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Phase- and group-matched nonlinear interactions mediated by multiple filamentation in Kerr
media
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Laser-pulse filamentation in Kerr media induced by a strongly elliptic input beam leads to breakup into a
periodic array of filaments. In the plane of the filament array we observe strong Stokes and anti-Stokes
emission at large angles. For 1 ps input pulses the measured angles are found to support two different
phase-matching configurations: one nontransversally phase matched and the other perfectly phase matched.
Shorter 200 fs pulses give rise to group-velocity-matched Raman conversion.
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High power ultrashort laser pulses propagating in nonlin-
ear Kerr media undergo space-time self-focusing and form
filaments, i.e., tightly localized in space (10—100 wm) and
in time (5-50 fs) intensity peaks surrounded by a much
larger energy reservoir that coexist and propagate over long
distances. This particular structure and the details of the fila-
ment dynamics may be interpreted in terms of conical [1]
and, more generally, of nonlinear X waves [2,3]. Recently
the filamentation regime has also been demonstrated to be
extremely favorable for nonlinear interactions and frequency
conversion through four wave mixing (FWM) [4] or stimu-
lated Raman scattering (SRS) [5], thus suggesting possible
useful outcomes of future applications in this field.

If the input power largely exceeds the critical power for
self-focusing, instead of forming a single filament, the beam
breaks up into multiple filaments (MF) [6]. This breakup
usually exhibits complex propagation behavior and shows
random shot-to-shot fluctuations, and is seeded by any noise
present in the input beam [7,8]. In recent years, a progress
toward a controlled beam breakup into multiple filaments has
been achieved. The majority of the methods rely upon the
modifications of the input beam parameters, e.g., amplitude
and phase. Controlled MF patterns were generated by means
of controlled phase aberrations [9,10], and phase masks [11],
by introducing periodic amplitude modulation by the use of
meshes and grids [12,13], or by controlling the focusing con-
ditions by means of a deformable mirror [14]. Another way
toward controlled MF exploits launching an elliptical beam
and has proved to be successful in overcoming random
small-scale filamentation. Beam breakup starts evolving
along the major axis and ends up with stable MF patterns. To
this regard, reproducible MF patterns by slightly elliptical
beams had been observed in various nonlinear media: water
[15], air [16], BK7 glass [17], fused silica [18], and carbon
disulfide [19], all revealing the universality of the determin-
istic breakup process. Moreover, recent studies have demon-
strated that highly elliptical beams form one- or two-
dimensional arrays of regularly spaced filaments [20].

In this Brief Report we report the breakup of a highly
input elliptical beam into a periodic filament array and the
occurrence of nonlinear frequency coupling, mediated by
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phase-matched FWM and group-matched SRS, between the
individual filaments. For input energies above the threshold
for the formation of multiple filaments we observe redshifted
and blueshifted signals that are emitted only in the plane of
the filament array and at large angles with respect to the
propagation direction. This emission is ascribed to the inter-
play between stimulated Raman scattering and four wave
mixing. By changing the input pulse duration we are able to
switch between a FWM-dominated process to a situation in
which SRS alone is observed.

Experiments were carried out by launching 1 ps or 200 fs,
527 nm pulses at a repetition rate of 10 Hz provided by a
Nd:glass laser system (Twinkle, Light Conversion Ltd.,
Vilnius, Lithuania). The beam was focused into a fused silica
cell containing water using a cylindrical lens giving an ellip-
tical with beam a minor axis of 100 um FWHM and ellip-
ticity e=12. Figures 1(a)-1(c) show the near fields of 200 fs
pulses imaged onto a charge-coupled device (CCD) camera
(COHU) of the input beam (a) and of the MF array that
forms for an input pump energy E,,m,=29 wuJ at propagation
distances of 2.4 (b) and 3.2 cm (c). The input beam breaks up
into a periodic array of filaments characterized by a period-
icity, for our experimental settings, A ~75 wm: similar fea-
tures were observed with 1 ps pulses. Associated to the MFs,
we noted a remarkably strong emission at redshifted and
blueshifted (with respect to the pump) frequencies, both oc-
curring at large propagation angles with respect to the propa-
gation direction of the pump and only along the input beam
ellipse major axis as can be seen in the spatial far-field pat-
tern shown in Fig. 1(d). We thus measured the spectral far-
field distributions (6,\) using an imaging spectrometer and a
Nikon CCD camera, as described in detail elsewhere [21].

