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We report on highly efficient four-wave optical parametric amplification transparent bulk Kerr medium (water) under high
intensity elliptical beam pumping. Energy conversion from pump to parametric waves as high as 25% is obtained owing to
the achievement of 1-dimensional spatial soliton regime in noncollinear phase matching configuration, and hence guaranteeing
high intensity over a large interaction length, high beam quality, and excellent operational characteristics.
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1. Introduction

Optical parametric amplification via three-wave in-
teraction in non-centrosymmetric materials (birefrin-
gent crystals) is nowadays a well established technique,
used for producing powerful ultrashort light pulses tun-
able across wide spectral range [1,2,3]. Optical para-
metric devices encompass a broad class of coherent
light sources, termed multicolor lasers, which have be-
come real workhorses in modern scientific laboratories
worldwide [4, 5]. In general, parametric frequency con-
version is possible in any other media, would it be solid
state, liquid or gas. However, in the absence of birefrin-
gence, wave mixing processes are governed by higher
order nonlinearities. In isotropic media, the lowest-
order supported interaction is the four-wave mixing
(FWM) driven by the third-order (cubic) susceptibility
X3’ and is much less efficient than the three-wave mix-
ing in birefringent media owing to smaller nonlinear
response. The discovery of FWM-driven optical para-
metric amplification dates back to the dawn of nonlin-
ear optics [6], but most of the following studies have
been directed to generation of broadband parametric
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radiation (supercontinuum) driven by phase-matched
FWM processes in resonant and non-resonant media
[7-9], see also Refs. [10,11] for a comprehensive re-
view on the topics. This approach is still in place today
offering many possibilities for accurate measurements
in spectroscopy and metrology, fibre optics, high-band
telecommunications, imaging techniques, and in many
other fields of modern science [12].

Despite of exciting progress in white light genera-
tion by means of FWM, four-wave parametric ampli-
fiers are much less studied. In order to achieve effi-
cient four-wave parametric amplification, two funda-
mental conditions must be fulfilled: (i) phase match-
ing, enabling energy and momentum conservation, and
(i1) good spatial overlap preserving high intensity over
long beam path. In real experimental settings the above
requirements get in conflict because of competing high
peak power-induced effects — stimulated Raman scat-
tering, self-focusing, self- and cross-phase modula-
tion, and eventual optical breakdown, simultaneously
occurring at nearly the same intensity threshold [13].
These factors severely limit the conversion efficiency
in four-wave parametric amplification, which thus typ-
ically does not exceed several percent and is nowhere
near to that compared with numbers achievable in
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conventional y2-based parametric devices. Moreover,
linear phase matching condition in isotropic media im-
poses a noncollinear interaction geometry, thus leading
either to severe reduction of the interaction length or to
a large phase mismatch if collinear interaction is con-
sidered. Indeed, this inconsistency is well illustrated
by few recent experiments, where four-wave paramet-
ric interactions in BK7 glass and gasses (argon and air)
have been studied. In the first experiment non-collinear
phase-matched frequency mixing of two intense fem-
tosecond pulses has been demonstrated in a thin BK7
glass plate under tight focusing condition, and paramet-
ric pulse energy has been limited to few wpJ only due
to onset of material optical damage [14]. A different
approach exploited a long interaction path in a single
gas filament [15]. The results outlined high beam qual-
ity but low (i.e. ~1073) energy conversion from the
pump to the generated waves despite large pump en-
ergy (1 mlJ), since the collinear interaction geometry
did not took an advantage of linear phase matching.

More recently, some of the present authors have
reported on highly efficient performance of seeded,
water-based four-wave optical parametric amplifier
(FWOPA) [16]. The ultimate performance (25% en-
ergy conversion from pump to parametric waves) was
achieved thanks to the discovery of a one-dimensional
spatial soliton interaction regime, which successfully
combined phase matching condition and high intensity
over a long beam path. In this paper we provide an
extended set of FWOPA characteristics, which include
phase matching considerations, spatial, temporal, and
spectral properties, energy conversion, and wavelength
tunability.

