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Observation of Temporal Solitons in Second-Harmonic Generation with Tilted Pulses
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By eliminating the group-velocity mismatch and enhancing the group-velocity dispernsiqrulse-
front tilting, we obtained the formation of temporal solitary waves in phase-mismatched second-
harmonic generation. Experimental and numerical results match well in a wide range of intensities
andAk’s. Ina 7 mm BBO crystal, 58 fs, 527 nm pulses are obtained starting from 200 fs pump, at the
same wavelength. [S0031-9007(98)06628-9]

PACS numbers: 42.65.Tg, 03.40.Kf, 42.65.Ky, 42.65.Re

Traveling-wave parametric interaction jf? nonlinear  acting pulses at different wavelengths before the interplay
materials is becoming a subject of intense study owindgetween gain and GVD allows the trapping mechanism
to its potential applications in ultra-high speed all-opticalto set in. To avoid this problem, one should use pulses
processing. In fact, while the speed of resonator-basesb short &1 fs) as to make the effect of GVDx(772)
schemes is limited to the sub-ns regime by the feedbactominate over that of GVM« 7~1), and so intense (sev-
buildup time, that of traveling-wave devices is definederal TW/cn?) as to prevent the quenching of the para-
only by the shortest usable pulses. This may allowmetric interaction due to large dispersion. Even if these
the development of optical amplifiers, frequency mixerspperating conditions were achievable in real experiments,
beam/pulse reshapers, optical gates, optical transistorhie higher order nonlinearities and dispersion that would
and other all-optical processors capable of being operatdae involved would remove the regime of interaction far
above the THz frequency. from that in which y solitons are supposed to be ob-

The property of solitons of being invariant under tainable. This is not the case in the space domain, where
propagation and robust with respect to external perturbahe analog of GVM (i.e., the lateral walkoff) can be made
tions makes them the most suitable means for processirgmall or even absent by operating close to [2], or exactly
bits of information. In the 1970s, Karamzin and Sukho-at [4], noncritical phase matching.
rukov [1] addressed the possibility of obtaining spatial (or (A different class ofy? temporal solitons, which fulfill
temporal) solitary waves iy® materials: beams propa- the elastic-scattering requirement, was predicted to be ob-
gating with constant or oscillating diameter (pulses withtainable due to the interplay between gain and GVM [6].
constant or oscillating duration) were obtained in ana-This process, however, occurs only in transient regime
lytical and numerical solutions of the three-wave cou-and does not lead to the pulse compression, the mutual
pled equations, by virtue of the competition betweentrapping and the (quasi-) stationary regime of propagation
diffraction (or group-velocity dispersion, GVD) and?-  which are the main properties of GVD solitons, relevant
induced self phase modulation. to light-by-light applications. Moreover, such solitons

