
which changes the coupling of the beam with the spectrom-
eter input. As an example, we report in Fig. 6 the spectrally
integrated probe signal acquired in nitrogen as a function of
pump-probe delay for pump and probe polarizations in the
parallel configuration (solid line) and the perpendicular one
(dashed line). The two curves are normalized to the probe
signal at negative pump-probe delays (scale on the left). The
signal measured for perpendicular polarizations shows a
complementary evolution with respect to the case of parallel
polarizations. We show in the same figure the molecular
alignment factor (cos® #) (dash-dotted line, scale on the
right) calculated in the experimental conditions; the curve is
vertically displaced for clarity. A direct comparison between
the probe signal and the alignment factor is instructive: for
parallel polarizations the maxima of probe signal correspond
to maxima of alignment; the opposite occurs for the configu-
ration with perpendicular polarizations.
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FIG. 7. (Color online) Probe spatial characterization in N,. Main
panel: temporal evolution of the alignment factor calculated in the
core of the filament. Smaller panels: (R) unperturbed probe profile;

(A-G) probe spatial profile for parellel polarizations, (C’,E’) probe
profile for perpendicular polarizations.

Such behavior can be understood as follows: for a probe
pulse polarized along the molecular alignment axis (that is,
along the polarization direction of the pump), a spatial col-
lapse of the probe at maximum alignment and a defocusing
at minimum alignment occur. For a probe pulse polarized
perpendicularly to the molecular alignment axis, we observe
the opposite evolution. These spatial modulations are respon-
sible for changes in the probe coupling to the spectrometer
input. A further indication of spatial effects is clearly seen
both in Figs. 3 and 6 for the case of perpendicular polariza-
tions: for positive delays the probe signal reduces signifi-
cantly with respect to the initial value even far from revival
occurrences; this effect is much weaker for parallel polariza-
tions. We attribute such behavior to the increased incoherent
molecular alignment inside the filament wake, which is
present also away from the rotational revivals: for perpen-
dicular polarizations the incoherent alignment induces a de-
focusing of the probe beam which is added to the weak de-
focusing due to the plasma left by pump filamentation; the
result is a reduction in the probe signal detected by the spec-
trometer. On the contrary, for parallel polarizations the
plasma defocusing and the effect of the incoherent alignment
cancel each other. It must be pointed out that, in the experi-
mental conditions we adopted, the effects of plasma defocus-
ing were always much weaker than those induced by mo-
lecular alignment during rotational revivals.

In order to quantify in a more rigorous way these spatial
effects, we recorded the spatial profile of the probe as a
function of pump-probe delay. A set of measurements was
performed in nitrogen, keeping the pump and probe polariza-
tions parallel. The panel marked as R in Fig. 7 shows the
unperturbed probe beam at the output of the cell, whereas
panels from A to G display the same pattern for some pump-
probe delays around the first half revival (~4.2 ps). The
calculated evolution of the molecular alignment (cos’ ) in
the central region of the filament wake is shown in the main
panel of Fig. 7. For a delay coincident with the maximum of
the half revival (C), the probe beam collapses at the center of
the filament wake, as shown in the corresponding small
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FIG. 8. (Color online) Probe spatial characterization in O,. Main
panel: temporal evolution of the alignment factor calculated in the
core of the filament. Smaller panels: probe spatial profile; pump and
probe polarizations were parallel.

panel; we estimated that about 30% of the input energy is
transferred to the collapsed beam. For a pump-probe delay
corresponding to the minimum of the half revival (E), the
probe beam assumes an annular shape as displayed in the
corresponding panel. Smaller effects are also present at time
delays corresponding to the local minimum and the local
maximum of the half revival.

We performed also measurements for pump polarization
perpendicular to the probe one; the spatial effects, though
visible, were weaker as expected from the lower refractive
index modulation experienced by the probe in this configu-
ration [see Eq. (3) in Sec. IIT]. The experiment revealed an
opposite behavior with respect to the parallel configuration:
the probe develops a ring feature in correspondence of maxi-
mum alignment (as shown in the panel marked as C')
whereas a central spot appears in correspondence of mini-
mum alignment (panel E’).