2. Experimental set-up and phase matching
considerations

In the experiment we used a Nd:glass laser sys-
tem (Twinkle, Light Conversion Ltd.), which deliv-
ered frequency-doubled 1 ps, 4 mJ pulses at 527 nm
at 10 Hz repetition rate. The experimental set-up
schematically is depicted in Fig. 1. The laser output
after frequency doubling in 11 mm long type I KDP
crystal (SHG) was split by means of a beam splitter
(BS) into two parts. The first portion of the laser ra-
diation was spatially filtered and made variable in en-
ergy from 0 to 90 pJ by a combination of a \/2 plate
and thin-film polarizer (labelled as ATT) and then uti-
lized as a pump for the FWOPA. The second portion
pumped a frequency-doubled optical parametric gener-
ator (Topas, Light Conversion Ltd.), which delivered

0.7 ps pulses with wavelength tunable across the visi-
ble spectrum. After spatial filtering and suitable attenu-
ation, selected signal pulse at wavelength A; = 570 nm
and energy of 100 nJ was used to seed the FWOPA. The
time delay between the pump and seed signal pulses
was matched by means of a mechanical delay line.

Fig. 1. Experimental set-up. SHG is the second harmonic genera-

tor, BS is the beam splitter, OPG is the optical parametric genera-

tor, ATT is the attenuator, SF is the spatial filter consisting of two

lenses and a pinhole, CL is the cylindrical lens. Inset shows the
phase matching geometry.

Co-polarized pump and signal beams were focused
into a water cell of adjustable length using a cylindrical
lens (CL) of f, = +500 mm, f, = oo, which yielded
beam dimensions of 1.2 mm x 130 pm at the input face
of the cell, as shown in Fig. 2(b). The two beams were
crossed in the plane containing the long axes of the el-
lipses in order to ensure good spatial overlap along en-
tire cell length. The angle between pump and signal
beams was adjusted for largest energy conversion find-
ing an optimum phase matching. The phase-matching
condition (see the inset of Fig. 1) is a vector equation:
2k, = ks + ki, which, projected in transverse and
longitudinal directions with respect to the pump pulse
reads as

2k = kscos + k;cosar,

kssinf = ki sin o, (1)

where k(w) = n(w)w/c is the wave number, 6 and «
denote the angles of the signal and idler beams with re-
spect to the pump beam axis, and indexes p, s, i stand
for the pump, signal, and idler waves, respectively. Af-
ter simple algebra, one finds the phase matching angle
between the pump and signal beams:

(2kp)? + (Ks)? — (Ki)?
Akegky '

cosf =

2

For the chosen wavelengths of A\, = 527 nm and
As = 570 nm, and taking into account the dispersion
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relation for water [17], the calculated external (in air)
phase matching angle is 6 = 1.33°.

3. Generation of parametric solitons
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Fig. 2. (a) FWHM width of the pump beam versus propagation.
Near field intensity profiles of (b) input pump beam; (c) pump and
(d) signal beams at the output face of the 40 mm long water cell.
The diffraction of the Gaussian beam is depicted by a dashed line.

Recently it has been demonstrated that highly ellip-
tical beams experience one-dimensional self-focusing
in the short axis direction and after passing the non-
linear focus break up into an array of almost equally
spaced multiple filaments [18]. The beam break-up is
caused by transverse modulational instability, an uni-
versal phenomenon observed in all nonlinear media
[19]. In our experimental settings maximum beam
power equals to ~80 P, and the beam break-up oc-
curs at z ~ 20 mm. Here P., = 3.77 \2/(87nngy) =
1.15 MW is the critical power for self focusing, with
A = 527 nm being the wavelength, n = 1.33 the linear
and ng = 2.7-10716 cm? /W the nonlinear refractive in-
dexes of water, respectively. However, the injection of
a weak seed signal at the phase matching angle leads
to quenching of filament formation and beam break-
up. In this case the pump beam contracts along its
short axis direction and forms a uniform light stripe of
24 pm short-axis FWHM diameter, which propagates

over ~15 mm distance inside the water cell without ap-
parent diffraction [see Fig. 2(a)], as measured by imag-
ing the output face of a variable length water cuvette
onto a CCD camera (COHU-6612 with Spiricon Inc.
frame grabber). Note that this distance is ~4.5 times
larger than the diffraction length for a Gaussian beam
of the same diameter.

