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Abstract:  We report on a near-infrared non-collinear optical parametric 
amplifier (NOPA) based on periodically poled stoichiometric lithium 
tantalate. The NOPA generates µJ-energy pulses with spectrum spanning 
the 1-1.7 µm wavelength range, which are compressed to nearly transform-
limited 8.5 fs duration by a deformable mirror. By synchronizing this source 
with a sub-10-fs visible NOPA, we demonstrate an unprecedented 
combination of temporal resolution and spectral coverage in two-colour 
pump-probe spectroscopy.  

2009 Optical Society of America  

OCIS codes: (320.7110) Ultrafast nonlinear optics; (190.4970) Parametric oscillators and 
amplifiers.  

References and links 

1. G. Cerullo and S. De Silvestri, “Ultrafast optical parametric amplifiers,” Rev. Sci. Instrum. 74, 1-18 (2003). 

2. I. Nikolov, A. Gaydardzhiev, I. Buchvarov, P. Tzankov, F. Noack, and V. Petrov, “Ultrabroadband 
continuum amplification in the near infrared using BiB3O6 nonlinear crystals pumped at 800 nm,” Opt. Lett. 
32, 3342-3344 (2007). 

3. D. Brida, G. Cirmi, C. Manzoni, S. Bonora, P. Villoresi, S. De Silvestri and G. Cerullo,  “Sub-two-cycle 
light pulses at 1.6 µm from an optical parametric amplifier,” Opt. Lett. 33, 741-743 (2008). 

4. G. M. Gale, M. Cavallari, T. J. Driscoll, and F. Hache, “Sub-20-fs tunable pulses in the visible from an 82-
MHz optical parametric oscillator,” Opt. Lett. 20, 1562-1564 (1995). 

5. T. Wilhelm, J. Piel, and E. Riedle, “Sub-20-fs pulses tunable across the visible from a blue-pumped single-
pass noncollinear parametric converter,” Opt. Lett. 22, 1494-1496 (1997). 

6. G. Cerullo, M. Nisoli, and S. De Silvestri, “Generation of 11 fs pulses tunable across the visible by optical 
parametric amplification,” Appl. Phys. Lett. 71, 3616-3618 (1997). 

7. A. Shirakawa, I. Sakane, M. Takasaka, and T. Kobayashi, “Sub-5-fs visible pulse generation by pulse-front-
matched noncollinear optical parametric amplification,” Appl. Phys. Lett. 74, 2268-2270 (1999).  

8. A. Baltuška, T. Fuji, and T. Kobayashi, “Visible pulse compression to 4 fs by optical parametric 
amplification and programmable dispersion control,” Opt. Lett. 27, 306-308 (2002). 

9. P. Tzankov, J. Zheng, M. Mero, D. Polli, C. Manzoni, and G. Cerullo, “300 µJ noncollinear optical 
parametric amplifier in the visible at 1 kHz repetition rate”, Opt. Lett. 31, 3629-3631 (2006). 

10. A. Steinmann, A. Killi, G. Palmer, T. Binhammer, and U. Morgner, “Generation of few-cycle pulses 
directly from a MHz-NOPA”, Opt. Express 14, 10627-10630 (2006). 

http://www.opticsinfobase.org/oe/abstract.cfm?URI=oe-14-22-10627 

11. D. Kraemer, R. Hua, M. L. Cowan, K. Franjic, and R. J. Dwayne Miller, “Ultrafast noncollinear optical 
parametric chirped pulse amplification in KTiOAsO4,” Opt. Lett. 31, 981-983 (2006). 

12. G. Cirmi, D. Brida, C. Manzoni, M. Marangoni, S. De Silvestri, and G. Cerullo, “Few-optical-cycle pulses 
in the near-infrared from a noncollinear optical parametric amplifier,” Opt. Lett. 32, 2396-2398 (2007). 

13. O. Isaienko and E. Borguet, “Generation of ultra-broadband pulses in the near-IR by non-collinear optical 
parametric amplification in potassium titanyl phosphate,” Opt. Express 16, 3949-3954 (2008) 

http://www.opticsinfobase.org/oe/abstract.cfm?URI=oe-16-6-3949. 