The spatial characterization of the probe beam was con-
sidered also in O, and CO,. Figure 8 shows some probe
profiles acquired around the first quarter revival in O,, at
about 2.9 ps time delay; the evolution of the alignment factor
is also shown. Pump and probe polarizations were parallel.
Again, the probe collapses in the center of the filament wake
for a delay corresponding to maximum alignment (point B in
the figure), whereas it acquires an annular shape in corre-
spondence of minimum alignment (points A and C).

Similar results were obtained in carbon dioxide, as shown
in Fig. 9. Also in this case the probe profiles were acquired
around the first quarter revival, at a pump-probe delay of
about 10.7 ps. Pump and probe polarizations were kept par-
allel. Note that in the ground vibrational state of CO, only
even rotational levels are occupied; indeed, comparing Fig. 8
with Fig. 9, we can see that there is a complementary behav-
ior in CO, with respect to O,, since in carbon dioxide we
observe two local maxima of alignment instead of only one.
Besides this difference, the probe appears again collapsed in
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FIG. 9. (Color online) Probe spatial characterization in CO,.
Main panel: temporal evolution of the alignment factor calculated
in the core of the filament. Smaller panels: probe spatial profile;
pump and probe polarizations were parallel.

the center of the filament wake at maximum alignment
(points A and C in the figure), whereas it acquires an annular
shape in correspondence of minimum alignment (B).

We can summarize the experimental results of this section
as follows: the probe undergoes spatial confinement when
the refractive index increases above the unperturbed value 7,
which corresponds to random molecular alignment. This ef-
fect occurs at alignment maxima for probe polarization par-
allel to the alignment axis, whereas it is seen at alignment
minima for perpendicular polarization. Such behavior is con-
sistent with the refractive index evolution expected in the
excited medium [see Eq. (3) in Sec. IIT]. Beam defocusing is
instead observed when refractive index decreases below 7.

The nature of this effect will be discussed more deeply in
the following section; here we limit ourselves to state that
the refractive index profile induced in the medium changes
along the transverse direction according to the pump spatial
profile. Since the pump intensity is higher in the center of the
beam, the change in refractive index will be maximized on
the filament axis. Thus a guiding profile will develop when
refractive index increases with respect to 7; an antiguiding
profile will be obtained when it decreases below 7. These
transient refractive index profiles are responsible for the ob-
served spatial modulations of the probe beam [25].

III. THEORETICAL MODEL

Optical filamentation is a propagation effect in which a
laser pulse is self-guided, creating a channel where the pulse
intensity is clamped [27] and the ionization is kept at a very
low level. In a molecular medium, an impulsive excitation of
rotational wave packet also takes place along the channel [2].
As previously mentioned, the transverse refractive index pro-
file induced by FA-FFA could affect substantially the probe
propagation, thus accounting for the remarkable spectral
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broadening reported in Sec. II A. The strong spatial probe
modulation observed experimentally is a further evidence for
this hypothesis. Nevertheless the experimental observations
cannot provide a direct description of the probe evolution
along the pump wake. In order to interpret the experimental
results and to describe the spatiotemporal probe modification
occurring inside the filament channel, we developed a nu-
merical model in cylindrical symmetry for the propagation of
pump and probe pulses in the molecular medium. We choose
nitrogen as a model, since details about dispersion [28] and
Kerr nonlinearity [29] in this gas can be found in the litera-
ture. The pump and probe simulated properties were chosen
in order to mimic the experimental configuration. We stress
that the conclusions drawn here are not limited to N,, but can
be applied with minor changes to every gas of linear mol-
ecules.

