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In optical second-harmonic generation with normal dispersion, the virtually infinite bandwidth of the un-
bounded, hyperbolic, modulational instability leads to quenching of spatial multisoliton formation and to the
occurrence of a catastrophic spatiotemporal breakup when an extended beam is left to interact with an ex-
tremely weak external noise with a coherence time much shorter than that of the pump.
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The noise-seeded instability of extended wave packets The unbounded feature of the hyperbolic Ml raises two
(WP) in conservative evolutional nonlinear systems is a genrelevant questiongi) the first concerns the interpretation of
eral and relevant phenomenon in wave physics, whose maitme number of studies regardirggpatial Ml in multidimen-
manifestations are the appearance of regular modulationsjonal systems. Indeed, following an experimental Ml dem-
wave breakup and, eventually, localized or soliton-like sub-onstration in(anomalous dispersiyel D-temporal optical fi-
structures. The theory used for the description and interpreders[10], a number of experiments have been performed in
tation of the resulting rich phenomenology is that of themultidimensional(i.e., in planar wave guides or in bulk
modulational instability(MI) of plane and monochromatic samples normal-dispersion materials, addressing the 1D
waves, extensively introduced in the context of gravityspatial breakup of extended beams driven by quadratic
waves in deep watergl] and applied for several different [11,17 as well as cubid13] ultrafast nonlinear response.
systems including plasmgg®], electric circuits[3], Bose-  Surprisingly enough, the results were interpreted in terms of
Einstein condensataBEC) [4] and, of course, optic§5]. the direct spatial analogous of the temporal MI of above, as
The usually addressed Ml signature is fireferential noise if the temporal degree of freedom and so the hyperbolic na-
amplification at a given, intensity-dependent (spatial or tem-+ure of the instability, had not taken any part in the process.
poral) frequencywhich causes regular modulation in the di- (ii) The second question concerns the scenario that one
rect space and sidebands in the spectral domain. This featusbould expect when the system interacts with a very broad-
suitably describes the Ml of both one-dimensio(D) sys-  band(i.e., virtually s-correlatedl noise. In this case, in fact,
tems and of multidimensional “elliptical” ones, i.e., thosethe unbounded feature of the MI gain should lead one to
supporting equisign linear phase modulation in all the availforecast a catastrophic break in the spatio temp@&3d) do-
able dimensions. However, it is generally not adequate fomain(e.g., down to the numerical grid in calculations, in the
“hyperbolic” systems, where opposite signs occur for differ-quoted approximation no matter how weak the input noise
ent dimensions. The elliptical is the most frequently encounis. We note that the possible occurrence of such catastrophic
tered regime in the case of matter waves in isotropic mediadynamics has never been considered in the literature. In fact,
The hyperbolic, in contrast, is the typical case of optical WPshyperbolic MI has been studied only for the case of bell-
in normally dispersive bulk media, diffraction, and chromatic shaped, noise-free, input wave packets, e.g., for investigating
dispersion leading in this case to linear phase modulationthe impact of ST self-phase modulaticgBPM) on filament
with opposite signs. Recently, dispersion-management tectiermation, pulse splitting, and related phenom¢8h The
nigues based on the use of periodic potenfi@]shave made role of the noise has been considered only in the context of
the hyperbolic regime of great interest also for the BEC1D models. The aim of this work is that of providing experi-
waves. mental evidence of the genuine hyperbolic feature of the

As clearly pointed out in a theoretical analysis of hyper-noise-seeded/l in bulk, normally dispersive, optical sys-
bolic MI performed for Kerr nonlinearity in optic¥,8], and  tems. To this end we performed experiments and calculations
also evident from the analysis of tbé?-driven MI [9], the  in which, a controlled, broadband noise is injected together
the key feature that distinguishes the hyperbghorma)  with the strong(quas) plane and monochromatic pump into
from the elliptic(anomalouginstability regime is thathe Ml the system.
gain profile in the ko space is unboundeith the first(and The particular system that we have chosen to investigate
only in the firsy case. Indeed, in the frame of the usually is the same as in Reff14], i.e., that of an optical WP shaped
adopted parabolic approximation for the material dispersionas a larggwith respect to diffractiop elongated beam and
we should say thany fluctuation with arbitrarily large spa- long (with respect to dispersigmpulse that propagates in a
tial and temporal frequency shift with respect to the carrier X® nonlinear crystal tuned for second harmot®&H) gen-
mode has to be amplified, provided that both shifts lie on theeration close to phase matching. For the chosen crystal
suitable hyperbolic surface in the d¢ domain [lithium triborate, (LBO)] and wavelengtHfirst harmonic,
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FIG. 1. Calculated space-time profilg¢gottom) and corresponding integrated fluence profifesp) for the fundamental harmonic
propagated in a 50-mm lithium triborageBO) crystal in regime ofAk=2k(wq) —k(2wp) =5 cnt?, in absence of noisg and ¢, and with
two different kinds of noise(b and @ 6 nm and 25 mradic and § 20 nm and 50 mrad of bandW|dth The intensity level of noise is 1%. The
input is a Gaussian FH WP with 1-ps FWHM duration, §06-FWHM beam width, and 40-GW/chpeak intensity. Calculations are
performed in the frame of a 1(Bpatia)+1D(tempora) + 1D(propagation model. Asymmetry in the temporal coordinate is due to group-
velocity mismatch.