The signal and idler modes exhibit diffraction-free
propagation as well, being trapped within a gain chan-
nel created by intense pump beam and thus providing
an ideal condition for efficient parametric amplifica-
tion to take place. Examples of near-field images of
pump and signal modes at the exit of 40 mm long wa-
ter cell are depicted in Fig. 2 (c) and (d), respectively.
The overall observation suggests the formation of sta-
ble multicolor parametric one-dimensional spatial soli-
tons. In our settings the pump beam break-up threshold
is notably increased due to strong phase-matched four-
wave parametric interaction. Here off-axis propagating
signal and idler modes act as a damping mechanism
that suppresses any local spike that forms in the pump
beam. The soliton regime is sustained with pump beam
energy as high as 90 pJ, and with seed pulse energy
as low as 10 nJ. We note that in bulk Kerr medium,
stable one-dimensional spatial solitons have been ob-
served just on several occasions and just under spe-
cific operating conditions, where transverse instabili-
ties have been suppressed by self-induced waveguiding
through interference [20], periodic azimuthal modula-
tion of ring beams [21], and by making the beams par-
tially incoherent [22]. We also mention that present sit-
uation is different from the multicolor soliton regime in
planar waveguides, in space of reduced dimensionality
[23,24].

4. FWOPA operation

Figure 3 shows measured FWOPA output energy
versus pump energy F,. Detectable amplification of
the seed signal starts at pump energy as low as 10 pJ
and saturates at F;, = 60 pJ. At gain saturation the
overall energy conversion to parametric waves (includ-
ing cascaded components) is as high as 25%. The re-
sult also outlines a signal amplification factor of ~100,
with pump-to-signal energy conversion of 15% at £, =
60 1J. We underline the two relevant features observed
in FWOPA operation: the first one considers a strong
cascading, that is justified by the emergence of a comb
of upshifted and downshifted frequency components
(shown in the far-field photograph in Fig. 4(a)), while
the second one points to apparent energy unbalance
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in the signal and idler waves, the idler wave at \; =
490 nm being ~3.5 times weaker. In what follows, we
interpret the observed features as the nontrivial impact
of the phase matching and absorption on the multi-step
four-wave parametric processes.
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Fig. 3. Energy of signal (full circles and solid curve), idler (open
circles and solid curve), and cascaded components (dashed curves)
versus pump energy F,.

The cascaded modes are generated through the
multi-step FWM processes: k¢ = 2ks — kp, kit =
2k; — kp, kia = 2k;i; — ki, etc. [14], here signal and
idler and afterwards the cascaded components serving
as a pump for new FWM processes. The frequencies
of the cascaded components differ by the constant fre-
quency shift Aw = w, — ws and can be expressed by
the following equations:

wen = (N + 1)ws — nwp

win = (n + 1)w; — nwy, 3)

where subscripts in and sn denote upshifted (idler) and
downshifted (signal) components, termed as cascaded
idlers and signals, respectively, and n stands for the
cascading order. Figure 4(b) plots experimentally mea-
sured angles of the pump, signal, idler, and cascaded
modes superimposed on the calculated phase match-
ing curve. It is interesting to note that the cascading is
favoured towards the blue side of the spectrum, with the
components detected at \;; = 458 nm, Aj2 = 430 nm,
A3 = 405 nm, and A4 = 383 nm, whereas fewer
red-shifted components measured at A\s; = 621 nm
and A\s2 = 681 nm. In order to explain this obser-
vation, we recall that water absorption increases con-