Figure 2(a) shows the measured (6,\) spectrum for
E,ump=100 wJ and input pulse duration of 1 ps. Around the
pump wavelength a clear X-like structure is observed, thus
indicating that recent findings and models based on the spon-
taneous formation and parametric interaction of X waves in
single filaments remain valid also in the case of MFs [2,3].
The main difference with respect to the single filament case
is that the X features visible around the pump wavelength are
now somewhat broadened and hazier due to the superposi-
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FIG. 1. (Color online) (a) Highly elliptic 200 fs input beam
profile, (b) periodic array of filaments observed after 2.4 ¢cm non-
linear propagation with E,;;,,,=29 uJ, and (c) after 3.2 cm nonlin-
ear propagation. Horizontal (vertical) dimension is 3 mm
(370 um). (d) shows the spatial far-field pattern: AS and S indicate
the anti-Stokes and Stokes components, respectively.

tion and interference of spectra coming from many indi-
vidual filaments. The other remarkable feature is the intense
signal observed around A=637 nm (both on and off axis)
and N\=450 nm (only off axis). These two wavelengths cor-
respond precisely to the expected Stokes (S) and anti-Stokes
(AS) Raman shifts in water [22]. A weaker signal is also
present at the second-order AS wavelength, A=391 nm and,
due to a sharp drop in sensitivity in our CCD camera, we
verified the presence of the second-order S component using
a fiber-coupled spectrometer (Ocean Optics Inc., model
QE65000). Thus it is clear that a strong interplay between
SRS and FWM is occurring: due to the absence of this effect
in the single filament regime it is also clear that this phenom-
enon is tightly linked to the formation of the MF array.

It has been pointed out that various phase-matching con-
figurations may be proposed in order to explain some of the
spectral features observed in optical filaments [22]. First of
all we note that while the S signal is present both on axis
(#=0°) and off axis (A~ +2.57°), the AS signal is present
only off axis. Furthermore close inspection reveals that the
(first-order) AS signal is split into two distinct angles,
0~ +1.73° and 6~ £2.6°. We explain these features by as-
suming that two different FWM interactions are occurring,
these being distinguished by their different phase-matching
configurations. The first interaction is a longitudinally (non-
transversally) phase-matched interaction between two on-
axis pump photons, one on-axis S photon and an off-axis AS
photon [as schematically shown in the inset marked with
longitudinal phase matching (LPM) in Fig. 2(b)]. Phase-
matching conditions of this type are also fulfilled in single
filaments: the high spatial localization of the central intensity
peak allows a certain indetermination in the momentum con-
servation along the transverse direction [22]. Indeed it has
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FIG. 2. (Color online) (a) Experimentally measured (6,\) spec-
trum of the multiple filaments with Ep,,=100 wJ. (b) Summary of
(6,\) coordinates at which emitted signals are observed. Short-
dashed lines indicate longitudinal phase-matching curves (LPM),
solid lines indicate the perfectly phase-matched curves (PPM), and
the thin-solid and long-dashed lines indicate the group-matching
curves, calculated for the input pump wavelength and for a faster
traveling X wave (as described in the text), respectively. The insets
indicate the relative phase (LPM and PPM) or group (GVM) match-
ing diagrams.

been shown that precisely in the case of optical filaments
full, i.e., both longitudinal and transverse, momentum con-
servation would lead to spectral features and dynamics that
are not compatible with those effectively observed in experi-
ments and numerical simulations [23]. Using the Sellmeier
coefficients for water given by Eq. (12) in Ref. [24], it is
possible to calculate the relative phase-matching curve, indi-
cated with a short-dashed line in Fig. 2(b). The hollow circle
represents the first-order AS component measured at the
larger angle and lies very close to the calculated curve. The
second phase-matched interaction is a perfectly, i.e., longitu-
dinally and tranversally phase-matched FWM, as indicated
schematically in the inset labeled as perfectly phase matched
(PPM) in Fig. 2(b). The solid lines in Fig. 2(b) show the
calculated phase-matching curves and the solid circles repre-
sent the measured angles. Here too, an excellent agreement is
found. We note that this perfectly phase-matched interaction
is strongly inhibited in single filaments due to the fact that
both AS and S signals travel at large angles with respect to
the pump and, due to spatial walk-off, will experience only a
negligible gain. Conversely, in the MF regime, strong ampli-
fication may occur along the direction of the filament array:
spatial walk-off is compensated by the periodically modu-
lated field. This interaction also appears to be somewhat
stronger than the longitudinally phase-matched interaction
indicating the important role played by the filament array in
the FWM process. Indeed, the proposed FWM scheme im-
plies that AS signals generated or amplified by one filament
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FIG. 3. (Color online) Measured Stokes (red solid line) and
anti-Stokes (blue dashed line) energies for increasing input pump
energy.

