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ABSTRACT: 

In this paper, we describe the recent developments in ultrafast frequency conversion sources, 
offering unprecedented wavelength coverage in the visible and infrared (IR) at exceptional average 
powers and efficiencies. The described systems are high-repetition-rate femtosecond and picosecond 
synchronously pumped optical parametric oscillators (OPOs) using the KLM Ti:sapphire laser and Yb 
fiber laser, respectively. The key to the successful realization of the described devices is the relatively 
new nonlinear optical material bismuth triborate, BiB3O6 (BIBO), as well as the well-known 
periodically poled lithium niobate, LiNbO3 (PPLN), and their combination, which offer large optical 
nonlinearity, flexible phase-matching properties, high optical damage tolerance, ready availability, 
and low cost. Additionally, innovative techniques so as to fully optimize the output power of any 
oscillator by intracavity interferometry and increase the repetition rate up to GHz regime deploying 
extended fractional cavities are also presented. 

Keywords: Ultrafast Nonlinear Optics, Optical Parametric Oscillators, Nonlinear Optical Materials.  

RESUMEN: 

En este artículo, presentamos los recientes desarrollos de fuentes ultrarrápidas para lo conversión 
de frecuencias, ofreciendo una cobertura espectral sin precedentes en el visible y el infrarrojo (IR) 
con excepcionales potencias medias y eficiencias. Los sistemas descritos son osciladores ópticos 
paramétricos de femtosegundos y picosegundos a altas frecuencias de repetición bombeados 
sincronizadamente por láseres de Ti:sapphire y de fibra de Yb, respectivamente. La clave del éxito en 
la realización de los citados sistemas es el nuevo cristal bismuth triborate, BiB3O6 (BIBO), así como el 
conocido LiNbO3 periódicamente pulido (PPLN) y su combinación, ofreciendo altas no linealidades 
ópticas, flexibles propiedades de ajustes de fases, alta tolerancia de daño óptico, disponibilidad y bajo 
coste. Adicionalmente, se presentan técnicas innovadoras para optimizar la potencia de salida de 
cualquier oscilador utilizando interferometría intracavidad y para incrementar la frecuencia de 
repetición hasta niveles de GHz empleando cavidades fraccionales extendidas. 

Palabras clave: Óptica No Lineal Ultrarrápida, Osciladores Ópticos Paramétricos, Materiales Ópticos 
No Lineales  
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1. Introduction 
Coherent optical sources with femtosecond 
pulse duration and wide tunability are of 
considerable interest for a wide range of 
scientific and technological applications in time-
resolved spectroscopy, nonlinear optical 
microscopy, frequency metrology, quantum 
optics, biotechnology, and nanoscience. 
However, despite tremendous progress in 
ultrafast laser technology, substantial portions 
of the optical spectrum from the ultraviolet (UV) 
to the infrared (IR) still remain inaccessible to 
conventional mode-locked laser sources and 
ultrafast amplifiers. The advent of novel vibronic 
laser gain media, most notably Ti:sapphire, has 
provided a new class of practical ultrafast solid-
state lasers and amplifiers, but even in such 
cases the maximum spectral coverage available 
is limited to at best ~300–400 nm. At the same 
time, the restricted availability of suitable solid 
state laser gain materials has confined the 
wavelength coverage of existing ultrafast lasers 
and amplifiers, including Ti:sapphire, mainly to 
limited regions in the near-IR. 

Nonlinear optical techniques based on 
frequency conversion of laser light in second-
order nonlinear materials offer a highly effective 

