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Tunable, continuous-wave single-resonant optical parametric
oscillator with output coupling for resonant wave∗

Xiong-Hua Zheng(郑雄桦), Bao-Fu Zhang(张宝夫), Zhong-Xing Jiao(焦中兴)†, and Biao Wang(王彪)‡

The School of Physics and Engineering, Sun Yat-sen University, Guangzhou 510275, China

(Received 4 June 2015; revised manuscript received 25 July 2015; published online 30 November 2015)

We present a continuous-wave singly-resonant optical parametric oscillator with 1.5% output coupling of the reso-
nant signal wave, based on an angle-polished MgO-doped periodically poled lithium niobate (MgO:PPLN), pumped by a
commercial Nd:YVO4 laser at 1064 nm. The output-coupled optical parametric oscillator delivers a maximum total output
power of 4.19 W with 42.8% extraction efficiency, across a tuning range of 1717 nm in the near- and mid-infrared region.
This indicates improvements of 1.87 W in output power, 19.1% in extraction efficiency and 213 nm in tuning range exten-
sion in comparison with the optical parametric oscillator with no output coupling, while at the expense of increasing the
oscillation threshold by a factor of ∼ 2. Moreover, it is confirmed that the finite output coupling also contributes to the
reduction of the thermal effects in crystal.

Keywords: continuous wave, frequency conversion, optical parametric oscillators, output coupling
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1. Introduction
High-power, continuous-wave (cw) optical paramet-

ric oscillators (OPOs) are excellent coherent light sources
for various applications including trace gas detection,[1,2]

high-resolution molecular spectroscopy[3,4] and optical
radiometry,[5] which require a combination of high spectral
resolution and broadband wavelength tunability in the impor-
tant infrared (IR) spectral region of 1–4 µm wavelength. Al-
though doubly and triply resonant OPOs can be operated with
lower pump threshold (1–100 mW), singly resonant OPOs
(SROs) have been more widely used as infrared sources be-
cause of their advantageous conversion efficiency, stability
and tuning properties.

With the development of periodically poled crystals as
parametric materials and high power diode-pumped solid-state
laser (DPSSL) or fiber laser as pump sources, various cw
SROs with high performance in efficiency, stability, tunability
and other characteristics have been demonstrated.[6–8] In a typ-
ical SRO, the cavity loss of the resonant signal wave is consid-
ered to be as low as possible to minimize the threshold, while
maximum output coupling for the non-resonant idler wave is
provided to ensure the singly resonating and achieve highest
power extraction. In these cases, however, the signal wave is
inaccessible. To extract the resonant signal wave, with non-
linear crystals such as PPLN that possesses a large effective
nonlinear coefficient, conditions can be somewhat relaxed and
finitely coupling out the signal is tolerated.[9,10] Recently, Li

et al. obtained 6.2 W of signal at 1.56 µm at an extraction
efficiency of 42.8% from a double-pass-pumping SRO by em-
ploying a 2.5% output coupler.[11] The finite output coupling
of the resonant signal wave not only increases the extraction
efficiency in the near-IR, but also greatly reduces the intracav-
ity intensity, and hence the thermal effects.

Here, we portray a cw SRO with finite signal output cou-
pling, and a typical cw SRO with no output coupling for
comparison. Both of them are based on an angle-polished
MgO:PPLN in a four-mirror unidirectional ring cavity, pro-
viding high conversion efficiency and wide tunability in the
near- and mid-IR. Performances of both configurations with
regards to oscillation threshold, idler and signal output power,
extraction efficiency, and useful tuning range are presented. A
comparative analysis of the thermal effects in the MgO:PPLN
crystal induced by the absorption of the intense resonant signal
wave is also performed.

