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Several spectroscopic techniques require the synchronization between independently tunable narrowband picosecond pulses or between picosecond and femtosecond pulses. A representative example is Coherent Anti-Stokes Raman Scattering (CARS), which enables label-free molecular identification [1]: depending on the configuration it can require either two narrowband picosecond pulses [2], or the combination of a picosecond and a femtosecond pulse [3]. A second example is femtosecond stimulated Raman spectroscopy [4,5], which allows visualization of the structural dynamics in a photoexcited molecule and requires an actinic femtosecond excitation pulse combined with a picosecond pump pulse and a femtosecond probe pulse for driving the Raman process.

The most common sources of tunable picosecond pulses are optical parametric oscillators (OPOs), which provide high average power. OPOs suffer however from a costly and complex architecture requiring the synchronization of two optical cavities, and, moreover, they can not be used in experiments requiring mixing of picosecond and femtosecond pulses. On the other hand femtosecond sources are becoming more and more compact and reliable. For this reason several linear and nonlinear techniques have been proposed for the synthesis of tunable narrowband picosecond pulses starting from femtosecond pulses. The simplest approach is the spectral filtering of a femtosecond pulse with either a bandpass filter [6] or the combination of a slit with a 4f spectral shaper [4]; its main drawback is to introduce a strong power penalty, by an amount equal at least to the ratio between input and filtered bandwidth. Techniques based on self-phase-modulation processes in photonic crystal fibers in the presence of negatively chirped input pulses have proved to be useful for compression ratios as high as 10, at the price, however, of poor power scalability and stability [7]. Second order nonlinear processes driven by chirped pulses have also been exploited, using for example sum-frequency-generation (SFG) between pulses with opposite chirp [8] or difference-frequency-generation between pulses with the same chirp [9]. These techniques are however experimentally challenging, since they require the use of a pair of carefully balanced gratings (or prisms) pulse stretchers/compressors.

Recent papers [10,11] showed that a second-harmonic-generation (SHG) process in the presence of high group-velocity-mismatch (GVM) between the fundamental frequency (FF) and the second harmonic (SH) pulse can lead to the efficient generation of narrowband SH pulses starting from broadband FF ones. This result can be understood by considering that, in addition to the SHG process, there is also an efficient SFG process between spectral components of the FF that are symmetric with respect to the SHG phase-matching frequency, allowing efficient energy transfer from the broadband FF pulse to the narrowband SH one. By using periodically-poled materials, which exhibit very high GVM and nonlinearity, spectral compression ratios as high as 100, tunability over 1600 cm -1 and conversion efficiencies of 20% have been experimentally demonstrated [11]. The main limitation of this approach was the difficulty in controlling the spectral and the temporal shape of the generated pulses.

In this paper we demonstrate how to properly engineer quasi-phase-matching (QPM) structures in order to generate with high efficiency SH pulses with transform-limited picosecond duration, predetermined spectral and temporal shape, and synchronization with femtosecond pulses. As representative examples we report the synthesis of gaussian and super-gaussian SH pulses. We also show how QPM structures can be used for the synthesis of a pair of phase-coherent picosecond super-gaussian pulses with a given carrier-frequency detuning. Experimental results are in excellent agreement with numerical calculations.

The starting point of our work is a method recently proposed for the design of non-uniform QPM gratings, allowing control of both amplitude and phase of the SH pulses in conditions of strong FF depletion [12]. Such method overcomes the limitations of other approaches [13,14], that were valid only for low FF depletion. We used the method to design three different gratings aimed at the synthesis of the following SH target pulses: a) gaussian pulse , b) supergaussian pulse, c) pair of two picosecond phase-coherent supergaussian pulses with a given carrier-frequency offset. The design algorithm, which makes no simplifying assumptions as to group-velocity-dispersion and pump depletion, allows for the synthesis of the nonlinearity profile that provides, for a given FF pulse, the SH pulse that best matches the target one.

Figure 1 reports the results obtained in the case of the gaussian target pulse with 2 ps FWHM duration. We use a 2.5 cm long stoichiometric lithium tantalate (SLT) crystal (nonlinear coefficient d33=10.7 pm/V), a 40 fs long FF gaussian pulse with 1400 nm carrier wavelength, a peak intensity of 10 GW/cm 2 and a group delay dispersion (GDD) of -1300 fs 2 , which corresponds, with the opposite sign, to half that introduced by the crystal. Panel (a) reports the calculated behaviour of both the real and imaginary part of the effective nonlinearity as a function of the propagation coordinate z: it exhibits a smooth longitudinal variation from zero to its maximum value χ 0 /π (χ 0 =ωd eff /n c), required to obtain a clean spectral shaping without ringing effects due to abrupt changes of the nonlinearity. This profile is achieved with a second-order QPM grating, which allows for a continuous variation of the effective nonlinear coefficient from zero to its maximum value by changing the duty cycle from 50:50 to 75:25. This point is highlighted in panel (b), where the domain dimensions required to implement the nonlinearity profile are reported. Note that a firstorder grating would provide a maximum nonlinearity which is a factor of two higher than the second-order one [START_REF]ordine FULL REFERENCES[END_REF]; this is however not needed since, with the available intensities, the FF pulse can be easily depleted. On the other hand, it would require shrinking to zero the ferroelectric domain size in order to achieve small nonlinearities, with obvious technological limitations. Panel (c) shows the calculated spectral shape of the SH pulse (solid line) as compared to the FF input spectrum (dashed line). The spectral compression factor is as high as 100, which is a remarkable value if one considers an expected conversion efficiency of 45%. Panel (d) reports the calculated temporal shape of the SH pulse at the crystal output for the designed non-uniform QPM grating depicted in panel (b).