method to expand the spectral range of existing 
laser sources. Optical second-harmonic 
generation (SHG) and sum-frequency generation 
(SFG) can provide spectral extension of laser 
sources to shorter wavelengths (up-conversion) 
while difference-frequency generation (DFG) can 
extend the spectral coverage to longer 
wavelengths (down-conversion). Optical 
parametric generators (OPG), optical parametric 
amplifiers (OPA), and optical parametric 
oscillators (OPO) are also down-conversion 
devices that can, on the other hand, provide 
widely tunable spectral coverage at longer 
wavelengths using fixed frequency laser sources 
with limited or no intrinsic tuning capability. At 
the same time, the instantaneous nature of 
nonlinear gain allows frequency-conversion 
processes to retain the temporal characteristics 
of the input pump laser, hence enabling 
wavelength generation in all temporal regimes 
from continuous-wave (CW) to ultrafast 
femtosecond time scales by an appropriate 
choice of pump laser or amplifier. These 
properties make nonlinear frequency conversion 
processes attractive and practical techniques for 
the generation of widely tunable radiation in 
spectral and temporal regions where existing 
lasers and amplifiers or alternative technologies 
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are not available. The vital element in any 
frequency-conversion process is the nonlinear 
optical crystal. Together with the pump source, 
it constitutes the essential ingredient in the 
practical development of any frequency 
conversion system. In the 1990s, the emergence 
of a new generation of birefringent nonlinear 
crystals for the UV, visible, and near-IR, 
primarily β-BaB2O4 (BBO), LiB3O5 (LBO) and 
KTiOPO4 (KTP), with superior linear and 
nonlinear properties, provided new impetus for 
the advancement of frequency-conversion 
sources in these spectral regions. Combined with 
the availability of novel crystalline solid-state 
and fiber lasers and amplifiers with improved 
spectral and spatial coherence and high power, 
this led to practical development of new 
generations of frequency-conversion devices 
offering unprecedented performance capabilities 
and operating in all temporal regimes, from the 
CW to the femtosecond time scales. 
Subsequently, the advent of quasi-phase-
matched ferroelectric nonlinear materials, such 
as periodically poled LiNbO3 (PPLN) and KTP 
(PPKTP), and periodically poled stoichiometric 
LiTaO3 (PPSLT), had a profound impact on the 
advancement of frequency-conversion sources, 
particularly in the low-intensity operating 
regimes. These developments have led to 
remarkable progress in frequency conversion 
sources over the past two decades, vastly 
extending the wavelength range of existing laser 
sources to new regions from the UV and visible 
to the near-IR. Yet, in different device 
configurations and operating regimes, major 
limitations still exist and important challenges 
still remain, requiring the continued search for 
alternative new nonlinear materials, laser pump 
sources and innovative design concepts. 

This review is devoted to state-of the art 
OPOs based on BIBO and PPLN crystals for 
frequency conversion of ultrafast femtosecond 
and picosecond laser pulses. 

 

2. Nonlinear crystals 
2.1. BIBO 

Bismuth borate (BIBO) is a relatively new 
nonlinear crystal [1] with unique optical 
properties for frequency conversion applications 

in the UV, visible, and near-IR. It is an optically 
biaxial crystal of monoclinic point group 2 
symmetry. The crystal combines the advantages 
of UV transparency and high optical damage 
threshold, as in BBO and LBO, with substantially 
larger optical nonlinearity, comparable to KTP. 
The optical transmission of BIBO extends from 
~2700 nm in the near-IR down to ~280 nm in 
the UV, and as an optically biaxial crystal, it 
offers versatile phase-matching and wavelength-
tuning characteristics [2,3]. 

The effective nonlinear coefficient of BIBO 
has been reported to be as high as 3.7 pm/V, 
which is nearly twice and four times larger than 
those of BBO and LBO, respectively, and 
comparable to that in KTP. BIBO also offers large 
angular and spectral acceptance bandwidths, 
low spatial walk-off, and broadband angle tuning 
at room temperature. Such combination of 
properties makes BIBO a highly attractive 
nonlinear material for a wide range of frequency 
conversion applications in the UV, visible, and 
near-IR. 

2.2. PPLN 

A pivotal factor in the realization of practical ps 
OPOs is the exploitation of suitable nonlinear 
materials capable of withstanding the large 
average powers while providing long interaction 
lengths under noncritical interaction for 
maximum nonlinear gain, and extended phase 
matching over wavelength regions of interest. 
Such simultaneous requirements are met 
uniquely by quasi-phase-matched (QPM) 
nonlinear crystals. Among them, periodically 
poled LiNbO3 (PPLN) with high nonlinearity 
(deff~17 pm/V), long interaction lengths (up to 
80 mm), and transparency up to ~5 μm has been 
established as the most effective material at high 
average powers in the IR [4]. PPLN is susceptible 
to photorefractive damage when exposed to high 
levels of near-IR light, resulting in the generation 
of significant non-phasematched visible 
radiation, which can lead to output power 
degradation and instability. However, heating 
the crystal to above 150°C or doping with MgO 
[5] can effectively overcome this problem. 
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3. OPOs for the visible 
Synchronously pumped OPOs offer a practical 
solution for the generation of high-repetition-
rate femtosecond pulses in new spectral regions, 
particularly in the near- to mid-IR. When 
pumped directly by the Kerr-lens mode-locked 
(KLM) Ti:sapphire laser, they can readily 
provide femtosecond pulses throughout the 1–5 
μm spectral range in the near- to mid-IR. For 
pulse generation in the visible, however, the 
direct use of the KLM Ti:sapphire laser is 
precluded and additional frequency conversion 
schemes have to be deployed in combination 
with the OPO approach. 

