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Optical parametric oscillation in periodically
poled lithium niobate based on continuous-wave
synchronous pumping at 1.047 pum
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A singly resonant optical parametric oscillator is reported that uses a periodically poled LiNbO; crystal and

is synchronously pumped by a cw mode-locked 1.047-um Nd:YLF laser.
Mean output powers of 120 mW (90 mW) were obtained for the signal (idler) wave with an

1.67 t0 2.806 um.

Picosecond pulses were tunable from

overall slope cfficiency of 617 at a pump depletion of 75% when the oscillator was operating at three times

above threshold. © 1996 Optical Society of America

Periodically poled lithium niobate (PPLN) has a sig-
nificantly larger figure of merit than KTP and LiB305
even after length limitations imposed by group-velocity
dispersion are allowed for, thus suggesting its suita-
bility for use with short pulses. We recently achieved
operation of a synchronously pumped singly resonant
optical parametric oscillator (OPO) in PPLN, using
the second harmonic of a mode-locked Nd:YLF laser
as the pump.! By going to a PPLN crystal hav-
ing an appropriate (longer) period we were able to
demonstrate synchronously pumped parametric oscil-
lation, using ¢cw mode-locked Nd:YLF laser output as
the pump.? Temperature tuning of a single grating
has permitted coverage of the tuning range 1.67-—
2.806 um. With new grating periods and appropriate
mirror coatings, cw synchronously pumped operation
with tuning out to ~4.8 um should be feasible, as al-
ready demonstrated for a @-switched device.?

Using the fundamental Nd:YLF wavelength rather
than its harmonic as the pump has a number of
benefits in addition to the obvious ones of system
simplification and improved overall efficiency. By op-
erating the OPO at longer wavelengths we significantly
reduce the group-velocity mismatch among the pump,
signal, and idler waves, permitting the use of longer
crystals or shorter pulses. In these experiments we
use a 6-mm-long sample. However, in principle, for
our 2.8-ps-duration pump pulses the lengths could be
advantageously increased to ~20 mm, corresponding to
a group-velocity mismatch of ~114 fs/mm between the
pump and the signal/idler for degenerate operation,
with the signal and the idler at 2.094 um. The fact
that the material dispersion is negative for operation at
these longer wavelengths has the beneficial effect that
the use of prisms for intracavity group-velocity disper-
sion compensation can be avoided.® Because of this a
simpler resonator design can be used. and. in fact, we
use a three-mirror resonator, as shown in Fig. 1. The
longer grating period required in PPLN for quasi-
phase-matched operation also makes the grating
fabrication easier, permitting preparation of thicker
samples. as is required for the larger beam sizes asso-
ciated with longer samples and longer wavelengths.

04.16-9592/967171345-03810.00/0

Operation at longer wavelengths also reduces the
degree of photorefraction, as indicated by Myerset al.,’
so that greater average powers should be possible
before photorefractive damage is experienced. This,
together with the large nonlinearity of PPLN (we
have estimated an effective nonlinear coefficient
der > 16 pm/V for our sample) and noncritical phase
matching, makes it an interesting alternative to other
nonlinear materials such as KTiOA;0,, CsTiOA;0,,
RbTiOA50,, and KNbO; (Ref. 6) for the 1-5-um
range.

The experimental layout is shown in Fig. 1. The
output from the additive-pulse mode-locked Nd:YLF
laser (2.4-ps pulses, 105-MHz pulse repetition rate,
360-mW average power) passes through a Nd:YLF
double-pass amplifier stage pumped by a 3-W diode
laser, permitting amplification of the average power to
as high as 940 mW when required, with a slight in-
crease in pulse duration to 2.8 ps.! The OPO crystal
was an antireflection-coated (single-layer MgF, cen-
tered at 1.9 um), 6-mm-long, 0.5-mm-thick sample of
PPLN with a 30.5-um period and was produced by
electric-field poling.”® The crystal was mounted in
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Fig. 1. Experimental lavout: MI1. high reflector with
100-mm radius of curvature: M2. high reflector with
150-mm radius of curvature: M3. high reflector or output
coupler for the signal wave: APM. additive-pulse mode-
locked.
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Fig. 2. Second-harmonic (SH) versus fundamental wave-
length for 5th-order QPM. The dashed curve is a theo-
retical curve. For 6th-order QPM the curve has a similar
shape and is centered around 971 nm with a bandwidth of
0.22 nm.