More than 20 years of research on lasers and nonlineare obtainable only with fairly long pulses, in conditions
materials were needed to obtain experimental evidence afhere the GVD plays a negligible role. We also note that
x? spatial solitons, in the case of second-harmonic genthe GVD behaves as a source of instability for the giant-
eration (SHG) in two dimensions (i.e., in bulk crystals pulse [7] (sometimes called soliton) formation, so much
[2]) or in 1D (i.e., in planar wave guides [3]), as well as so that they are not obtainable in traveling-wave configu-
in the case of 2D parametric amplification of incoherentrations [8].)
quantum noise [4]. Concerning® temporal solitons, In this Letter we show that temporal solitons are
several theoretical and numerical investigations have beesxperimentally obtainable in type-l (0o-e) SHG by using
performed, in which different kinds of solitonlike solu- tilted pulses (with the amplitude front tilted respect to the
tions and regimes of interaction have been investigateghase front, as depicted in Fig. 1 of Ref. [9]). This is a
(see, for example, Refs. [5]). However, no experimentatonsequence of the impact of tilt on effective GVM and
results have been presented to date and traveling-wa¥@VD, which can be tuned to the proper values for soliton
temporal solitons are commonly considered as difficulformation, in real materials. In fact, for suitable tilt, the
to be obtained in any of the presently available nonlin-contribution of the lateral walkoff to the collinear group
ear materials (see, for example, Menyatkal. and Torner  velocity (GV) of the extraordinary-polarized (i.e., the SH)
et al. in Refs. [5]). The reason is the dominant role of thewave allows exact compensation of GVM, the GV of the
group-velocity mismatch (GVM), which splits the inter- ordinary wave being not affected by the tilt [10]. This
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effect was originally proposed, in a different form, by and grating, before sending the beam to the spectrometer
Martinez [11] and by Szabet al. [12], for achieving the and the scanning SH autocorrelator.
so-called “achromatic phase matching” in SHG with ultra The process is modeled assuming that the evolution of
broad-bandwidth pulses. It has also been used by sontke interacting tilted pulses is equal to that of plane pulses
of the present authors to obtain efficient fs parametrién a crystal with effective GVM and GVD coefficients as
generation [10] and to achieve fs pulse compression ifisted in Table |. The description is obtained by numeri-
second-harmonic [13] and third-harmonic generation [14]cally solving the (degenerate) three-wave coupled equa-
Regarding the impact of tilt on GVD, it is known that tions in 1-temporak 1-propagation dimensions [see,
it introduces anomalous dispersion [9], and dispersionfor example, Eq. (1) in Ref. [19]], i.e., in plane-wave
free propagation of tilted pulses in linear dispersiveapproximation. Both the real and imaginary contributions
material has been demonstrated [15]. This is not whapf the cubic nonlinearity are included, according to the
we are interested in, because high dispersion is needd&BO-crystal coefficients given in Ref. [17]. Calculations
for the soliton generation. However, suitable crystals andre performed by taking as input condition a chirp-free
wavelength regions can be found for which the optimumpulse with spectrum and autocorrelation as close as
tilt (that which provides exact GVM compensation, in possible to those in the experiment (see below the traces
SHG) also gives rise to suitable effective GVD for solitonin Figs. 3a and 4a). The equations were numerically
generation. In this context, “suitable” means that it shouldsolved using a split-step approach, where the linear part
lead to a soliton-pulse duration markedly shorter than thatvas integrated in the Fourier space and the nonlinear part
of the injected pulse, in order to prove the effect, but nowas integrated with a fourth-order Runge-Kutta algo-
too short, in order to allow the transient to be completedithm, similar to that in Ref. [2]. By numerically solving
within the length of the available crystal. Several regimesthe coupled equation in 2 (spatial and temporall
with large or small phase-mismatchX) and with large  dimensions (data not shown; see results in Ref. [16]) we
or small GVD are obtainable for different crystals, pump-have verified the correctness of the adopted plane-wave
pulse durations, and wavelengths. Some of them are listegpproximation, in our large-beam operating regime.
and compared in Ref. [16]. In Fig. 1 we report numerical examples of the pulse-
The experiment is aimed at demonstrating solitary waveluration evolution inside the crystal, for typical operating
propagation in SHG, in the regime of larg& and small conditions as in our experiment. As expected, for (large)
energy conversionr(). This choice is dictated by the re- positiveAk no solitons are obtained (in the regime of large
quirement of avoiding relevant two-photon absorption atAk = k», — 2k, bright solitons exist only fok” Ak >
264 nm [17], which would prevent the soliton generation.0, in the absence of strong seeding [5]); ik < 0, in
Note that this is one of the main theoretically investigatedcontrast, the injected pulse experiences a significant com-
regimes because in this limit, in which the SH adiabat-pression, followed by a dispersion-free regime, in which
ically follows the fundamental, the parametric equationghe pulse duration exhibits periodical oscillations.
reduce to the nonlinear Schrédinger equation, which ad-
mits exact soliton solution [5].
The nonlinear crystal used is a 7-mm loggbarium

500

borate (BBO), operated in type | phase matching; the Ak = +150 el

injected 200 fs, 527 nm pulses, in a 4 mm beam, are - i

provided by a chirped-pulse amplified Nd:glass laser, 2 400 / _

followed by a nonlinear SH pulse compressor [18]. The ~ AF = +600cm'1,-//A

input pulses were tilted by directing the laser beam onto a 3 : \,7 &

diffraction grating, whose face was imaged by a suitable © 300l / 7 2

telescope onto the entrance face of the BBO crystal (se€ § ! /" & T T o

the analogous setup depicted in Ref. [11]). The optics ‘é [/ Ak=-150 el z (mm)

were set to achieve a tilt angle of S0nside the BBO; the 3 200 g Sy Ak=-ld0emt T

values of the GVM and GVD coefficients corresponding S

to normal and tilted pulses are listed in Table I. The tilt

of the output pulses was eliminated by a second telescop<g 100

TABLE I. Impact of tilt on GVM (Ak’ = k!, — k5,) and 0 '

