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In a single 15-mm lithium triborate crystal, operated at high gain and strong diffraction, we
obtained the spatial mode locking of the quantum noise, its amplification up to the pump level, and
guasisoliton propagation of the mutually trapped beams. Visible pulsesudf1L5 ps were converted,
with 50% efficiency, into diffraction-limited superfluorescence, tunable in the range Q.67+m.
[S0031-9007(97)05012-6]

PACS numbers: 42.65.Tg, 42.50.Lc, 42.65.Y]j

The research on the generation and control of 2D trangioise. The spatial mode locking of the incoherent signal,
verse structures in traveling-wave (TW) optical systemsccurring with an amplification that exceeds 10 orders of
has been obtaining much attention in recent years, due to iteagnitude, together with the broad-Z000 nm) wave-
large potential for applications to opto-optical devices: inlength tunability, are some of the relevant peculiarities of
comparison with the more investigated structures in resathe results that we present.
nators [1], suitable for optical-memory applications, TW The experiment, performed at the Optical Non-Linear
structures offer the unique opportunity of ultrafast (ps-fs)Processes Laboratory in Como, concerns the characteriza-
switching and signal addressing, being their speed of retion of the near and far-field energy-density distribution
sponse not limited by the dynamic of the feedback mechaef the residual pump and of the parametric superfluores-
nism on which resonators are based [2]. Recently, TWeence (the single-pass-amplified quantum noise) generated
filamentation initiated by the quantum noise has been obby 1.5-ps, 0.527+m pump pulses in a 15-mm lithium
tained in numerical simulations with ¥ material [3], triborate (LBO) crystal, operated in type | temperature-
and experimentally observed in quantum-noise parametrittined noncritical phase matching (i.e., in the absence of
amplification in ax®® material [4]. Other structures, like transverse walkoff). All of the experimental results, as
rolls, Bessel beams, vortices, are currently investigated bwyell as the simulations, refer to signal and idler wave-
several research groups. Particularly relevant for the medengthsa; = 0.83 um and\; = 1.44 um. Results simi-
tioned applications are the structures arising from zero olar to those presented here were obtained across the whole
multiple-order solitonlike propagation, since they can pro+tuning range, 0.672:5 pum.
vide robust output profiles controllable in a quasidiscrete In Fig. 1 we show the measured output-beam pa-
manner [2]. In comparison with 2D spatial solitons in rameters versus the input-pump energy,, for two
saturablex® [5] or in photorefractive [6] materials, those input-pump FWHM beam diametergh ,o = 23 um, in
in quadratic media [7] allow faster responses, lower losses;ig. 1(a), andg o = 57 um, in Fig. 1(b). In the figure
and the possibility of frequency (up or down) conversion.are evident the two regimes of small-signal gain (or linear
Interesting theoretical investigations were performed oramplification), in which the pump is not depleted and the
X@ solitons (or quasisolitons; see, for example, Refs. [8«signal + idler) conversion efficiencyy increases expo-
14]), but experimental demonstration was only reported fonentially with E 5, and that of gain saturation, at greater
second-harmonic generation (SHG) [15]. pump energies. We observed that output pump and signal