an oven that permitted the PPLN crystal to be uni-
formly heated to as high as 200°C with a stabil-
ity of 20.1°C. Preliminary optical assessment of the
quality of the grating was made in fifth- and sixth-
order quasi-phase matching (QPM) by frequency dou-
bling of the output from a Ti:sapphire laser. The
good agreement between experimental and theoretical
phase-matching curves (Fig. 2) confirmed the excel-
lent uniformity of the grating over the full length of
the sample. From a comparison between experimen-
tal and theoretical d.; for the fifth- and sixth-order
QPM we estimated an average mark-to-space ratio of
43/517, which should provide a der in first-order QPM
greater than 95% of the theoretical value. This duty
cycle is consistent with the estimate obtained by visual
assessment of the grating.

The three-mirror resonator consisted of a tightly
focused region formed by mirrors M1 and M2, yielding
a waist size for the signal beam of 39 um. We mini-
mized the astigmatism by keeping the angle of
incidence on M1 small (<3°). The resonator was
completed by M3, a plane mirror that was either a high
reflector or an output coupler for the signal wavelength
and was mounted upon a linear translation stage,
permitting the fine-length tuning necessary for pulse
sychronization. The mirrors were coated to be highly
reflecting in the range 1.65-2.1 zm but provided 84%
transmission at 1.047 um. To ensure singly resonant
oscillation, the mirrors had >70% transmission in the
range 2.2-2.7 um, thus providing <0.8% round-trip
feedback for the idler in this range. The amplified
additive-pulse mode-locked output was focused within
the PPLN sample to a spot size of 33 um. With the
crystal temperature at 170 °C and all three mirrors
highly reflecting, the incident power threshold (in
the crystal) was 54 mW. This increased to 140 mW
for an output coupling of 8% at 1920 nm. From

these measurements we deduce an excess round-trip
loss (i.e.. other than output coupler transmission) of
5.4% at this wavelength. which increased to 8.3%
for a signal wavelength of 1804 nm. These values
show good consistency with the estimate of expected
signal/idler output powers based on the corresponding
observed pump depletion and the partition of this
energy between transmission loss and excess loss.
The excess round-trip loss is attributed mainly to
polishing imperfections and imperfection coatings on
the crystal (a perfect single-layer MgF; coating would
have 0.3% loss per surface). Actual threshold powers
agree well with numerical calculations based on these
known losses and the value of der = 16 pm/V.

We tuned the OPO from 1.67 to 1.96 pam for the sig-
nal wave and from 2.24 to 2.8 um for the correspond-
ing idler wave by changing the crystal temperature
from 60 to 190°C. Operation at shorter signal wave-
lengths was limited by the bandwidth of the mirrors,
as shownin Fig. 3. Ata crystal temperature of 170 °C
(As = 1920 nm) the slope efficiencies for the signal and
idler outputs were 35% and 26%, respectively. Signal
output power of as high as 123 mW was measured at an
incident pump power (in the crystal) of 500 mW. The
corresponding idler power was 92 mW. The pump de-
pletion (~70%) began to saturate when the OPO was
operating at 3.3 times above threshold, as shown in
Fig. 4. In addition to the signal output, there was also
~2 mW of 677-nm light output from sum-frequency
mixing of the pump and signal waves and ~5 mW
of 523.5-nm output from non-phase-matched harmonic
generation of the pump.

We measured the temporal characteristics of the
signal pulses by non-background-free autocorrelation,
using a 1.3-mm-thick critically phase-matched LiNbO4
crystal cut at § = 47°. The signal pulse duration (7ps)
fitted well to a sech? profile of duration 2.65 ps, as
shown in Fig. 5. From a measurement of the signal
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Fig. 3. Temperature tuning of the PPLN OPO. The solid
curve is calculated with the Sellmeier equations of Edwards
and Lawrence." The shaded area is the mirror bandwidth.
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Fig. 4. Output power and depletion versus crystal pump
power.
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Fig. 5. Autocorrelation of signal pulses at 1824 nm. The
dotted—dashed curve is a fit with a 2.65-ps sech? pulse
shape.

bandwidth (Av,) we calculate the product Ay, X 7,4 to
be 0.39, close to the transform-limited value of 0.32 for
sech? pulses.