(FH), 1055 nnj the chromatic dispersiofsee caption to Fig. ST structuregFig. 1(f)], which gets washed out by the tem-

1 for detailg is such that one should expect Ml to take placeporal integration. It is worth pointing out that similar results
in the hyperbolic regim§9]. We performed numerical calcu- are obtained when keeping the bandwidth fixed and changing
lations in the frame of a two-dimensioné2D)+1 model the noise intensity. . . o
integrating[via Fast Fourier transforr¢=FT), split step, and In order to verify if the outlined catastrophic behavior is a
Runge-Kutta algorithms, with up to 15-fsa grid and ~9€nuine physical effect or an artifact of the approximations
40um step) the y@ coupled-wave equations for FH and SH adopted, we performed a SH-generation laboratory experi-

| _ ment in similar conditions to those which Fig. 1 refers to. To
envelopess;(z,x,t) this end, we used a strongly elongaté®00x 70 um), long
L(wo)E; + XE,E exp(—iAk2) = 0, (1-ps pump WP, as clean as possible from any spatial or

temporal substructure, provided by a chirped pulse amplifi-
cated(CPA) Nd:glass lasefTWINKLE, Light Conversion.
Then, we superimposed to the pump a weak, broad band-
~ : _ " y width, ST noise, of controllable intensity, generated on a
where L(w?zmzf[Zk(“.))] l’ﬁx_[k (“’)/2]‘73}’ K |s, the separate channel by a broadband quant{lmg-noise parametric
group-velocity ~ dispersion (GVD), 6V=k'(2wo)=K'(wo)  amplifier. For the noise generation we used a 15-mm LBO
weighs the group-velocity mismatciGVM), and Ak  crystal pumped by the SH @& portion of our pump pulse.
=2k(wo) ~k(2ay). Figure 1 gives the calculated fluen@g.,  Both pump and noise WPs were launched synchronously into
energy density profile of the FH at the output of a 50-mm a 50-mm LBO crystal, tuned for phase-matched SH genera-
crystal (top), together with the corresponding ST intensity tion. The spatial and temporal BWs of the noise field at the
maps(bottom). Figures 1a) and Xd), which refer to noise- input of the SH generator were 100 nm and 60 mrad, respec-
free input, show the occurrence of a regular, highly con-ively. Figure 2(top) shows the fluence distributions of the
trasted, spatial breakup of the beam into a spatial-solitofrH beam at the crystal output facet as recorded by a charge-
array, which appears as the consequence of Ml seeding Igoupled devicg CCD) camera and suitable imaging optics.
the deterministic wave-envelope modulatiGNEM [14]). The corresponding profilgalong the long axis of the beam
When the ST noise is injected, WEM and noise-seededre given in Fig. Abottom) for a more quantitative descrip-
MI compete and the results are those shown in Figs),1 tion. The results in the left, center, and right parts of the
1(c), 1(e), and 1f), where the input-noise bandwidtBW) is  figure refer to average noise fluence 0, 0.01%, and 0.1% of
increasedfrom left to right) while keeping fixed the noise that of the pump, respectively, for a fixed noise ST BW. The
intensity at 1% of the level of the pump. See how the impactesulting scenario fully confirms the model prediction. In-
of the noise dramatically increases on enlarging its BW, ow-deed, the noise-induced quenching of the WEM-seeded spa-
ing to the unbounded instability. Note how the noise, insteadial Ml takes place in the experiment for a lower noise level
of deepening the spatial modulatias it occurs in the frame than in calculations, which indicates that the accessible BW
of the 1D+1 modelg11]), quenches it almost completely. is even larger than the computational BW used for obtaining
The reason is the appearance of a “chaotic gas” of localizethe Figs. 1c) and Xf) results.

