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Abstract We present a stable, high-power, fiber-laser-
pumped, continuous-wave (cw), singly resonant optical
parametric oscillator (SRO) for the mid-infrared in an
output-coupled (OC) configuration, providing 17.5 W of
total output power at 61% extraction efficiency. Using a
single-frequency, cw Yb fiber laser at 1064 nm and a
50-mm-long MgO:PPLN crystal, through optimization of
signal output coupling we generate up to 9.8 W of sig-
nal power in the near-infrared together with 7.7 W of idler
power for 28.6 W of pump, while in the absence of output
coupling, 8.6 W of idler power is generated for the same
pump power at 30% efficiency. The SRO is tunable over
360 nm in the idler range. The deployment of signal out-
put coupling results in a total tuning of 513 nm (120 nm of
signal, 393 nm of idler) over which watt-level output power
can be extracted. Through careful control of thermal effects
we achieve a long-term peak-to-peak idler power stability of
5% over 14 hours near room temperature. The output beams
have TEMy spatial profile with M2 < 1.28 for the idler and
M? < 1.37 for the signal.

1 Introduction

Continuous-wave (cw), singly resonant optical parametric
oscillators (SROs) have been established as viable sources
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of high-power, widely tunable radiation in the near- to mid-
infrared (IR) for a variety of applications such as spec-
troscopy and trace gas sensing [1]. When combined with
the recent advances in fiber laser technology, they offer a
viable route to the realization of compact, portable, robust,
and cost-effective sources, potentially capable of providing
multiwatt output powers at high efficiency. Earlier efforts on
the development of cw SROs have exploited the most widely
established quasi-phase-matched nonlinear material, period-
ically poled LiNbO3 (PPLN) and MgO:PPLN [1-9]. In cw
SROs, various wavelength tuning protocols have been im-
plemented and are by now well-established. Coarse wave-
length tuning can be obtained by changing the grating pe-
riod [6] or varying the temperature of the nonlinear crys-
tal [7], while continuous, mode-hop-free, fine tuning can
be achieved by using an etalon in the cavity [6]. Rapid and
continuous mode-hop-free tuning of up to 110 GHz around
3.4 um has also been demonstrated by tuning a diode-
amplified fiber pump laser [8]. Another tuning method based
on the use of a diffraction grating has also been recently re-
ported [9]. On the other hand, the attainment of high optical
powers in the near- and mid-IR remains an experimentally
challenging task, essentially due to heavy thermal loading
of the nonlinear crystal resulting from the high intracavity
signal power at increased pump powers. This can lead to
effects such as thermally induced optical bistability [3], sat-
uration, and subsequently a substantial drop in efficiency,
thus limiting the available output power [4]. To date, a max-
imum of 10 W of idler at 3 um from 50 W of pump at
20% efficiency has been achieved in a cw SRO [2]. In order
to increase the extraction efficiency, various schemes such
as signal output coupling [5, 11] and intracavity frequency
doubling [12] have been employed to minimize thermal ef-
fects, hence retaining high output power. Implementation of
output coupling has also extended the tuning range together
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Fig. 1 Experimental setup for Yb fiber-laser-pumped, high-power
cw OC-SRO based on MgO:PPLN crystal. FI: Faraday isolator, 1/2:
half-wave plate, PBS: polarizing beamsplitter, L: lens, M: dichroic mir-
ror

with improved extraction efficiency up to 59%, resulting in
a total power of 8.6 W (5.1 W signal, 3.5 W idler) for 15 W
of pump power [5]. Hence, optimization of output coupling
becomes a critical issue for power scaling of cw SROs to
multiwatt levels, while maintaining output stability and ex-
traction efficiency.

Here we describe a stable and high-power cw SRO for
the near- to mid-IR based on MgO:PPLN, which can pro-
vide as much as 17.5 W of total power (9.8 W signal, 7.7 W
idler) at an overall extraction efficiency of 61%, by deploy-
ing optimized signal output coupling. The cw SRO delivers
an idler power with a peak-to-peak power stability of 5%
over 14 hours in a TEM,, spatial profile. We also compare
the performance of the device with the conventional cw SRO
in the absence of signal output coupling. To the best of our
knowledge, this is the highest total power and good long-
term power stability, achieved to date from a cw OPO based
on MgO:PPLN.