In this Letter we report the observation of mutual energies did not increase fd,, exceedingl uJ. This
trapping and quasisoliton generation in TW parametriccan be due either to the fact that a portion £f, is
down-conversion from quantum noise amplification. Thescattered and not coupled with the detector, or to higher-
mechanisms of trapping and soliton generation, which ocerder nonlinear losses. The large reduction in pump-beam
cur in gain saturation in the second portion of the crystaldiameter, the matching between outpbif and ¢, the
are similar to those taking place in SHG. Completely dif-small changes in output profiles in spite of the relevant
ferent is, on the other hand, the transient process takinghanges in input-pump energies and diameters, are all
place in the first few mm of linear amplification. In fact, phenomena that confirm the existence of mutual trapping
while in the case of SHG all the injected fields are intenseand quasisoliton propagation [15].
and coherent laser pulses, in our case both signal and idlerIn Fig. 2 we plot typical single-shot energy-density
are provided by the very weak and incoherent quantunmaps, obtained in regime of gain saturation. The choice
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104 T Y T — 60 ¢sAv, = 6 and 25 times the Fourier limit fop o = 0.4
Bpo=23UM R I and 1.1 mm, respectively, and similgy, and  values.
— 109 150 g These results allow us to describe what occurs inside the
IS s crystal, at higher pump intensity. This can be done re-
> i Mo q40 & lying upon thel ¢* scaling law common to all solutions
g 10 i 0= 0, ) to the three-wave coupled equations [14] in the absence
= __:’ —— ¢, 1NE of first-order dispersion. This scaling ensures that, for
S 10§ A e both ¢ ,0 = 23 um and ¢,o = 57 um, the signal su-
= %o aao?p 1% § perfluorescence should reach the diffraction limit at the
S 103 Wﬁ' ) samen < 0.1% value for all the pump intensities covered
D 110 = in Fig. 1. This process of “spatial mode locking” under
] ) linear amplification provides the intense and coherent sig-

nal beam required for properly seeding the trapping and
soliton generation in the last millimeters of saturated in-
teraction. Our simulations (data not shown) indicate that
beam profiles such as those in Figs. 2 and 3(b) cannot be
obtained within a few mm of gain-saturated interaction if
pump depletion is initiated by a structured signal.

We interpret the described transient phenomenon in
terms of spatial mode locking of the incoherent quan-
tum noise, relying upon the formal analogy between this
process and the temporal mode locking in laser resonators.
In mode-locked lasers, transform-limited pulses are gen-
erated from the noise level thanks to the combined effect
of two competing processes: the reduction in pulse dura-

0 tion, due to the temporal modulation of gain or losses, and
20 the narrowing in (time-domain) spectrum, due to the line
shape of the laser amplifier. Analogously, in our para-
FIG. 1. FWHM diameters of signap, and residual pumgb; metric converter, diffraction-limited beams are generated
conversion efficiency; lines are guides to the eyes. from the quantum noise thanks to the competition between

the reduction in signal-beam size, due to the transverse
of the same scale for theaxis in all maps evidences that gain modulation, and the narrowing in (space-domain) sig-
similar outputs are obtained in case of two pump beamsal spectrum, due to the angular gain profile of the para-
with similar energies and shape, but different diametersnetric amplifier. The transverse gain modulation, which
and intensities (the noisy features of thg, = 57 um  reduces the signal beam size due to the preferential am-
undepleted pump is due to close-to-threshold operatioplification at the signal-beam center, originates from the
of the charge-coupled device detector). Note how weltransverse profile of the focused pump beam. On the other
the residual-pump and signal beams do match, not onlfzand, the angular gain profile is not essentially related with
in diameter but also in profile. Pué® self-focusing the pump profile, in our regime, as we have verified by
was excluded by observing the small effect left uponnumerical simulations: the spatial signal spectrum is not
quenching the parametric interaction by rotating the pumfiiltered by the gain-induced aperture. Even with infinite
polarization by 90. From far-field measurements, the (plane-wave) pump, the signal bandwidth decreases during
divergence of superfluorescence in gain saturation waamplification, this spectral narrowing being related to the
that of a diffraction-limited Gaussian beam. The spacesignal-to-idler phase conjugation in parametric process.
bandwidth product);A v, worsened on increasing,o, as The correctness of our interpretation can be verified in
confirmed by the near-field signal-beam profiles in Fig. 3the contest of a simple analytical model, if the pump-

