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We describe a high-repetition-rate femtosecond optical parametric oscillator (OPO) that was broadly tunable in
the mid infrared. The all-solid-state-pumped OPO was based on quasi-phase matching in periodically poled
lithium niobate. The idler was tunable from approximately 1.7 mm to beyond 5.4 mm, with maximum average
power levels greater than 200 mW and more than 20 mW of average power at 5.4 mm. We used interferometric
autocorrelation to characterize the mid-infrared idler pulses, which typically had durations of 125 fs. This OPO
had a pumping threshold as low as 65 mW of average pump power, a maximum conversion efficiency of .35%
into the near-infrared signal, a slope efficiency for the signal of approximately 60%, and a maximum pump
depletion of more than 85%.  1997 Optical Society of America
Mid-IR femtosecond pulses have potential applications
for the study of dynamics in a variety of materials. Vi-
brational relaxations in molecules, intersubband tran-
sitions in quantum wells, and materials for use in
lasers and detectors operating in the 3–5-mm atmo-
spheric transmission window can all be studied effec-
tively with ultrashort mid-IR pulses. In this Letter
we report on the generation of mid-IR pulses with an
all-solid-state-pumped high-repetition-rate femtosec-
ond (fs) optical parametric oscillator (OPO).

The most-common techniques for the generation of
high-repetition-rate mid-IR fs pulses are difference-
frequency mixing and the use of a synchronously
pumped OPO. Difference frequency of the signal
and the idler output from Ti:sapphire-pumped OPO’s
produced fs pulses of between 2.5 and 5.5 mm (Ref. 1)
but with maximum average power levels of only
500 mW . Mid-IR synchronously pumped fs OPO’s
based on KTiOPO4 and its isomorphs2 – 5 were demon-
strated, but they were limited to wavelengths shorter
than ,4.1 mm. Average power levels greater than
20 mW at 5.2 mm were obtained with KNbO3.6 The
all-solid-state-pumped broadly tunable mid-IR fs
OPO described in this Letter is based on quasi-phase
matching7 (QPM) in periodically poled lithium niobate
(PPLN) and produced more than 20 mW of average
power at 5.4 mm.

The experimental arrangement was similar to that
described in Ref. 8, except that a ring cavity was
used instead of a linear cavity. We used a pumping
geometry with a small noncollinear angle between the
pump and the signal so that the long-wavelength idler
beam did not have to be transmitted through any of
the cavity optics and optical isolation of the pump
laser was unnecessary. The PPLN OPO was synchro-
nously pumped at a repetition rate of 81 MHz by a
mode-locked fs Ti:sapphire laser powered by a diode-
pumped cw frequency-doubled Nd:YVO4 laser (Spectra-
Physics Millennia). The Ti:sapphire laser produced
0146-9592/97/191458-03$10.00/0
nearly transform-limited pulses of ,90-fs duration,
with average power levels of as much as 850 mW over
the 790–815-nm wavelength range used in this experi-
ment. We used two optics sets and two PPLN crys-
tals, which were antiref lection coated on both sides
with single layers of SiO2, in the OPO to cover the tun-
ing range. In both cases the signal was resonated in a
ring cavity consisting of two 15-cm radius-of-curvature
mirrors, a f lat high ref lector, a f lat output coupler, and
a four-prism (SF-14) sequence for dispersion compen-
sation. Several different output couplers were used,
with transmission varying from ,1% to ,9% over the
tuning range of the OPO.

In a noncollinear fs OPO both temporal walk-off
owing to the group-velocity mismatch (GVM) of the
interacting pulses and spatial walk-off owing to the
noncollinearity of the interacting beams can limit
the effective interaction length in the crystal. Near
degeneracy9 the GVM between the pump pulses and
signal and idler pulses was of the order of 300 fsymm
(signal-and-idler-leading pump),10 resulting in a tem-
poral walk-off length11 of the order of 330 mm for
,100-fs pulse widths. Far from degeneracy, the GVM
between pump and signal was reduced to as little as
,110 fsymm, but the GVM between signal and idler
became as large as ,260 fsymm (signal-leading idler),
resulting in a temporal walk-off length of ,900 mm
between the pump and the signal and , 380 mm
between the signal and the idler. For the focusing
parameters (,35-mm signal and pump waist radius)
and the noncollinear angle (varied from ,1.0± to ,1.6±

between pump and signal measured internal to the
crystal) used in this experiment, near degeneracy
the spatial walk-off length of , 550 mm between
signal and idler was much larger than the tempo-
ral walk-off length and, therefore, did not limit the
interaction length. When we were trying to reach
long idler wavelengths, however, the increasingly large
angle between signal and idler (as large as 9± measured
 1997 Optical Society of America