Here we present, what is to our knowledge, 
the first femtosecond OPO capable of covering 
the entire gap in the visible spectrum across 
500–700 nm [6]. The OPO (see scheme in Fig.1) 
is synchronously pumped by the second 
harmonic of a KLM Ti:sapphire laser (Coherent, 
Mira 900) achieved in BIBO  cut for critical type I 
(e+e→o) interaction in the yz plane φ=90° at an 
internal  angle of  θ=152°.  Using collinear phase- 

 
Fig. 1. Configuration of the visible BIBO femtosecond OPO 
synchronously pumped by the second harmonic of KLM 
Ti:sapphire laser in the blue. 

 
Fig. 2. Photographs of the BIBO femtosecond OPO oscillating 
in the green, yellow, orange and red. 

matching and angle tuning at room temperature, 
the OPO generates high-repetition-rate femto-
second pulses across 480–710 nm (see Fig. 2) 
with a single crystal of BIBO cut at θ=159° for 
collinear critical type I (e+e→o) interaction in 
the yz and a single set of mirrors. The wide 
coverage in the visible spectrum combined with 
practical output powers around 250 mW, near-
transform-limited temporal characteristics, and 
room-temperature operation should make the 
OPO an attractive tool for a wide range of appli-
cations in time-domain spectroscopy, frequency 
metrology, and quantum optics. Moreover, the 
intracavity doubling of this OPO leads to the 
generation of tunable femtosecond pulses in the 
near ultraviolet across the range 255-355 nm 
with average powers of 225 mW [7]. 

Normally, in all these experiments, 
wavelength tuning across the full range requires 
the angular phase-matching of at least one 
nonlinear crystal within the OPO cavity, 
necessitating the re-alignment of the resonator 
during tuning.  

Alternatively, we have demonstrated a 
Ti:sapphire-pumped femtosecond OPO for the 
red based on PPLN in combination with BIBO, 
providing wide, continuous, and static tuning 
across 665–785 nm[8]. Figure 3 shows the 
scheme of the experimental setup (see real 
picture in Fig. 4.) where the BIBO crystal for SHG 
was cut at 10º for type I (o+o→e) phase 
matching in the xz plane, providing very broad 
spectral acceptance bandwidth. The use of 
collinear pumping, a ring resonator, and 
intracavity dispersion control has enabled the 
generation of 260 mW of red power at 17.2% 
conversion efficiency with pulses down to 140 fs. 
The obtained tuning range is limited only by the 
available mirrors and can be extended into 
orange, yellow, and green using suitable 
coatings. Furthermore, the favourable features 
of these two crystals permit simplified 
wavelength tuning through adjustment of the 
OPO cavity delay (see Fig. 5.) without the need to 
vary any other parameters, since the angular 
dependence of the phase-marching curves is 
very weak. Thus, the static cavity delay tuning 
offers promise for rapid wavelength scanning or 
modulation using piezoelectric control of the 
OPO cavity length. 
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Fig. 3. Schematic of the internally frequency-doubled PPLN 
femtosecond OPO for the generation of red pulses.  
 
 

 
Fig. 4. Photograph of the intracavity frequency-doubled 
femtosecond OPO working in the red. 

 

 
 

Fig. 5. (a) Cavity length detuning versus second-harmonic 
red wavelength. (b) Typical spectra of the generated red 
pulses across the tuning range. 
 