In the second part of the experiment we characterbeam profile is assumed to not affect the gain angular
ized the near- and far-field profiles of the signal su-spectrum and the impact of the spectral narrowing on
perfluorescence obtained in regime of small-signal gairthe evolution of the signal-beam profile is neglected (a
(at low pump intensity), for different pump-beam di- correct approximation as long as the two processes do not
ameters. Measurements performed withy = 23 um, compete). The FWHM angular gain bandwidth of a
¢p0 = 57 um, ande o = 110 um, all with pump inten-  parametric amplifier pumped by a plane wave turns out
sity 7,0 = 10 GW/cn? and n < 0.1%, provided clean, to be
almost diffraction-limited superfluorescence beams (e.g., 5 o 1/4
¢sAvy = 0.5, for ¢,o =57 um). The beam quality Avg = L|:8(In 2)r nsj| )
worsened at increasing pump diameter: we measured ZL, A? ’
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FIG. 2. Single-shot energy-density maps of near-field profiles of signal superfluorescence (right), residual pump (center),

undepleted pump (left). Residual and undepleted pump were obtained with the same setup, except for a 1000x ND filter, which was
moved from the back to the front of the nonlinear crystal, respectively. Therefore left pictures represent the pump with quenched

nonlinear interaction. A, = 0.83 um. Top:¢,0 = 23 um, E,y = 0.82 um; bottom: ¢,y = 57 um, E,o = 0.96 uJ.

where A, is the signal wavelength, the refraction index FWHM diameter¢, would have a diameter

at A,, z the propagation coordinate, aiig the nonlinear \/Z
length, that is the distance at which the signal intensity is b6 = ¢, =, 2
amplified bye times ,[mm] = 1.9/y/1,[GW/cn?], in
our case). Equation (1) holds at degeneracy, in regimei$ the context of this model we can assume that the two
of high amplification and in the absence of transverserocesses strongly compete wheng ¢ approaches the
walkoff. On the other hand, a signal beam with a profileFourier limit. Equations (1) and (2) indicate that this
equal to the gain profile of a (nondiffracting) pump of occurs definitely before the onset of gain saturation, in
all regimes represented in Fig. 1.
The dynamic of the spatial mode locking is clarified by

‘.‘ our numerical results, which are also in good agreement

Wi

I,

with the experimental data. Simulations were performed
) e . , . . )
o« [14] in the absence of first-order (spatial) dispersion
/ 12 (no lateral walkoff).

by numerically solving the three-wave coupled equations
) '/'A\/ vy
p//:/ji,", D\ They account for the coupling
’ between spatial and spectral narrowing, but neglect all
time-domain effects, being performed in 2-transvetse
propagation dimensions (cw approximation). This means
that our simulations do not include the temporal gain
modulation, the group-velocity mismatch and dispersion,
the existence of a fine temporal structure in the signal and
in the depleted-pump pulse. Moreovt? contributions
are not considered.
In Fig. 4(a) we propose the simulation of the evolution
of the pump and signal beam parameters in case of
1 Epo =1 pJandg,y = 23 um.
FIG. 3. Near-field energy distribution of parametric superflu- These results show that three different phenomena domi-

orescence in gain-saturation regime. Top: in the absence dfate in different portions of the crystal: (i) In a first
trapping @ Av = 5.3); bottom: with trapping ¢ Av = 0.44). zone ) mm < z < 6 mm), the incoherent quantum-noise
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10° & . — 10° ameter, and bandwidth values, but with almost constant
: space-bandwidth product. Note thAt oscillates around

13 wm, in optimum agreement with the experimental value

in Fig. 1. Similar results were obtained in the case of

d’pO = 57 um.

In this Letter we have reported on mutual trapping and
quasisoliton generation, seeded by weak and incoherent
quantum noise. Conditions have been found for which
the noise develops into a coherent beam under linear
parametric amplification, thus providing the good seed for
the trapping and soliton generation process. Work is in
progress at our laboratory aimed at demonstrating that
the threshold of the process can be lowered to nJ level
by using the large¢® periodically poled crystals. We
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10* A% believe that this work has great perspectives for several
2 on-field applications in telecommunication networks.
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