2. Experimental setup
As depicted in Fig. 1, the SRO in our experiment is

pumped by a commercial cw Nd:YVO4 solid-state laser
(Bavarian Photonics, DPSSL-1064-8-V), delivering stable
output power up to 9.8 W at 1064 nm with a 0.8-mm diameter
in TEM00 spatial mode (M2 ∼ 1.2). The pump beam is confo-
cally focused to yield a beam waist of ∼50 µm inside the crys-
tal by a single lens ( f = 75 mm), corresponding to a focusing
parameter of ξp ∼ 1.6. The optical cavity is a four-mirror bow-
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tie ring configuration, essentially identical to that used in the
early work of Bosenberg et al.[12] and various others. The cav-
ity comprises two concave mirrors, M1 and M2 (r = 100 mm),
and two plane mirrors, M3 and M4. In SRO, all mirrors are
highly reflective at the signal wavelength (R > 99.9%) and
highly transparent for the pump (R < 2%) and idler (R < 5%),
ensuring the pure single resonance inside the cavity. While in
output-coupled SRO (OC-SRO), the configuration is identical
to the SRO, except for the replacement of mirror M4 with an
output coupler at the signal wavelength (T ∼ 1.5%). The non-
linear crystal is a 5% doped MgO:PPLN (HC Photonics Inc.)
with a dimension of 50×8.6×1 mm3, containing 7 separated
gratings with poling periods from 28.5 µm to 31.5 µm in steps
of 0.5 µm. Both end faces of the crystal are broadband anti-
reflection coated to avoid residual etalons, and one of them
is angle-polished (0.7◦). The crystal is housed in an oven of
which the temperature can be stabilized within ±0.1 ◦C rang-
ing from room temperature to 200 ◦C. The resonant signal in
the cavity has a beam radius of 72 µm in the center of the crys-
tal, corresponding to a focusing parameter of ξs ∼ 1.2, slightly
deviating from ξp. A dichroic mirror, M, separates the gener-
ated idler output from the residual pump and signal radiation.

L

M

M2

pump

idler

M3
M4/OC

MgO:PPLN

(in oven)

M1

signal

cw 1064 nm
Nd:YVO4

Fig. 1. (color online) Schematic of the cw SRO based on MgO:PPLN in
a bow-tie ring cavity. L: lens, M: dichroic mirror, OC: output coupler.

3. Results and discussion

We investigate the power scaling of both configurations
for comparison. The measurements are performed at a crys-
tal temperature of 90 ◦C for the same grating period (Λ =

31.0 µm). For the SRO, as shown in Fig. 2(a), an idler
power of 2.05 W is obtained by scaling the pump power up
to 9.8 W, indicating an extraction efficiency of 20.9%. In con-
trast, the measured correlation between extracted power and
pump power for OC-SRO is shown in Fig. 2(b). At a maxi-
mum pump power of 9.8 W, 1.83 W of idler power is obtained,
corresponding to an extraction efficiency of 18.7%. While the
1.5% transmission of the output coupling at the signal wave-
length extracts a maximum signal power of 2.25 W, corre-
sponding to an extraction efficiency of 23%. The OC-SRO
shows a slight reduction in idler power, but a total extraction
efficiency of 41.7% is available, indicating an improvement of
20.8% in comparison with the SRO.
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Fig. 2. (color online) Curves of extracted power versus pump power at
Λ = 31.0 µm, T = 90 ◦C for MgO:PPLN in SRO (a) and OC-SRO (b).

Given the threshold of 2.6 W in SRO, the sum of all resid-
ual losses for the signal wavelength inside the cavity is esti-
mated to be 1.8% according to Ref. [13]. On the other hand,
the threshold of the OC-SRO is 4.9 W. Taking the output cou-
pling loss as 1.5%, the sum of all residual losses is estimated
to be 1.9%, which is almost the same as the one in SRO. This
is reasonable since the only difference between the two con-
figurations lies in the output coupler. Such a high residual
loss for the signal wave is believed to stem from the imper-
fect coating of the cavity mirrors and crystal end faces, and
the crystal absorption as well. The signal wavelength is mea-
sured to be 1628.6 nm and 1625.9 nm in the SRO and OC-SRO
(shown in the insert of Fig. 2), respectively, implying a temper-
ature deviation of ∼ 3.5 ◦C in MgO:PPLN, as calculated from
the Sellmeier equations.[14] This temperature drop in OC-SRO
is mainly attributed to the output coupling of resonant signal,
which greatly reduces the crystal absorption of signal power.