will interact nonlinearly with the S signal generated in neigh-
boring (and possibly all other) filaments in the array.

The phase-matching curves shown in Fig. 2(b) imply that
any frequency couples satisfying energy conservation may
be amplified by the filament array. In this particular case only
the Raman S and AS wavelengths are effectively amplified
due to the fact that SRS provides a seed for the FWM pro-
cess, without the need for any additional input seed pulse. In
particular, we may conjecture that the perfectly phase-
matched FWM process builds up as a cascaded process: first
a weak Stokes signal is generated on axis within one or more
filaments in the array. This signal then seeds the longitudi-
nally phase-matched FWM process that appears clearly in
the MF regime due to the possibility for the AS signal to be
amplified in passing through neighboring filaments in the
array. As this signal increases some energy may be trans-
ferred to the relatively close (in angle) perfectly phase-
matched AS angle, effectively seeding the perfectly phase-
matched FWM process and giving rise to the off-axis S
signal. We also measured the off-axis S- and AS-signal en-
ergies (Fig. 3) and found that for large input pump energies
(100 wJ) the S-signal energy (~2 uJ) is notably larger than
the AS energy (~0.9 wJ). This indicates that although the
conditions for phase matching are satisfied there is still a
residual amplification due to SRS that does not require phase
matching and that affects only the redshifted Stokes wave-
length.

Finally, we repeated the experiment with a shorter 200 fs
input pump pulse without varying any other parameters. We
noted that all FWM processes were absent. Instead we mea-
sured a strong S signal, with no corresponding AS emission,
at a large 4.8° angle [solid square in Fig. 2(b)]. Due to the
absence of the AS signal, we interpret the S signal as the
result of a group-velocity-matched (GVM) SRS process: by
propagating at a specific angle, the longitudinal component
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of the Stokes pulse group velocity is equal to that of the
on-axis pump. The thin solid line in Fig. 2(b) gives the (8,\)
values that satisfy this condition assuming that the pump is
traveling at the group velocity v,=2.211X 103 m/s of the
input 527 nm Gaussian pulse. As can be seen this curve does
not pass through the experimentally measured point. How-
ever, we should bear in mind that filamentation in condensed
media is characterized by pulse splitting: one pulse will
travel at a faster group velocity, the other at a slower group
velocity with respect to the input pump. This splitting has
been interpreted as an intrinsic feature of the spontaneous
formation of X waves [3] and the specific group velocity of
the two daughter pulses may be derived directly from the
(6,\) spectra [5,25,26]. Performing this analysis (data not
shown) the “fast” split pulse has v,=2.218 X 103 m/s and
we thus obtain the long-dashed curve in Fig. 2(b). This curve
predicts very closely the measured Stokes emission angle.
We note that the same group-matched SRS process is not
allowed with the longer 1 ps input pump pulse due to the fact
that the split pulses travel with significantly different group
velocities with respect to the 200 fs case. In particular, the
spectrum in Fig. 2(a) gives v,=2.23 X 10* m/s for the “fast”
pulse. This velocity is larger than the Stokes group velocity
v,=2.225X 10% m/s so that the matching of the longitudinal
component of the S-pulse velocity with that of the pump
cannot be fulfilled for any propagation angle.

In conclusion we have investigated spontaneous fre-
quency conversion due to four wave mixing and stimulated
Raman scattering mediated by multiple filament arrays. By
changing the input pump pulse duration we are able to con-
trol the specific nonlinear process and therefore the charac-
teristics of the frequency conversion: the long pulse dynam-
ics are determined by FWM while those of short pulses are
dominated by SRS alone. The investigated nonlinear interac-
tions also clearly highlight the presence of a coupling mecha-
nism and a channel for energy exchange between the indi-
vidual filaments within the array.
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