14. H.-K. Nienhuys and H.J. Bakker, “Noncollinear optical parametric amplification in potassium titanyl 
phosphate pumped at 800 nm,” Appl. Opt. 47, 2870-2873 (2008). 

15. O. Isaienko and E. Borguet, “Pulse-front matching of ultrabroadband near-infrared noncollinear optical 
parametric amplified pulses,” J. Opt. Soc. Am. B 26, 965-972 (2009). 

#111646 - $15.00 USD Received 20 May 2009; revised 25 Jun 2009; accepted 30 Jun 2009; published 8 Jul 2009

(C) 2009 OSA 20 July 2009 / Vol. 17,  No. 15 / OPTICS EXPRESS  12510

http://www.opticsinfobase.org/oe/abstract.cfm?URI=oe-14-22-10627
http://www.opticsinfobase.org/oe/abstract.cfm?URI=oe-16-6-3949


16. E. Zeek, K. Maginnis, S. Backus, U. Russek, M. Murnane, G. Mourou, H. Kapteyn, and G. Vdovin, “Pulse 
compression by use of deformable mirrors,” Opt. Lett. 24, 493-495 (1999).  

17. M.R. Armstrong, P. Plachta, E.A. Ponomarev, and R. J. D. Miller, "Versatile 7-fs optical parametric pulse 
generation and compression by use of adaptive optics," Opt. Lett. 26, 1152-1154 (2001) 

18. S. Bonora, I. Capraro, L. Poletto, M. Romanin, C. Trestino, and P. Villoresi, “Wave front active control by 
a digital-signal-processor-driven deformable membrane mirror,” Rev. Sci. Instrum. 77, 093102 (2006).  

19. J. Garduño-Mejía, A. H. Greenaway, and D. T. Reid, “Programmable spectral phase control of femtosecond 
pulses by use of adaptive optics and real-time pulse measurement,” J. Opt. Soc. Am. B 21, 833-843 (2004). 

20. C. Manzoni, D. Polli, and G. Cerullo, “Two-colour pump-probe system broadly tunable over the visible and 
the near infrared with sub-30-fs temporal resolution,” Rev. Sci. Instrum. 77, 023103 (2006). 

21. M. Zavelani-Rossi, G. Cerullo, S. De Silvestri, L. Gallmann, N. Matuschek, G. Steinmeyer, U. Keller, G. 
Angelow, V. Scheuer, T. Tschudi, “Pulse compression over 170-THz bandwidth in the visible using only 
chirped mirrors,” Opt. Lett. 26, 1155-1157 (2001). 

22. S.V. Frolov, Z. Bao, M. Wohlgenannt, and Z. V. Vardeny, “Excited-state relaxation in π-conjugated 
polymers,” Phys. Rev. B 65, 205209 (2002). 

 
 

1. Introduction  

Femtosecond pump-probe spectroscopy is a powerful technique for the investigation of 
electronic and vibrational dynamics in a variety of atomic, molecular and solid-state systems. 
The study of primary photophysical and photochemical relaxation processes often requires 
extreme temporal resolution, thus calling for ultrashort pump and probe pulses with durations 
down to few cycles of the carrier wave. In addition, the need to excite a system on resonance 
and probe optical transitions occurring at different photon energies requires independent 
frequency tunability of pump and probe pulses, calling for the generation of few-optical-cycle 
light pulses with broadly tunable carrier wavelength. 

Optical parametric amplifiers (OPAs), combining nonlinear spectral broadening and 
broadband amplification,  not only add frequency tunability to a fixed-wavelength pulse, but 
they also enable one to dramatically shorten its duration [1]. The phase matching bandwidth 

∆ω of an OPA depends on the group velocity mismatch (GVM) between signal and idler 

gigssi vv 11 −=δ , where vgs(vgi) is the group velocity of the signal(idler). To the first order one 

can write 
siδω∆ 1∝  [1], so that broadband gain is achieved when the group velocities of the 

signal and idler are matched (δsi=0). Such a condition, for example, is satisfied in the case of 

type I phase matching at degeneracy (ωs =ωi = ωp/2) [2, 3]. If vgi>vgs (δsi >0), however, group 
velocity matching can be achieved in a non-collinear interaction geometry, in which the angle 