Figure 2 reports the results for the synthesis of two picosecond super-gaussian pulses with 3 ps duration and frequency difference of 200 cm -1 . The effective nonlinearity is again zero at the crystal ends, where the duty-cycle is 50:50. The central part of the nonlinearity profile is now enveloped by a nearly flat-top apodization profile needed for the synthesis of the super-gaussian pulses, with a pronounced bump towards the crystal end in order to compensate for pump depletion. The oscillating behaviour is due to the beating between the two periods needed for the synthesis of the two colours. The SH spectrum presents two well separated peaks around 690 and 710 nm (corresponding to the target frequency difference of 200 cm -1 ) without any side-lobes thanks to the apodization profile. In the temporal domain the two SH pulses are superimposed and, since originating from the same FF pulse, they are also phase-coherent, which results in high visibility beating fringes in the (d) panel. The envelope of such profile presents the expected flat-top supergaussian shape.

The experiments were performed using an optical parametric amplifier pumped by a 1-kHz amplified Ti:sapphire system and delivering 40-50 fs long pulses with energy up to 4 µJ and tunability from 1.2 to 1.8 µm. Such pulses are pre-chirped by a pair of Brewster-cut LaFN28 prisms at a 32.5-cm distance so as to acquire the required negative GDD. They are then focused on the crystal input face with a spot size of 213 µm. Several 1-mm-thick 2.5-cm-long crystals with QPM gratings corresponding to the above described target SH pulses were manufactured by HC Photonics. The SH spectra are recorded either by an optical spectrum analyzer with 0.01 nm spectral resolution or by a spectrometer with 0.1 nm resolution. The temporal profile of the SH pulses is characterized by cross-correlation with a fraction of the 50-fs FF pulses emitted by the Ti:sapphire system. Figure 3 reports for each target pulse the spectrum (solid line on the left) and the crosscorrelation (solid line on the right) of the SH pulses at the output of the crystal. For the gaussian and super-gaussian pulses, the measured spectra exhibit some slight deviations from the expected ones with respect to the shape and a very good agreement with respect to the FWHM spectral widths, respectively equal to 0.5 and 0.2 nm (10 and 4 cm -1 ). In the temporal domain the crosscorrelation traces can be very well fitted by the Gaussian and super-gaussian functions reported with bold lines in the figure . Their FWHM values are respectively equal to 2.8 and 5 ps, which compare well with the expected 2 and 5 ps target values. The presence of some satellites in the leading and trailing edges of the traces can be ascribed to slight deviations from the 50:50 duty cycle at the crystal ends, where the expected nonlinearity is zero. The conversion efficiencies for a pulse energy of 150 nJ were 17 and 20 % in the two cases respectively. Fig. 3 also shows the results for the synthesis of a pair of picosecond pulses, with frequency offsets of 200 cm -1 and 400 cm -1 respectively. In both cases, two distinct peaks appear at the expected wavelengths, each of them with a FWHM of 0.56 nm. The temporal profile, reported for the 200 cm -1 case, is in excellent agreement with the numerical one, both in terms of the oscillating period, and of the high contrast between the beating fringes, which is only limited by the 50 fs duration of the gating pulse. This beating is the signature of the very high phase coherence between the two colours, which are synthesized starting from a single pulse.

In conclusion, engineered QPM structures have been proved suitable for the efficient synthesis of picosecond pulses with arbitrary waveforms starting from femtosecond pulses. Thanks to the apodization profile of the nonlinearity, the typical side-lobes that are found with uniform QPM structures can be eliminated, which is a crucial advantage for achieving high spectral resolution in spectroscopic applications. The simultaneous synthesis of two narrowband, synchronized, and phase coherent pulses with arbitrary frequency difference is also demonstrated, paving the way to a compact single-beam CARS spectrometer. 
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 13 FIG. 1. Synthesis of 2 ps long gaussian SH pulses at λ = 0.7 µm from a 40 fs long FF pulses: (a) optimized nonlinearity profile normalized to χ max = 2/π χ 0 ; (b) minimum and maximum domain