tinuously from the blue toward the near infrared, with
the maximum transparency at 417 nm [25]. The un-
equal number of upshifted and downshifted modes can
be explained by an impact of absorption on the gain
profile. Absorption of one of the interacting (coupled)
waves is expected to reduce the gain of the particular
four-wave parametric process as a whole, and unevenly
modifies the gain for the cascaded processes. There-
fore, an appreciable gain occurs rather for the processes
responsible of producing frequency upshifted compo-
nents than for those producing frequency downshifted
ones. Moreover, the phase matching condition (1), if
applied to the cascaded modes occurring at different
angles with respect to the pump beam (these are shown
in Fig. 4(b), being determined by the injection angle
of the seed signal), suggests small phase mismatch for
generation of the blue-shifted cascaded modes. In con-
trast, phase mismatch is considerably higher toward
the red-shifted frequencies, as shown in Fig. 4(c). We
also note that the possibility of interactions of type
ki1 = 2k, — kg is generally ruled out because the
cascaded components do not appear in pairs (first cas-
caded signal with first cascaded idler, etc.) as evident
from energy measurements presented in Fig. 3.
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Fig. 4. (a) Screen shot of the FWOPA output. (b) Phase matching

curve (solid line) and measured angles of the signal, idler, and cas-

caded modes with respect to the pump beam (circles). (c) Phase
mismatch angles.
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For what concerns the observed energy unbalance,
we note that the amount of energy, originally generated
in the idler wave through the primary parametric pro-
cess (amplification of the seed signal) is strictly gov-
erned by the Manley—Rowe equation, which yields an
equal number of photons created in the signal and idler
waves via parametric interaction. Indeed, it was con-
firmed by the analysis in terms of photon numbers of
cascaded four-wave interactions in optical fibres [26]
and more recently in the case of noncollinear four-wave
optical parametric amplification [16]. It is worth not-
ing that the cascading not only involves the redistribu-
tion of the energy between the signal (idler) wave and
its cascaded counterparts, but also the transfer of some
amount of energy back to the pump wave (back con-
version). Since the gain for particular cascaded process
varies with frequency due to absorption, less cascading
is observed toward larger absorption and concomitantly
less energy (or photon number) is back-converted to the
pump. This fact was verified by launching the signal
with wavelength shorter that that of the pump (As =
490 nm), with obtaining stronger blue-shifted cascad-
ing, but the amplified signal energy being 3.5 times
lower that the generated idler wave at A; = 570 nm.

In our settings the cascaded components comprise
20% of the total output energy and contribute to less
than 5% of the overall energy conversion. The num-
ber as well as the energy of the cascaded components,
which in most cases is undesirable energy loss, can
be minimized with tuning the seed signal wavelength
farther from the pump. An interesting situation oc-
curs if the FWOPA is seeded at the Raman line. In
this case, it is expected that the Raman gain, which is
non-parametric process, and therefore does not require
phase matching, might contribute to the parametric am-
plification process. Indeed, choosing the seed signal
wavelength at 637 nm, which is exactly the Raman shift
for water, we have measured a notable enhancement of
the signal gain (up to 450) with just 40 nJ input signal.

5. Spectral and autocorrelation measurements

In this section we provide characterization of
FWOPA operation in spectral and temporal domain.
Spectral measurements were performed using a fibre
spectrometer (QE65000, Ocean Optics). Figure 5 com-
pares single shot spectra of the seed and amplified sig-
nal pulses. The spectral shape of the amplified signal
remains basically unchanged and exhibits just negligi-
ble spectral broadening from 82 to 98 cm~!. The esti-
mated time—bandwidth product of the amplified signal

with account for measured pulse duration (7, = 0.5 ps)
is 7, - Av = 1.47 and remains close to that of the input
seed pulse (7, - Av = 1.72). We have also measured
the spectral gain profile of the FWOPA, by scanning
the seed wavelength while keeping the pump and sig-
nal intersection angle fixed (data is not shown). The
measured FWHM of the gain profile is 3 nm, that in
fact can be expected from the steepness of the phase
matching curve.
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Fig. 5. Spectra of seed (dashed curve) and amplified (solid curve)
signal pulses.