 

4. High power ps OPO 
One strategy to achieve this goal is the 
exploitation of mode-locked fiber lasers, 

providing unprecedented optical powers and 
high temporal, spectral, and spatial beam quality 
with highly competitive performance 
capabilities but in far more simplified, robust, 
compact, portable, and cost-effective 
architectures. Fiber lasers also offer increased 
immunity from environmentally induced 
thermal effects over bulk solid-state lasers, 
resulting in overall improvement in OPO output 
stability. 

In this work, we report a high-power 
picosecond optical parametric oscillator (OPO) 
synchronously pumped by a Yb fiber laser at 
1.064 μm, providing 11.7 W of total average 
power in the near to mid-IR at 73% extraction 
efficiency [9]. The OPO (see scheme in Fig.6 and 
real picture in Fig. 7), based on a 50 mm 
MgO:PPLN crystal, is pumped by 20.8 ps pulses 
at 81.1 MHz and can simultaneously deliver 7.1 
W of signal at 1.56 μm and 4.6 W of idler at 3.33 
μm for 16 W of pump power. The oscillator has a 
threshold of 740 mW, with maximum signal 
power of 7.4 W at 1.47 μm and idler power of 4.9 
W at 3.08 μm at slope efficiencies of 51% and 
31%, respectively. Figure 8 shows the 
wavelength coverage across 1.43–1.63 μm 
(signal) and 4.16–3.06 μm (idler) with a total 
power of ~11 W and an extraction efficiency of 
~68%, with pump depletion of ~78% 
maintained over most of the tuning range. The 
signal and idler output have a single-mode 
spatial profile and a peak-to-peak power 
stability of 1.8% and 2.9% over 1 h at the highest 
power, respectively. Signal pulse duration of 
17.3 ps with a clean single-peak spectrum 
results in a time bandwidth product of ~1.72, 
more than four times below the input pump 
pulses. 

 
Fig. 6. Configuration of the ps OPO synchronously pumped by 
Yb fiber laser. ISO is the optical isolator and the half-wave 
plates (HWP) and polarizing beam splitter (PBS) are used for 
power attenuation.  
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Fig. 7. Photograph of ps OPO where the strong visible light is 
generated by other nonlinear processes such as SHG and 
frequency mixing. 
 

 
 

Fig. 8. OPO power performance, pump depletion, and output 
coupling across the OPO tuning range for the signal and idler. 
 

5. High repetition rate OPO 
Most femtosecond OPOs developed to date are 
synchronously pumped by the KLM Ti:sapphire 
laser at repetition rates typically 100 MHz. 
However, for some applications, such as pump–
probe spectroscopy or future optical 
communication systems, ultrashort pulses at a 
gigahertz repetition rate are desirable. 

Recently, we demonstrated a higher 
harmonics generation of a femtosecond OPO 
pumped by a 76 MHz Ti:sapphire laser using a 
cavity longer than the fundamental synchronous 
length where, basically, the extra length is given 
by ∆L=lp/Q, being lp the length of the pump laser 
and Q the harmonic [10,11]. Figure 9 shows the 
experimental setup in which a standard 
femtosecond OPO based on PPLN was extended 
carefully through adjustment of the M2–M3 arm, 
obtaining the 3rd, 5th, 9th, and 13th harmonics of 
pump repetition rate, corresponding to 228, 380, 

684, and 988 MHz (train of pulses shown in Fig. 
11). The highest harmonic was limited by the 
rise in the SPOPO threshold above the available 
pump power. The technique also offers promise 
for realization of future multigigahertz ultrafast 
optical communication systems using miniature 
mode-locked semiconductor pump lasers. 

 

6. Optimization of output coupling in 
OPOs 

Since the demonstration of laser action, an 
important performance parameter for any 
optical oscillator has been the extractable output 
power. The conventional method relies on the 
deployment of an output coupling mirror, where 
the extraction of maximum power requires 
experimental evaluation of different output 
couplers. Absolute optimization of output power 
is also difficult due to the discrete values of 
mirror transmission. Moreover, variations in 
operating conditions, such as pumping level, 
alter the optimum output coupling, requiring 
different mirrors. 