October 1, 1997 / Vol. 22, No. 19 / OPTICS LETTERS 1459
internal to the crystal) resulted in a spatial walk-off
length as small as ,220 mm between signal and idler.
Thus, far from degeneracy the effective interaction
length was limited by the spatial walk-off length,
which was significantly shorter than the temporal
walk-off length. In both cases a collinear geome-
try would allow for much tighter focusing without
limiting the interaction length and would undoubtedly
result in a lower threshold and higher output power
levels.

The relatively short interaction length was com-
pensated for by the extremely large d33 nonlinear
coeff icient of lithium niobate sLiNbO3d that was ac-
cessible by polarizing all three waves parallel to the
z axis se ! e 1 ed.12 The ability of the PPLN fs OPO
to generate suff icient gain for oscillation in a very
short interaction length (a few hundred micrometers)
allowed it to tolerate relatively large material absorp-
tion coeff icients [as high as ,5 cm21 for the idler at
5.4 mm (Ref. 13)] and, thus, to operate far into the IR-
absorption edge of LiNbO3.

Near degeneracy the short interaction length, the
low GVM between signal and idler, and the low group-
velocity dispersion at the signal and the idler wave-
lengths resulted in an extremely large phase-matching
bandwidth11 (several hundred nanometers). The tem-
perature bandwidth was also extremely large (greater
than 100 ±C), making precise control of the crys-
tal temperature unnecessary for a PPLN fs OPO.8

Calculated10 tuning curves, assuming perfect phase
matching, are shown in Figs. 1(a) and 1(b). Ex-
perimentally, the OPO is subject to repetition-rate
matching of the signal and the pump pulses, and
the output power is dependent on the round trip loss
and the phase-matching conditions. Repetition-rate
matching is necessary for temporal overlap of the pump
and the signal pulses and depends on cavity length and
wavelength owing to group-velocity dispersion. The
round-trip loss depends on the spectral characteristics
of all the optics in the cavity. As a result of the
extremely large phase-matching bandwidth, which is
comparable with the bandwidth of the cavity optics,
for a given pump wavelength and crystal temperature
the signal wavelength can vary over hundreds of
nanometers depending on the adjustment of the cavity
length and the prism sequence, and the wavelength at
which the maximum output power occurs is strongly
dependent on the spectral characteristics of the spe-
cific output coupler that is used. Thus a quantitative
comparison of experimental data with tuning curves
in Fig. 1 would be meaningless. Our experimental
observations agree with the calculated tuning curves
in terms of accessible wavelength range and general
tuning trends.

To reach the longest idler wavelengths, we used
an optics set that was highly ref lective from 0.95 to
1.12 mm and a PPLN crystal that had a grating pe-
riod of 19.0 mm, was 800 mm long (longer than the
spatial walk-off length), and was antiref lection coated
for 0.96 mm. A representative interferometric auto-
correlation of the signal is shown in Fig. 1(c), with the
corresponding spectrum shown in Fig. 1(d). Signal
pulse widths were typically less than 100 fs. The idler
branch was tunable from approximately 2.7 to beyond
5.4 mm. An idler spectrum, obtained when the idler
was tuned to 5.4 mm, is shown in Fig. 2(a), along with
the background transmission in air. The bands in the
transmission through air, which were responsible for
the modulation in the idler spectrum, most likely were
due to absorption by water vapor.14 The average idler
power at 5.4 mm was more than 20 mW while pumping
with ,630 mW of Ti:sapphire power, corresponding to
a quantum eff iciency of greater than 20%. For com-
parison, we must emphasize that these results were
achieved with an all-solid-state pump laser that pro-
duced significantly less power than is available from
the argon-ion-pumped systems typically used for fs
OPO’s.2 – 6 Figure 2(b) shows an interferometric au-
tocorrelation of the idler beam, which did not include
any dispersion-compensating elements, when the idler
wavelength was ,5 mm. The corresponding pulse

Fig. 1. Calculated tuning curves for the signal (solid)
and the idler (dashed) with a QPM grating period of
19.0 mm and an internal angle of 1.14± between pump
and signal for (a) pump tuning at a temperature of
150 ±C and (b) temperature tuning at a pump wavelength
of 795 nm. (c) Typical signal autocorrelation and (d)
corresponding spectrum.