A. Propagation equations

The pump filamentation process was modeled solving the
nonlinear propagation equation for the envelope of the pump
electric field E,=Re{€,(r,Y,expli(w,t—k,Y)]}u; in the
slowly varying envelope approximation (SVEA),

L( wz?l(r, 1) )
2k,\ "
=0, (1)

i A k,l’lz
HE,+ —V2E +iDE, + i = |°E, -
14 2kp L&=p 14 2/1’06‘ pl =p

where u, is the unity vector of the Z axis in the laboratory
frame, k, and w, are the pump wave number and frequency,
respectively, Y is the propagation coordinate, ¢ is the local
time, n, is the nonlinear Kerr index, D is the dispersive op-
erator, and wy(r,1)= Vp(r,1e*/m,e, is the instantaneous
plasma frequency which takes into account multiphoton ion-
ization effects. The evolution of the electron density p(r,?)
was determined by solving the relation

op= (pat - P) O-K|gp(r» t)|2K’ (2)

where oy is the cross section for multiphoton ionization, K is
the number of absorbed photons required for multiphoton
ionization, and p,, the initial gas density; note that the pulse
intensity is related to the electric field envelope by [
=C80|gp|2/2.

The Raman contribution to the pump propagation was ne-
glected. Tt is worth noting that Eq. (1) does not consider
effects like spatiotemporal coupling in the Laplacian opera-
tor and in the Kerr term [25], as well as higher order nonlin-
earities and energy absorption by plasma generation [30].
Moreover, owing to our experimental conditions, avalanche
ionization and plasma recombination were neglected in Eq.
(2). In spite of these approximations, such equations repre-
sent a reasonable compromise between computational time
and description of short-range filamentation. We integrated
Egs. (1) and (2) in the case of nitrogen with the following
parameters: pump wavelength A,=800 nm; Gaussian tempo-
ral distribution, with pulse energy €,=250 wJ and duration
7,=60 fs; Gaussian spatial profile with a focal spot radius
Wp,=90 um in vacuum [31]. The resulting pump pulse dis-
tribution was used to determine the evolution of the molecu-
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lar alignment factor {cos® 6)(r,t,Y) with respect to the align-
ment axis Z, according to procedures reported in [2,32].

The refractive index modulation was then calculated ac-
cording to the following relations, which are valid in a gas-
eous medium [8]:

NAa[ 1
ny(r,0) = T + —“{— — {cos? 0>(r,t)} ,
480 3

_ NAa«
n r, ) =n+ 5

[<0052 0)(r,1) — l] , (3)
€p 3

where 7 is the refractive index for random molecular orien-
tation, corresponding to {(cos®> #)=1/3, and N is the molecu-
lar density. Aa=aoy—a, where ¢ and «, are the compo-
nents of the polarizability tensor parallel and perpendicular
to the molecular axis, respectively. It must be noted that,
after impulsive excitation, the refractive index modulation
along the two axes always obeys to the relation Any
=-Any,/2 [33].

The resulting refractive index evolution was then used to
model the propagation of the probe beam inside the filament
wake. Self-focusing and dispersion contributions to the
probe propagation were not considered, since the essence of
the investigated effect is dominated by the FFA; the effects
of plasma generated by the filamenting pulse were included
in the probe equation. The evolution of the envelope of the
probe pulse E,=Re{f, . (r.Y,Nexpli(wy,t—k,Y)]}u, was
modeled as

i
aygpr,m + ;Vigpr,m + ikpr[nm(ra Y’ t) - ﬁ]gpr,m
pr
i @4
-~ 2 gpr = O’ (4)
2kp\ €

where u,, is the unity vector of the laboratory axis m, m
={X.Z}, k, and ), are the probe wave number and fre-
quency, respectively. It is worth noting that the plasma fre-
quency in Eq. (4) was calculated according to the electron
density left by the pump pulse and depends only on the radial
position, since we neglected plasma recombination as well as
ionization induced by the probe pulse. The probe equation
was solved assuming a wavelength A,,=400 nm and a
Gaussian distribution both in temporal and spatial domains,
with, respectively, a duration 7,=80 fs and a focal spot ra-
dius wgp,=55 wm in vacuum; since nonlinear self-effects
were neglected, the probe energy is not relevant for these
simulations. Both Egs. (1) and (4) were integrated exploiting
a Fourier-Hankel split-step algorithm in a simulation box of
40 cm X 1.5 mm; the pump focus was set in the middle of
the box. Pump and probe evolution were determined assum-
ing a nitrogen pressure of 3 bar at room temperature.