The beam quality (M?) of the signal output was cal-
culated from a series of measured spot sizes at various
distances from the focal plane of a lens (f = 75 mm)
by use of slits and a PbS detector. The results yield
a value for M2 of 1.18, which indicates the lack of
any significant photorefractive damage. It should be
noted that operation of the PPLN at elevated tempera-
tures (Tcrysiat > 60 °C) seems to alleviate photorefrac-
tive damage, as noted by Myers et al.> The output
power stability of the OPO was excellent, with a peak-
to-peak noise of <5% (rms <3%), as measured from
dc to 2 kHz with a PbS detector over a 5-s time scale.
The low noise level can be attributed both to the low
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noise of the diode-pumped laser source and to the large
tolerance to cavity-length detuning 1 A/, of the PPLN
OPO. viz. Al.,. = 170 um at 3.3 times threshold and
1920 nm and A/, = 90 um at two times threshold
and 1804 nm.

In conclusion, we have demonstrated a highly ef-
ficient picosecond OPO based on PPLN and pump-
ing at 1.047 um. Singly resonant operation has been
achieved with low threshold as a result of the high
parametric gain of the PPLN crystal. These results
show that PPLN is already a serious candidate for use
with picosecond OPO’s working in the near-infrared
range. We can expect improvements in the perfor-
mance of the OPO by lowering the threshold through
the use of longer samples (as long as 20 mm) and by
reducing the excess cavity loss through better coatings
on the crystal or by using a crystal with Brewster sur-
faces. The latter has the advantage of minimal loss
for all three waves (e — e + e interaction) but has the
slight disadvantage of reduced parametric gain as a re-
sult of an elliptical spot in the sample. By fabrication
of gratings with different periods of domain reversal,
e.g., from 30.5 to 25 um, it will be possible to extend
our demonstrated wavelength tuning range, potentially
to cover 1.33-4.8 um. Furthermore, the pump power
requirements of such OPQ’s should be accessible by use
of diode-pumped mode-locked erbium-doped fibers as
the pump source,' thus promising a compact and low-
cost route to broadly tunable subpicosecond pulses.

This study was supported by the UK Engineering
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References

1. S. D. Butterworth, V. Pruneri, and D. C. Hanna,
in Conference on Lasers and Electro-Optics, Vol. 9 of
1996 OSA Technical Digest Series (Optical Society of
America, Washington, D.C., 1996), paper CThA1.

2. V. Pruneri, S. D. Butterworth, and D. C. Hanna, in
Advanced Solid-State Lasers, Vol. 1 of Topics in Optics
and Spectroscopy, S. A. Payne and C. R. Pollock, eds.
(Optical Society of America, Washington, D.C., 1996),
paper PD17.

3. L. E. Myers, R. C. Eckardt, M. M. Fejer, R. L. Byer, and
W. R. Bosenberg, Opt. Lett. 21, 591 (1996).

4. S. D. Butterworth, S. Girard, and D. C. Hanna, J. Opt.
Soc. Am. B 11, 2158 (1995).

5. L. E. Myers, R. C. Eckardt, M. M. Fejer, R. L. Byer,
W. R. Bosenberg, and J. W. Pierce, J. Opt. Soc. Am. B
11, 2102 (1995).

6. See the feature on optical parametric devices, J. Opt.
Soc. Am. B 12, 2084-2320 (1995 D. E. Spence, S.
Wielandy, C. L. Tang, C. Bosshard. and P. Giinter,

*  Appl. Phys. Lett. 68, 452 (1996).

7. J. Webjérn, V. Pruneri, J. R. M. Barr. P. St. J. Russell,
and D. C. Hanna, Electron. Lett. 30, $94 (1994).

8. V. Pruneri, R. Koch, P. G. Kazanskyv. W. A. Clarkson.
P. St. J. Russell, and D. C. Hanna. Opt. Lett. 20, 2375
(1995).

9. G. J. Edwards and M. Lawrence. Opt. Quantum
Electron. 16, 373 (1984).

10. J. D. Minelly. A. Galvanauskas. M. E. Fermann. D.
Harter, J. E. Caplen. Z. J. Chen. and D. N. Payne. Opt.
Lett. 20, 1797 (1995).