Autocorrelation measurements were performed us-
ing an imaging scanning autocorrelator, which selected
just the central portion of the elliptical beam and im-
aged it onto 100 pm thick nonlinear crystal (BBO). A
set of results is plotted in Fig. 6. Panels (a) and (d)
show the autocorrelation traces for input pump (1 ps)
and seed signal (0.7 ps) pulses, respectively. Panels (b)
and (e) represent autocorrelation functions at the output
of 40 mm long water cell of the undepleted pump pulse
and the amplified signal, respectively, measured with
E, = 60 pJ, where gain saturation occurs. Although
during the propagation both pump and signal pulses
experience some transient shortening associated with
soliton formation regime (data not shown), the ampli-
fied signal pulse at the FWOPA output exhibits a clean
Gaussian profile with good shot-to-shot reproducibility
(note small error bars). With £}, = 80 uJ, pump pulse
alone (with no seed) breaks up into an array of mul-
tiple filaments, which in turn prompts pulse splitting
in time into two sub-pulses, as shown by 3-peak au-
tocorrelation function in Fig. 6(c), appearance of con-
ical emission, and, finally, formation of the X-waves
[27]. By contrast, temporal splitting of the pump pulse
is quenched when a seed signal is launched, and a clean
amplified signal with a Gaussian profile is measured,
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Fig. 6. Normalized autocorrelation functions of pump (a—c) and signal (d—f) pulses. Open squares stand for measured data, while solid
curves show the Gaussian fit. See text for details.

see Fig. 6(f). However, in gain saturation regime, the
amplified pulse is measured to be slightly longer, that is
due to strong energy back-conversion to the pump and
cascaded pulses, as discussed in previous section.

6. Conclusions

In conclusion, we have demonstrated an operat-
ing condition for highly efficient four-wave paramet-
ric amplification in a bulk isotropic and transparent
medium with Kerr nonlinearity (water) in the visible
spectral range. With overall figure of 25% energy con-
version from pump to parametric waves, FWOPA is
simple, inexpensive, and ready to use frequency con-
verter with high operational characteristics. An ex-
cellent performance has been achieved by the use of
cylindrical focusing, which allows simultaneously ful-
filment of noncollinear phase matching condition and
good spatial overlap between the interacting beams
over long path length. Under these settings, effi-
cient four-wave interaction quenched the transverse
beam break-up of the intense pump and permitted the
achievement of 1-dimensional spatial soliton regime in
bulk medium, never observed before to the best of our
knowledge. Differently from the tight focusing config-
uration, our set-up operates far from the threshold of
optical breakdown, and differently from the filament-

mediated four-wave parametric amplification, the spa-
tial soliton regime is not limited in one transverse di-
mension (along the long axis of an ellipse), so the
present setup can be easily scaled in size and energy.
The soliton regime could be easily adopted to virtu-
ally all transparent media, including solid-state and
gaseous, and for a variety of wavelengths, where con-
ventional phase matching techniques based on material
birefringence are not applicable. And finally, our find-
ing of quenching spontaneous break-up and filamen-
tation of intense laser beams by launching a weak seed
signal opens new route towards generation of fully con-
trollable propagation of multifilamentary structures.
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$viesos stiprinimas skaidrioje izotropinéje terpéje su Kerro netie- pinimo intensyvuma dideliame saveikos ilgyje, o taip pat aukstas
siskumu (vandenyje), kaupinant eliptiniais $viesos pluostais. Gau- spindulivotes laikines ir erdvines charakteristikas.

tas energinis keitimas i§ kaupinimo i parametrines bangas yra 25%.