B. Pump filament evolution

We show in Fig. 10(b) the simulated evolution of
the on-axis filamenting pump fluence F,(0,Y)
=J7.cg0|€,(0,Y,1)|*/2dt (solid line) and of the on-axis ion-
ization level (dash-dotted line). As can be seen, the ioniza-
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FIG. 10. (Color online) Simulated (a) radial and (b) longitudinal
fluence evolution in N, of the filamenting pump (solid line, left
scale). The dashed line shows the pump fluence in vacuum. Dash-
dotted line: ionization level along the propagation axis (right scale).

tion is always much lower than 1%, thus allowing to neglect
the population depletion in our model. The fluence F is a
good representation of the filament evolution and, for the
pump duration considered here, it gives also a measure of the
induced molecular alignment, since the latter depends mainly
on F,(r,Y) and weakly on the actual pump duration [34]. As
can be seen from the figure, a channel of clamped fluence
with a small overshoot is formed along the propagation axis,
with a full width at half maximum of about 6 cm in longitu-
dinal direction; the result can be compared with the fluence
evolution under vacuum (dashed line). The simulation proves
that filamentation sustains a larger fluence (thus a larger mo-
lecular alignment) for an extended range with respect to the
standard Gaussian propagation. The minimum channel radius
at half maximum is on the order of 30 um (see Fig. 10,
panel A), thus well fitting the dimensions of the simulated
probe beam in the focal region.

C. Probe propagation at maximum alignment

A simulation was performed fixing the pump-probe delay
at 4.12 ps (around the maximum alignment on the half re-
vival of nitrogen), setting the pump and probe polarizations
parallel and calculating the probe evolution inside the pump
filament wake. In order to optimize the probe-wake coupling,
the probe focus was placed 2.5 cm upstream the pump one.
Figure 11 shows the simulated probe fluence F,(r,Y)
=J7.ceo|Ep(r, Y, 1)|*/2dt calculated (a) without and (b) with
the occurrence of FA-FFA induced by the pump. Note that
the color scale is different in the two panels. As clearly seen,
the refractive index modulation induced by FA-FFA creates a
guiding channel, in which the probe propagates for about 6
cm. Interestingly, this is also the filament channel length (see
Fig. 10). One can see that the probe undergoes some refo-
cusing cycles probably due to the short channel length, not
sufficient for stabilizing the guided propagation. A contribu-
tion to such refocusing from the pump fluence overshoot (see
Fig. 10) could be also present. It is worth noting that the
weak plasma defocusing, which is taken into account, does
not hinder the guiding effect induced on the probe by mo-
lecular alignment. The far-field probe profile (not shown)
reveals that a beam collapse is observed at large distance
with respect to the unperturbed configuration, thus confirm-
ing the experimental result.
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FIG. 11. (Color online) Simulated probe fluence in N, (a) with-
out and (b) with filamentation-assisted FFA, as a function of propa-
gation distance and radius. The pump-probe delay is set at 4.12 ps;
the color scale is different in the two panels.

Figure 12 shows in detail the simulated temporal behavior
of the probe pulse along the propagation axis (thus in r=0).
The transient refractive index change An calculated in the
center of the box (Y=0,r=0) is reported for comparison as a
function of the local time in panel A. Since the probe pulse
lasts 80 fs, it fits inside the positive hemicycle of An(r).
Panel B shows the evolution of the probe temporal phase as
a function of Y; one can see that the nonlinear phase modu-
lation induced by the transient change An increases rapidly
in the channel region. This result is expected, since the tem-
poral refractive index modulation is larger inside the filament
channel. Moreover the phase contour map shows a clear sig-
nature of pulse spectral broadening, since the phase has op-
posite slopes on the two pulse sides.