Ω between signal and idler wave vectors is such that the signal group velocity is equal to the 
projection of the idler group velocity along the signal direction: Ω= cosgigs vv . This concept, 

first recognized by Gale et al. [4], is exploited in the so-called non-collinear OPA (NOPA). 
The well established visible NOPA is based on a β-barium borate (BBO) crystal pumped 

at 400 nm by the second harmonic (SH) of a Ti:sapphire laser and seeded by a white-light 
continuum (WLC) generated in a sapphire plate [5-7]. It allows the generation of visible 
pulses with duration down to 4 fs [8], energy up to 300 µJ [9] and repetition rate up to 1 MHz 
[10]. Until recently, however, the NOPA concept had not been applied to wavelengths longer 
than 1 µm [11]. The commonly used BBO crystal, in fact, displays in this range vgi<vgs for 
both fundamental frequency (FF) and SH pumping. This is due to the fact that BBO has a zero 
dispersion wavelength, corresponding to a maximum of the group velocity, at 1.38 µm. Thus 
the signal wavelength lies in a region of high group velocity while the idler is slower. For 
crystals with higher refractive index the zero dispersion point shifts to longer wavelengths, 
allowing non-collinear group velocity matching. Examples of such crystals are periodically 
poled stoichiometric LiTaO3 (PPSLT) and KTiPO4 (KTP). In a previous work [12] we 
introduced a near-IR FF-pumped NOPA based on PPSLT and demonstrated compression of a 
portion of its spectrum to 16 fs by a simple prism pair. In this experiment, our compression 
capability was limited by uncompensated third order dispersion. Near-IR NOPAs exploiting 
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the same concept were later reported for KTP [13-15]; in this case 25-fs pulsewidths could be 
achieved.  

In this paper we harness the full potential of the near-IR NOPA based on PPSLT, by 
generating µJ-energy pulses with spectrum spanning the 1-1.7 µm wavelength range, which 
are compressed to nearly transform-limited (TL) 8.5 fs duration by an adaptive system based 
on a deformable mirror (DM). We also demonstrate two-colour pump-probe spectroscopy 
with an unprecedented combination of spectral coverage and temporal resolution, by 
synchronizing the near-IR NOPA with a sub-10-fs visible NOPA. 

2. Two-cycle pulse generation at 1.3 µm 

Figure 1 shows a scheme of the near-IR NOPA and the adaptive compressor. The system is 
pumped by 80-µJ, 150-fs pulses at 785 nm and 1 kHz from a regeneratively amplified 
Ti:sapphire laser. A 2-µJ fraction of the pump is focused in a 2-mm-thick sapphire plate to 
generate a single-filament WLC, used as a seed. The PPSLT crystal (HC Photonics), doped 
with 1% MgO to prevent photorefractive damage, is 1.2-mm long and 1-mm thick and has a 

fan-out design, with poling period Λ varying from 20.5 to 23.7 µm over the 10-mm crystal 
width. This allows fine-tuning of the quasi-phase-matching condition to maximize the gain 
bandwidth. The crystal length is chosen to be equal to the pulse splitting length between pump 
and signal/idler. Pump and signal have the same extraordinary polarization, as required for a 
quasi phase-matched interaction in this crystal. The external pump-signal angle is set to 

α≈4.1°, corresponding to an internal value ≈1.9°. The single-stage NOPA produces pulse 
energies in excess of 2 µJ, which are sufficient for applications to time-resolved spectroscopy. 
The rms pulse-to-pulse fluctuations were lower than 1% and no optical or photorefractive 
damage were observed during long-term operation. 

 

Fig. 1. Experimental setup of the near-IR NOPA based on PPSLT. BS: beam 
splitter; VA: variable attenuator. 