GVD (k') for SHG in BBO at 527 nm (fundamental). 0 10 0 30 40
Tilt K — Kb K K propagation distance, z (mm)

[deg] [ps/mm] [ps'/m] [ps/m]  FIG. 1. Numefriczal results %n thef dygaﬁmics of tilted plljlses

in SHG out o ase matching, for differedtk. Crystal:

58 _0'389 _(1);2358 _0(')'74;289 type-1 BBO; Iy i 134 GW/cng;j A 527 nm (fundam}(/antal);

1 < 10%; tilt: 50°. Inset: results withoug .
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FIG. 2. Experimental (circles) and numerical (solid lines)
results on the FWHM of SH autocorrelations of the output 0 TN o P -
pulses. Crystal: 7-mm BBOji,, = 13.4 GW/cn? (inset: 515 520 525 530 535 540
Iinp, = 10.4 GW/cn?); input-pulse duration: 200 fs7f,, = wavelength (nm)

284 fs). Dotted lines: Numerical results withopt?.
FIG. 3. Input (a) and output (b) pulse spectra. Experimental

The criteri_on adqpted to verify the soliton-like regime éicshdz h{];? é\?\?/ g#?migiil (:(ch;t(t)c(a)dféznf:).: Ciryz/géagrzl:?.wm BBO;
of propagation relies upon the excellent and detaile
agreement between experimental and numerical results,
concerning the temporal and spectral features of the pulségakes fluence measurements correct for the intensity esti-
exiting the crystal, for a wide range of input intensi- mation). The double-humped spectrum in Fig. 3(a) re-
ties (lip) and Ak parameters (this criterion is analogous lates with the presence of pedestals in the (chirp-free)
to that used, in the space domain, in Refs. [2—4]). Innput-pulse temporal profiles, leading to the autocorrela-
Fig. 2 we plot the experimental and numerical FWHM tion trace in Fig. 4(a). These pedestals arise in the non-
of the output-pulse autocorrelations.{,) vs Ak, for  linear pulse compressor in which the input pulse is formed
two different intensities (all withy < 10%). In Table Il ~ (see Fig. 1a in Ref. [18]). As confirmed by our calcula-
(columns 5-8) we list the experimental (expt.) and nudions, solitons can be obtained also with Gaussian pulses
merical (num.)Ak leading to minimum durationNk;,)  ©Of similar FWHM duration.
with the corresponding.., for 5 different/;,, (and for The numerical data in Table I(? # 0 andy® # 0
input 7.or = 284 fs, as in Fig. 2). For comparison, we section) show that, withir:3 fs imprecision related to the
also report the numerical data obtained in the absence of
(real) x® (columns 2 and 3) ang? (columns 4) con-
tributions. In Figs. 3 and 4 we present the typical input ' (a)
(a) and output (b) pulse spectra and autocorrelations, at
Aknin. The agreement between experimental and numeri- Tpulse = 200 fs
cal results (Figs. 3b and 4b) is obtained without the aid of
any free parameter, is deduced from the measured flu-

1.0

>
encesvia the pump-pulse shape which leads to the spec- Z
trum and autocorrelation in Figs. 3a and 4a; moreover, £
the beam in our experiment had a flat-top profile, which % :
CEENC)
TABLE Il.  Output Akpyin and 7eor, at variousliyp. g
=]
¥ =0 x@=o0 x?® #0andxy® # 0
Iinp A kmin Tecorr Tcorr A kmin Tecorr
[S%] [em '] [fs]  [fs] [em™'] [fs]
num. num.  num. expt. num. expt. g
6.7 -57 88 329 728 —-728 80 104 -500
7 —64 87 327 -85 —8&5 80 106 delay (fs)

104 -—-120 88 305 —154 -—154 86 90

134 —154 86 284 —226 —226 85 86 FIG. 4. Input (a) and output (b) pulse autocorrelations. Ex-
183 -205 85 249 —350 —350 83 8s perimental (open circles) and numerical (solid lines). Input
parameters as in Fig. 3.
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