Panel C in Fig. 12 shows nevertheless a completely unex-
pected behavior in the normalized pulse intensity profile: the
pulse duration is almost constant before entering the filament
channel, but afterwards it starts oscillating. A direct compari-
son with Fig. 11 reveals that the probe pulse is shorter in
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FIG. 12. (Color online) Simulated temporal behavior of the
probe pulse in the wake of the pump filament; pump-probe delay is
set at 4.12 ps. (a) Refractive index change in the middle of the
simulation box (r=0,Y=0); (b) on-axis probe field phase; (c) on-
axis normalized probe field intensity.
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FIG. 13. (Color online) Detail of the simulated temporal probe
pulse evolution in the wake of the pump filament; pump-probe de-
lay is set at 4.12 ps. (a) Normalized probe field intensity at r
=0 um; (b) normalized probe field intensity at r=30 wm. The
color scale is different in the two panels.

correspondence of beam refocusing; in particular, we found
that the probe duration decreases from 80 down to 57 fs in
the last refocusing stage. After that point the temporal profile
reshapes in a complicated way. It must be noted that, in the
limit of the SVEA approach and neglecting dispersion, this
temporal reshaping could not be observed for a probe beam
propagating in a gas-filled hollow waveguide; indeed in the
latter case there would be only a temporal phase modulation
of the probe, without any change in the pulse intensity enve-
lope. The mechanism responsible for the observed temporal
shortening is the interplay between spatial and temporal
probe modulation: at the peak of the probe pulse (r=0), cor-
responding to maximum molecular alignment, the beam is
conveyed toward the wake axis owing to the convex trans-
verse profile of refractive index; on the other hand the pulse
temporal wings, exposed to a lower level of alignment, are
not involved in this process. The result is a relevant increase
in on-axis probe intensity around maximum alignment,
which appears as temporal compression.

In order to prove this interpretation, we show in Fig. 13 a
detailed view of the normalized probe temporal profile cal-
culated on the wake axis (r=0 um, panel A) and far from
the axis (r=30 wm, panel B). One can see that in correspon-
dence of each refocusing cycle, a pulse shortening appears
on the axis, whereas a complementary temporal broadening
appears far from the axis. This effect is due to the partial
transfer of energy from the periphery to the center of the
beam during maximum alignment (around 7=0); the process
results in a partial depletion of the pulse intensity at the beam
periphery (appearing as temporal broadening of the probe) in
correspondence of temporal compression at the probe center.

We also analyzed the spectral evolution of the probe along
the filament wake; Fig. 14 shows the normalized probe spec-
trum calculated in r=0 as a function of the propagation dis-
tance. As can be seen from the figure, a huge spectral broad-
ening develops suddenly in a very short range (-4=<Y
=2 cm) corresponding to the filament channel; at the output
of the channel only minor changes in the spectral features are
observed. It is worth noting that the ideal compression factor
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FIG. 14. (Color online) Simulated evolution of the normalized
probe spectrum in the wake of the pump filament at »=0; pump-
probe delay is set at 4.12 ps.

B at the output of the simulation box is 11.5, which is of the
same order of magnitude of that measured in nitrogen. If
ideally compressed, the probe duration would be about 6.9
fs.