Fig. 2. (a) Idler spectrum (solid curve) and background
transmission in air (dashed curve). (b) Typical interfer-
ometric autocorrelation of the idler when the wavelength
was ,5 mm.
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width is ,125 fs, assuming a sech2 pulse shape. This
autocorrelation was recorded with two-photon absorp-
tion in an InAs photodiode15 (EG&G Judson J12-18C-
R01M). By use of Si, Ge, and InAs photodiodes it was
possible to record autocorrelations in all regions of the
idler tuning range.

For operation closer to degeneracy, we used a sec-
ond optics set that was highly ref lective from 1.1 to
1.5 mm and a PPLN crystal that had a grating pe-
riod of 19.5 mm, was 330 mm long and was antire-
f lection coated for 1.35 mm. The idler branch was
tunable from approximately 1.7 to 2.7 mm. With the
signal wavelength near 1.35 mm, as much as 280 mW
of average power was produced in the signal beam
while pumping with 775 mW of Ti:sapphire power, cor-
responding to 36% power conversion efficiency from
pump to signal (61% quantum eff iciency). Under
these conditions the pump was depleted by more
than 85%, and the slope efficiency for the signal was
,60%. More than 200 mW of average power was
measured in the idler beam. By replacing the output
coupler with a high ref lector we reduced the round-trip
loss to ,3.5% and the threshold to ,65 mW of average
pump power.

Tuning was accomplished in several ways. Because
of the large phase-matching bandwidth, simply chang-
ing the cavity length, at a constant crystal temperature
and pump wavelength, resulted in tuning over more
than 150 nm, limited by the output coupler bandwidth.
Using multiple output couplers and changing the crys-
tal temperature, which was always maintained above
75 ±C, made it possible to tune over the entire band-
width of the cavity mirrors. We also tuned the OPO
either by changing the pump wavelength or by adjust-
ing the noncollinear angle between the signal and the
pump beams.

At long idler wavelengths, which experienced sig-
nificant absorption within the crystal, the spatial
modes of the second harmonic of the signal and the
pump beams showed effects from thermal lensing.
Photorefractive damage was also evident when appre-
ciable levels of signal second harmonic were gener-
ated in the blue region of the visible spectrum.
When operating with the signal in the 1.1–1.5-mm
region, we did not observe thermal lensing or pho-
torefractive problems.

As is common with fs OPO’s, in addition to the
signal and the idler beams we also observed beams
at several visible wavelengths corresponding to dif-
ferent combinations of second-harmonic generation,
sum-frequency generation, and difference-frequency
generation. When either second-harmonic genera-
tion from the signal or sum-frequency generation
from pump and signal was quasi-phase matched by
a higher-order wave vector from the QPM grating,
the average power levels in these visible beams were
of the order of 10% of the average pump power. We
observed second-, third-, and fourth-order QPM of
the second harmonic of the signal. For the sum
frequency of pump and signal we observed third-,
fourth-, and fifth-order QPM. Third-order QPM of
the sum frequency of pump and signal was recently
observed16 in a picosecond PPLN OPO.
In conclusion, we have demonstrated an all-solid-
state-pumped high-repetition-rate broadly tunable
mid-IR femtosecond optical parametric oscillator based
on quasi-phase matching in periodically poled lithium
niobate. The idler was tunable from approximately
1.7 mm to beyond 5.4 mm, with more than 20 mW of
average power at 5.4 mm. We used interferometric
autocorrelation to characterize the mid-IR pulses,
which typically had a duration of ,125 fs. When
operating closer to degeneracy, this OPO had a low
threshold, a slope efficiency of ,60% for the signal
beam, and a maximum pump depletion of more than
85%. We also observed efficient generation of visible
pulses owing to higher-order QPM of second-harmonic
and sum-frequency generation in the PPLN crystal.
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