Broadband tunability is available in both configurations
by taking advantage of the multi-period PPLN together with a
temperature-controlled oven. By changing the grating period
in steps of 0.5 µm, coarse wavelength tuning can be obtained;
fine tuning can be achieved by scanning the temperature of
the PPLN in small steps. According to the theoretical tuning
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curves calculated from the Sellmeier equations,[14] when the
crystal temperature changes from 30 ◦C to 170 ◦C, the tun-
ing ranges of the different grating periods overlap. Therefore,
continuous wavelength tuning of the output idler in the mid-
IR region can be achieved. Figure 3(a) shows the generated
idler power across the tuning range in SRO when the pump
source operates at a maximum output power of 9.8 W. The
OPO is successfully tuned from 2644 nm to 4148 nm with the
idler power above 1 W over more than 80% of the 1504-nm-
wide tuning range. The leaked-out signal power is ignored.
The maximum idler power of 2.32 W is obtained at 2644 nm
(Λ = 31.5 µm, T = 130 ◦C), indicating an extraction effi-
ciency of 23.7% from pump to idler. The output power of idler
versus wavelength shows a tendency of gently ramping down
towards longer wavelength, due to the fact that the parametric
gain experiences a reduction when tuning away from degen-
eracy. A distinct drop in the idler power around 2.83 µm is
explained by the OH− absorption in MgO:PPLN, while most
power drops above 4 µm are also attributed to the significant
idler absorption at longer wavelength in LiNbO3 due to multi-
phonon absorption. The cause of power drop at 3.97 µm is
unknown and probably due to the thermal effects and absorp-
tion loss of PPLN.

In the OC-SRO, output powers of extracted idler wave
over the tuning range together with the corresponding signal
wave are characterized in Fig. 3(b). Note that unlike the case
of SRO where we restored the maximum output power at any
operation point of the scan, no realignment is performed dur-
ing the scan in OC-SRO. This means that the cavity alignment
may change when the crystal periods are transformed or the
crystal temperature is varied, which is ascribed to the fact that
the crystal is 0.7◦-wedged polished and the crystal refractive
index is temperature dependent. However, the idler power in
OC-SRO is qualitatively consistent with the SRO. Both idler
power and signal power gently ramp down towards longer
wavelength due to the reduction of parametric gain. Power
dips at 2.83 µm and ∼4 µm are again observed and result from
the crystal absorption. With the 1.5% output coupling at the
resonant signal wave in OC-SRO, idler power above 1 W over
80% of the 1388-nm tuning range from 2664 nm to 4052 nm,
and signal power above 1 W over 80% of the 329-nm tuning
range from 1443 nm to 1772 nm are available. The output cou-
pling leads to an increase of threshold, and hence a partial de-
crease in idler power. However, signal power up to 2.57 W at
1519 nm is extracted out of the cavity. The maximum total out-
put power and extraction efficiency are now 4.19 W (1.89 W
idler at 3110 nm and 2.3 W signal at 1617 nm) and 42.8%,
respectively, implying an enhancement of 1.87 W in output
power and 19.1% in extraction efficiency.
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Fig. 3. (color online) Extracted power across the tuning range at a max-
imum pump power of 9.8 W for (a) SRO, (b) OC-SRO.

It is worth noting that in the SRO configuration, due to
the absence of signal output coupling, and hence the critical
thermal loading in the crystal, stable operation is unavailable
below 35 ◦C. In contrast, room-temperature operation at 30 ◦C
is possible in OC-SRO configuration, which means that the de-
ployment of output coupling can extend the tuning range of a
single period. However, in the case when the OC-SRO is tuned
above 4 µm (Λ = 28.5 µm, T < 120 ◦C), the 1.5% output cou-
pling loss together with the substantial residual loss leads to an
unacceptable rise in threshold, rendering OC-SRO operation
beyond the reach of our pump source. This accounts for the
decreasing of the idler tuning range in OC-SRO. Therefore, an
optimal output coupling is desirable, being a trade-off between
the extraction power and the rise in threshold. As theoretically
predicted, a maximum conversion efficiency is achieved for
pumping at (π/2)2 times of the oscillation threshold,[15,16] con-
firming that an output coupling of 1.5% is not optimal for our
device and higher output powers in OC-SRO can be expected.

4. Conclusions
In this work, we demonstrate that the OC-SRO configu-

ration shows significant enhancements in extraction efficiency
and useful tuning range over SRO with no output coupling, es-
pecially in the near-IR region. With finite output coupling of
the resonant signal wave, substantial signal power tunable in
a wide near-IR region is available for additional applications
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such as cascaded pumping of mid-IR OPOs, at the expense of
increasing the oscillation threshold and slightly decreasing the
idler power. In addition, the output coupling also contributes
to the reduction of thermal effects in crystal and thus is promis-
ing for high-power cw OPOs. Further improvement will be
focused on optimizing the output coupling across the tuning
range so that higher extracted powers and efficiencies are ex-
pected.
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