D. Probe propagation at minimum alignment

A second simulation was devoted to the analysis of probe
propagation in correspondence of the molecular alignment
minimum (which is also known as antialignment condition).
Figure 15 shows the probe fluence F,(r,Y) calculated (a)
with and (b) without the occurrence of FFA induced by the
pump; the pump-probe delay was set at 4.27 ps (around the
minimum alignment on the half revival of nitrogen), pump
and probe polarizations were parallel. Note that the color
scale is different in the two panels. One can clearly see that,
under pump excitation, the probe beam is almost completely
deviated from the center just before entering the region of the
filament channel. This beam deflection is due to the lower
refractive index induced on the wake axis by the molecular
antialignment with respect to the surrounding gas. The far-
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FIG. 15. (Color online) Simulated probe fluence in N, (a) with
and (b) without filamentation-assisted FFA, as a function of propa-
gation distance and radius. The pump-probe delay is set at 4.27 ps;
the color scale is different in the two panels.
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FIG. 16. (Color online) Probe intensity profile in nitrogen at the
(a) input and at the (b) output of the simulation box, as a function of
time and radial position. The pump-probe delay is set at 4.27 ps; the
color scale is different in the two panels.

field probe profile (not shown) reveals that, at large distance,
the beam assumes an annular shape with respect to the un-
perturbed configuration, in agreement with the experimental
observation.

As a matter of fact, a careful inspection of the fluence
evolution shows that a small fraction of the beam survives
along the propagation axis; at first sight this could be con-
sidered as a small “optical leakage” through the defocusing
transient structure produced by FA-FFA. Nevertheless this
weak on-axis component is the proof that temporal and spa-
tial aspects of the probe propagation cannot be separated.
Indeed such mutual dependence appears clearly from the
spatiotemporal analysis of the simulated probe intensity pro-
file, as shown in Fig. 16. One can see that at the input of the
simulation box (panel A) the probe pulse is confined to the
propagation axis. At the end of the simulation (panel B) al-
most the entire pulse has been deviated 600 um away from
the axis, but a small portion on the leading edge of the pulse
has propagated along the wake axis. The origin of such spa-
tiotemporal slicing of the probe pulse has to be ascribed to
the temporal evolution of the refractive index in the filament
wake.

To get an insight into the probe evolution under molecular
antialignment, we show in Fig. 17 the calculated dynamics of
pulse propagation along the wake axis; the transient refrac-
tive index change An in the center of the box (Y=0,r=0) is
reported for comparison as a function of the local time in
panel A. Panel B of Fig. 17 shows the evolution of the probe
temporal phase as a function of Y; the isophase line parallel
to the Y axis at r=—70 fs marks the transition from a positive
to a negative An. An additional transition can be found at ¢
=107 fs, though less clear. These two frontiers can be
thought of as regions of quasiunperturbed refractive index.

Keeping this fact in mind, we show in panel C of Fig. 17
the temporal evolution of the on-axis normalized probe field
intensity. The pulse propagates unperturbed up to the input of
the filament channel; at about Y=—4 cm the main part of
the pulse is deviated off-axis and disappears from the map.
Nevertheless a small temporal slice of the pulse, centered at
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FIG. 17. (Color online) Simulated temporal behavior of the
probe pulse in the wake of the pump filament; pump-probe delay is
set at 4.27 ps. (a) Refractive index change in the middle of the
simulation box (r=0, Y=0); (b) on-axis probe field phase; (c) on-
axis normalized probe field intensity.

t=—80 fs with a duration of about 30 fs, survives and propa-
gates on-axis. It is worth noting that such pulse slicing cor-
responds to the region of small refractive index change, as
already mentioned. We can thus conclude that the weak on-
axis pulse slice survives to the transient beam deflection be-
cause it corresponds to a “calm region” inside a strong spa-
tiotemporal modulation of the gas refractive index.

A spectral analysis of the probe (not shown) has been also
performed. The resulting spectrum shows a complex evolu-
tion with respect to the case of maximum molecular align-
ment. In particular, the temporal slice propagating along the
axis is spectrally broadened, but also shifted to the red; this
effect can be explained taking into account that the slice is
shorter than the initial pulse, but the temporal phase along
the slice changes in a monotonic way (as can be inferred
from panel B of Fig. 17) thus producing a spectral shift. On
the other hand the larger part of the probe, deflected from the
axis, experiences a much smaller spectral broadening with
respect to that observed for maximum alignment, since it
leaves the area of maximum FFA earlier.