Figure 2 shows, as a dash-dotted line, the frequency-dependent parametric gain of 
PPSLT, calculated in the plane wave approximation with monochromatic and undepleted 

pump, for poling period Λ≅20.9 µm and internal pump-signal angle 1.9°. The same figure 
shows as a solid line the typical spectrum of the pulses generated by the NOPA. It extends 
from 1 to 1.7 µm and corresponds to a 8.2 fs TL duration (less than two cycles of the 1.3 µm 
carrier wavelength). Its coverage corresponds quite well to the calculated gain spectrum; the 
reduced intensity at longer wavelengths is due to the lower energy density of the WLC. The 
spectrum shows a reproducible dip around 1.16 µm, which is due to a parasitic sum-frequency 
generation process with the 800-nm pump, phase-matched to the second order in the PPSLT 
crystal. The near-IR NOPA has a bandwidth comparable to that of the degenerate collinear 

OPA based on BBO, that we recently reported [3], but its spectrum is blue-shifted by ≈200 
nm.  In order to achieve dispersion control over the ultrabroad NOPA bandwidth, we  
implemented an adaptive compressor (see Fig. 1), in which a DM is placed in the Fourier 
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plane of a 4f zero-dispersion pulse shaper [16, 17] consisting of a near-IR diffraction grating 
(Newport, 150 lines/mm, gold coated) and a spherical gold mirror (R=500 mm). The overall 
throughput of the compressor is 65% and the transmitted spectrum (dashed line in Fig. 2) 
loses some intensity in its red wing due to the wavelength dependent diffraction efficiency of 
the grating. 

 

Fig. 2. Dash-dotted line: calculated gain bandwidth of the near-infrared NOPA; 
solid line: output spectrum of the NOPA; dashed line: spectrum after the 
compressor. 

The use of a prism [3] instead of a grating as dispersive element in the pulse shaper would 
have the advantage of an higher throughput; however, because of its lower angular dispersion, 
a prism would require a spherical mirror with much longer radius (R=2000 mm) to completely 
fill the DM. For our near-IR NOPA, compensation of the large second order dispersion 
introduced by the sapphire plate and the PPSLT crystal (≈160 fs

2
 at 1.3 µm), requires a strong 

parabolic curvature of the DM surface. In the prism-based shaper this curvature is sufficient to 
break the symmetry of the 4f scheme, thus distorting the pulse wavefront, preventing perfect 
recombination of the frequency components of the ultra-broadband pulse and causing a 
significant spatial chirp of the compressed pulses. This effect is stronger, for a given 
deformation, for longer focal length f.  With the grating this problem is negligible, because of 
the much shorter focal length of the mirror compared with the DM deformation and because 
the additional dispersion introduced by the prism material is removed, with a further reduction 
of the needed DM curvature.  

  

Fig. 3. FROG measurement of the compressed NOPA pulses. (a) intensity of  
the measured FROG trace (128×128 pixels); (b) retrieved FROG trace in 
intensity with 0.0159 reconstruction error; (c) intensity and phase profile as a 
function of time; (d) spectral intensity and phase. 
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Our home-made DM is a 45×15 mm silver coated rectangular nitrocellulose membrane, 

5-µm thick. The mirror is deformed  by the electrostatic pressure between the membrane and a 
series of 30 electrodes (each 1.4 mm wide, 15 mm long and 0.3 mm spaced) independently 
polarized from 0 to 295 V. In order to prevent spatial beam quality degradation by the 
transverse curvature of the mirror surface, the electrodes have a rectangular hole in the center 

of 2×1.2 mm. This electrode design, in comparison with filled one, allows the reduction of the 
transverse curvature by nearly two orders of magnitude. The DM response resulting from each 
actuator was numerically modeled and experimentally calibrated by means of a Twyman-
Green interferometer [18] allowing the definition of the influence functions matrix [19]. The 
mirror shape for optimum pulse compression was obtained by measuring the pulse spectral 
phase with Second Harmonic Generation Frequency Resolved Optical Gating (SHG-FROG) 
and introducing the additional phase required to correct it. The set of mirror actuator voltages 
corresponding to the targeted deformation was computed by performing a pseudo inversion of 
the influence function matrix [19]. Such process was iterated, usually two or three times, in 
order to obtain a finer phase correction.   