We present a simple and universal method 
for absolute optimization of output power from 
optical oscillators using interferometry. The 
antiresonant ring interferometer (ARR) is a well-
known classical optical element that was 
proposed nearly a century ago and has been 
suggested for many applications in lasers [12] 
including cavity dumping, Q-switching, mode-
locking, nonlinear spectroscopy, and fiber-
optics. Nevertheless, to our knowledge, it has not 
been deployed as an instrument to optimize the 
output power from an optical oscillator.  By 
incorporating an ARR in one arm of the oscillator 
cavity, simple adjustments to the interferometer 
provide continuously variable output coupling 
over a broad spectral range and under any 
operating conditions. We demonstrate the 
technique using a femtosecond OPO (see Fig. 12) 
[13], where we show continuously adjustable 
output coupling from 1% to 60% (see Fig.13). By 
operating the OPO under an optimized output 
coupling of ~30%, we obtain ~200 mW of 
extracted power, more than twice that with an 
~4% conventional output coupler, across the full 
tuning range. We also show that the technique 
has no detrimental effect on the spatiotemporal 
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characteristics of the output, with the extracted 
signal exhibiting a Gaussian beam profile and 
near-transform-limited pulse durations. 

 
Fig. 9. Experimental setup of the femtosecond OPO 
generating optical pulses at high harmonics of the pump 
repetition rate. ISO, optical isolator; HWP half-wave plates 
(HWP). For ∆L=15.18 cm, the repetition rate is RR=988MHz. 

 

 
Fig. 10. Photograph of fs OPO based on PPLN where the 
strong visible light is generated by other nonlinear processes 
such as frequency mixing. 

 
Fig. 11. (a) Input pulse train of Ti:sapphire pump laser at 76 
MHz and (b) output signal pulse train of the femtosecond 
OPO at the 13th harmonic repetition rate (988MHz) pumped 
by this laser. The irregularity in the intensity of successive 
pulses in each train is owing to detection electronics. 

 
Fig. 12. Experimental setup of the femtosecond OPO with the 
ARR in one arm of the cavity. The ARR consist of a 
commercial 25mm diameter thin-film beamsplitter (BS) 
coated for 1-2 mm and two plane high reflectors (M4 and 
M5). The total length of the OPO consists of a linear part, 
Llinear=177.3 cm and a ring Lring=40 cm, and is synchronized to 
the repetition rate of the Ti:sapphire laser pump laser 
LOPO=2Llinear+Lring=c/RR, where c is the speed of light and 
RR=76 MHz is the laser repetition rate. 
 

 

 
Fig. 13. Optimization of the output coupling.  (a) ARR output 
coupling versus BS angle. (b) Extracted signal output power 
through ARR. 
 
 
7. Conclusions 
In this work, we have presented efficient 
generation of femtosecond pulses with wide 
tunability across the entire visible spectral 
regions and near-infrared using optical 
frequency conversion techniques in the 
nonlinear materials BIBO and PPLN. We have 
demonstrated the generation of high-repetition-
rate femtosecond pulses in the visible using two 
approaches. I the first one, a blue pumped OPO 
based on BIBO can provide wide and continuous 
tuning across the entire green–yellow–orange–
red spectral range with angle tuning at room 
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temperature at average output powers of 270 
mW. In the second one, an OPO based on PPLN is 
internally frequency doubled of an on a BIBO 
producing signal pulses across 665–785 nm (this 
range can be extended by changing optics) with 
up to 260 mW. Moreover, the high nonlinear 
gain and phase-matching acceptance in PPLN 
and BIBO permit convenient tuning across the 
full range by simple detuning of OPO cavity 
delay. We have also developed a Yb-fiber-laser-
pumped picosecond OPO based on MgO:PPLN 
achieving wavelength coverage across 1.43–1.63 
μm (signal) and 4.16–3.06 μm (idler) with a high 
total power of ~11 W and an extraction 
efficiency of ~68%, with pump depletion of 
~78% maintained over most of the tuning range. 
Additionally, we have demonstrated a technique 
to obtain GHz-repetition-rate femtosecond OPO 
using a 76 MHz KLM Ti:sapphire pump laser, 
with a oscillator cavity longer than the 

fundamental synchronous length. Finally, we 
have demonstrated a simple and powerful 
technique for absolute optimization of output 
power from optical oscillators under any 
operating condition using an ARR 
interferometer. The new technique provides 
broadband variable output coupling in a simple 
setup and without spatiotemporal degradation 
of the output beam, is inherently stable, and is 
universally applicable to any optical oscillator in 
any temporal regime from the cw to 
femtosecond time scales. 
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