Numerical simulations were also performed for the con-
figuration with pump and probe having perpendicular polar-
izations (not shown). As expected from experiments, the spa-
tiotemporal probe modulation is weaker with respect to the
parallel polarizations case. In particular, for a pump-probe
delay of 4.27 ps (thus, at molecular antialignment), we re-
produced the spatial probe confinement along the wake axis.
The spectral broadening resulting from simulations is about
half that found in parallel configuration (8=5.1), thus in
good agreement with the measured value.

E. Birefringence effects

According to experimental and theoretical results previ-
ously exposed, FA-FFA induces a transient, delayed birefrin-
gence in a gas of linear molecules; after excitation, the opti-
cal properties of the gas change both in temporal and spatial
domains. As far as the polarization direction of the delayed
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probe is parallel or perpendicular to the molecular alignment
axis, such changes do not affect the probe polarization state.
In those cases, spectral broadening and spatial reshaping are
the only visible effects on the probe.

A very different situation can be predicted in the case of a
probe pulse with arbitrary direction of the initial polarization.
Two scenarios can be envisaged, according to the degree of
rotational excitation of the medium.

(i) For a mild molecular alignment, the spatial modulation
induced on the probe would be weak and the excited medium
could be simply modeled as a transient birefringent plate.
The most significant effect would be probe spectral broaden-
ing and temporal modulation of probe polarization state in
correspondence of rotational revivals. A similar effect has
been also reported in argon [35]; it must be pointed out that
birefringence effects in atomic gases can be induced only by
cross-phase modulation due to the instantaneous Kerr effect.

(ii) Stronger rotational excitation could induce a notice-
able spatial modulation of the probe: in this case, according
to the previous discussion, one could observe the occurrence
of polarizations separation in coincidence of rotational reviv-
als. In particular, at maximum alignment, the probe compo-
nent parallel to the alignment direction would collapse on the
filament axis, whereas defocusing of the perpendicular com-
ponent would occur. The opposite behavior should be ob-
served at antialignment. As a matter of fact, a similar phe-
nomenon has been already demonstrated in the
copropagation of a probe pulse with a filamenting pump
pulse in air [36], though in that case it was related to the
cross-phase modulation induced by the instantaneous Kerr
effect. It is worth noting that, since the nonlinear Kerr coef-
ficient n, is positive, in the case of pump-probe temporal
overlap the probe component parallel to the pump polariza-
tion always collapses on the filament axis whereas the per-
pendicular component is always defocused.

IV. CONCLUSIONS

Optical filamentation in molecular gases is an intriguing
nonlinear effect, which induces a delayed reshaping of the
gas refractive index both in temporal and spatial domains.
These transient modifications in the optical properties of the
gas are related to the field-free molecular alignment induced
by the pump and can be effectively probed by a second op-
tical pulse propagating inside the wake of the first one. Since
temporal and spatial effects are simultaneous and cannot be
disentangled, they affect in a new and unexpected way the
evolution of the probe pulse.

We have shown, supported by measurements in several
gases, that huge spectral broadening as well as spatial col-
lapse and defocusing of the probe can be induced by
filamentation-assisted FFA. The noticeable strength of the
observed effects proves that this technique is a valid alterna-
tive for the characterization of FFA in molecular gases with
respect to standard pump-probe configurations based on gas-
filled hollow fibers.

On the other hand, the theoretical results here reported
demonstrate that FA-FFA can be effectively exploited in

023827-9



CALEGARI, VOZZI, AND STAGIRA

numerous kinds of spatiotemporal reshaping of laser pulses.
Besides the already mentioned and experimentally observed
effects, numerical simulations predict behaviors such as spa-
tiotemporal compression and spatiotemporal slicing of laser
pulses. We envisage that the birefringence induced in a mo-
lecular gas by filamentation-assisted FFA could be an addi-
tional degree of freedom to be exploited in a larger class of
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pulse shaping applications, like in polarization shaping or in
the separation of polarization components.
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