Figures 3(a) and 3(b) show the experimental and retrieved SHG-FROG traces for the 
compressed NOPA pulse, measured with a 20-µm-thick BBO crystal, while Figs. 3(c) and 
3(d) report the retrieved temporal and spectral intensity and phase profiles. The measured 8.5 
fs pulsewidth is very close to the TL duration and has very low side lobes, demonstrating that 
the DM based compressor allows dispersion compensation to all orders. This pulse duration 
corresponds to only two cycles of the 1.3 µm carrier wavelength (4.3 fs period). 

3. High time resolution pump-probe spectroscopy 

The ultra-broadband near-IR NOPA has been absolutely synchronized with a 6 fs visible 
NOPA [20], driven by the same amplified Ti:sapphire laser. The unique combination of high 
temporal resolution and broad tunability provided by this system enables studying a variety of 
primary relaxation events of photoexcited molecules, such as internal conversions through 
conical intersections, charge photogeneration and coherent vibrational motion in the excited 
state.   

 

Fig. 4. setup for the generation of two-colour sub-10-fs pulses. BS, beam splitters; 
WLG, white-light generation; DL1, DL2, delay lines. A thin beam splitter (TBS) and a 
mirror (M) can be added to change the system to a degenerate setup. 

The experimental pump-probe setup is shown in Fig. 4. The visible NOPA is pumped by 

20 to 30 µJ of the SH of Ti:sapphire and amplifies a WLC seed produced in a 1-mm-thick 

sapphire plate in a single pass of a 1-mm BBO crystal (type I phase matching, θ  = 32°). Pump 

and WLC seed form an angle α1 = 6°, which corresponds to 3.7° inside the BBO crystal, 
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giving broadband phase matching in the visible (500-700 nm). The 1 to 2 µJ pulses are 
compressed to nearly TL 6 fs duration by 10 bounces on custom designed chirped mirrors, 
which provide highly controlled negative group delay over bandwidths approaching 200 THz  
[21]. The outputs of the two NOPAs are synchronized by delay line DL1 and focused on the 
sample in a non-collinear geometry; after the sample the near-IR probe beam, spatially filtered 
by an iris, is focused on a monochromator and an InGaAs detector. The system can be easily 
made degenerate, for pump-probe experiments in the near-IR, by inserting a thin beam splitter 
and a mirror (transparent in Fig. 4) realizing a Michelson interferometer. 

To assess the temporal resolution of the two-colour pump-probe configuration, we 
performed studies on the excited state dynamics of  a film of poly-phenylene vinylene (PPV), 
solution cast onto a thin glass slide. In such blends, the visible pump pulse excites the first 

singlet transition (S0→S1). Figure 5 shows a ∆T/T dynamics pumping with a sub-10-fs visible 

pulse and probing with a sub-10-fs near-IR pulse. At 1.21 µm probe wavelength, we observe a 
photoinduced absorption (PA) with pulsewidth-limited risetime (10 to 90% in 14.5 fs). The 
PA is assigned to a transition from the photoexcited S1 state to an higher-lying Sn state [22]; 
the partial decay with 70-fs time constant is assigned to intramolecular vibrational relaxation 
within S1.  

 

Fig. 5. Red dots: ∆T/T dynamics for a PPV film excited by the 6-fs visible 

NOPA and probed at 1.21 µm wavelength. Black solid line: fit using pump-
probe cross-correlation with 14.2 fs FWHM.  

4. Conclusions 

In this paper we have demonstrated the generation of 8.5 fs pulses at 1.3 µm from a near-IR 
NOPA based on PPSLT, using a DM based adaptive compressor. We achieve a shortening by 
nearly a factor of 20 of the 150-fs pump pulses. This result is a further proof of the power of 
OPAs for the generation of few-optical-cycle pulses tunable over a broad frequency interval, 
provided that the proper broadband phase matching conditions are identified. Due to its 
modest pump energy requirements, the near-IR NOPA can be easily synchronized to other 
broadband OPAs, allowing the study of previously unexplored primary photoinduced 
dynamical processes over a very broad spectral range. 
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