L(2w0)E, + 1 0VAE, + xEZexpiAkz) = 0, (1)
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FIG. 2. Measured fluence profiléop) of FH WP recorded by a CCD camera at the output of the 50-mm LBO crystal(barttbm)
corresponding beam profilésote that the horizontal scales of images and profiles are not the sanwnditions:(a) and(d) with no noise;
(b) and (e) with noise intensity 0.01% of that of the pum(z) and (f) with 0.1% of noise. The noise spatial and temporal BWs were,
respectively, of 60 mrad and 100 nm. The input pump intensity was 20 GW/cm

The describedpear-field measurements have the obvioustra (AS) of the generated field. Figurg& contains the cal-
limitation of confirming the model prediction only on the culated AS(i.e., the square modulus of the field Fourier
basis of a time-integrated effect, the underlying ST structuréransfornm) of a FH profile analogous to that in Fig(f} (see
not being detectable by any technique. Moreover, both théhe caption for details The bright central spot corresponds
numerical and the experimental results that we have preto the spectrum of the input pulse, while the surrounding
sented do not produce a direct evidence of the hyperbolistructure describes the amplified fluctuations. Note the evi-
nature of instability. In what follows, in order to overcome dent hyperbolic shape of the instability region, which coin-
these limitations, we illustrate the complementday-field  cides with the region where the calculated MI-gain profile is
analysis, concerning the characterization of the angular spethe largest[9]. We verified that, no matter the size of the
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FIG. 3. (a) Calculated angular spect(AS) of the FH field for operating conditions as those in Fi¢f),1but for larger input-noise BW

(namely: 40 nm and 50 mrgdb) zoom of(a) corresponding to the region of detectigo) measured AS of the radiation exiting the crystal;
(d) measured AS of the input noigmtensity level multiplied by 50 with respect to Fig(c3]. The gray colors refer to logarithmic scale.
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Fourier space, the instability always reaches the border of thpendent spatial structures, occurring for different time slices
spectral box(in case of large enough noise BWhus con-  of the wave packet. As pointed out [2], the typical(am-
firming the unbounded nature of the Ml process in the framgylitude and phagefluctuations that were triggering the insta-
of the adopted model. For the far-field experiment, we meayjjity in previous experimentgwithout external noise injec-
sured the FH AS by placing the entrance slit of a largejon) were probably caused by laser beam, or optical-
numerical-aperture imaging spectrometer at the focal plangsmponent or nonlinear sample imperfections, thus leading
of a positive lens. The detected AS in the short-wavelengthy 5 “rozen noise” with the same coherence time of the
branch of the spectrurithe long-wavelength one is not ac- nmp (that virtually coincides with the pulse duration, all
cesglble due to sensitivity cut off of the S|I|cqn CCD detec-|55¢rs operating close to the transform limifthis might ex-

tor) is reported in Fig. &). The detected portion of the AS |50 why the resulting instability was described in the frame
(the radiation at large angles was clipped by the very narrowt monochromatic models. Finally, we expect that the de-
aperture of our X 3 50 mn? LBO crysta) exhibits a good  gcribed, hyperbolic instability should play a dramatic role
qualitative agreement with calculatiofee the zoom in Fig. \yhen the field is strong enough to probe vacuum state fluc-
3(b)] and confirms the genuine hyperbolic feature of the in-y,ations, which indeed provide the source of a virtually
stability process. , , s-correlated noise. We expect that quantum-noise seeded hy-
_ In conclusion, in the regime of second-harmonic generaperpolic instability should dominate not only thx®

tion with normal dispersionby superimposing on an intense, arametric-amplification regimes evident, for example, in
clean, pump wave packet and a weak spatiotemporal noisgef. [15] and also in the more recent R§L6], but also the
(with coherence time much shorter than that of the pW®  ¢|assical, unseeded, second-harmonic generation process
have shown that the noise-seeded MI develops in the spang nossibly, the Kerr regime too. This might explain the
potem.p_oral domain. Due to the unbounded feature of th@spontaneous” quenching of spatial breakup seen at high
|n§tab|I|ty, ar_1d so the large response of the system to Whlt%umping in[12,14. Owing to the unbounded nature of the
noise, a noise as weak as 0.01% of the pump leads tQsiapility, the robustness of nonlinear dynamics of normally
quenching of the spatial deterministic beam breakup andjispersive media with respect to the interaction with the

spatial-soliton formation caused by wave-envelope modulagyantum noise represents, therefore, a crucial issue which
tion. The analysis of the results in the spectral domain outyeserves further investigation.

lined the genuine hyperbolic feature of the instability, which

couples different frequencies to different angles. Because of The authors acknowledge support from Contracts No.
this coupling, the quenching of detectable spatial effects carFIRB 2001 (ltaly) and No. DGICYT BFM2002-04369-
not be simply interpreted as the averaging of several inde€04-03(Spain.
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