2 Experimental set-up

A schematic of the experimental setup is shown in Fig. 1.
The pump source is a cw, single-frequency Yb fiber laser
(IPG Photonics, YLR-30-1064-LP-SF), delivering up to
30 W at 1064 nm in a linearly polarized beam of 4 mm di-
ameter in TEMy spatial mode (M 2 < 1.01), with a nominal
linewidth of 89 kHz. In order to maintain stable output char-
acteristics, the laser is operated at maximum power and a
combination of a half-wave plate and polarizing beamsplit-
ter is used as variable attenuator. A second half-wave plate
controls the polarization for phase-matching in the nonlin-
ear crystal. The nonlinear crystal is a 50-mm-long, 1-mm-
thick, 5% MgO:PPLN with five grating periods (A =29.5 to
31.5 um, in steps of 0.5 um). The crystal is housed in an oven
with a stability of +0.1°C, which can be tuned from room
temperature to 200°C. The SRO cavity is a symmetric ring,
comprising two concave mirrors, M1 and M, (r = 150 mm),
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Fig. 2 Variation of extracted signal (1627 nm) and idler (3070 nm)
power with OC transmission. Inset: Variation of threshold pump power
with OC transmission

and two plane mirrors, M3 and My4. All mirrors have high re-
flectivity (R > 99%) over 1.3—1.9 um and high transmission
(T > 90%) over 2.2—4 um, ensuring singly resonant oscil-
lation. Out-coupled SRO (OC-SRO) operation is achieved
by replacing mirror My by a suitable output coupler (OC)
across 1.6—1.7 um. The pump beam is confocally focused to
a beam radius of 63 um (£ ~ 1) at the center of the crystal.
The cavity design ensures optimum overlap of pump and
resonant signal at the center of the crystal (bp = bs), with a
signal waist radius of 76 um. A dichroic mirror, M, separates
the generated idler from the pump.

3 Results and discussion

To study output power characteristics, the oscillator is ini-
tially configured as a SRO, and investigations of optimal
out-coupling are performed by employing different OCs
with signal transmissions from T ~ 3% to 6%. Figure 2
shows the simultaneously extracted idler and signal power
from the OC-SRO for different OCs at a maximum available
pump power of 28.6 W. The measurements were performed
at the center of the tuning range for (A = 31 pm, 100°C). As
is evident from the plot, an increase in OC transmission from
3% to 3.8% results in a rise in signal power from 7.8 W to
9.8 W, without significant compromise in idler power. Fur-
ther increases in OC transmission result in the drop in sig-
nal and idler power to 7.7 W and 6 W, respectively, at 6%
output coupling. As a consequence of increased output cou-
pling, the OC-SRO threshold increases from 7.2 W at 3% to
15.4 W at 6% (inset, Fig. 2), and the intracavity signal power
estimated from the OC transmission varies from 259 W
(T ~3%) to 129 W (T ~ 6%). For optimal output coupling
of ~3.8%, a maximum signal power of 9.8 W (at 1627 nm)
together with 7.7 W of idler (at 3070 nm) is extracted for
28.6 W of input power at a pump depletion of 69.4%. Un-
der this condition, the OC-SRO threshold is 10.5 W. So, the
available pump power enables OC-SRO operation at ~2.74
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Fig. 3 (a) Total extracted output power as a function of pump power
from SRO and OC-SRO. (b) Power scaling of signal and idler in
OC-SRO at a temperature of 100 pC, A =31 pm

times threshold where a maximum pump depletion is theo-
retically predicted [13, 14], confirming that this is the opti-
mum output coupling for our device. We investigated power
scaling of the optimal OC-SRO (T ~ 3.8%) compared with
the SRO, for the same grating period (A =31 um, 100°C),
as shown in Fig. 3(a). For the SRO, an idler power up to
8.6 W was obtained at 3061 nm for 28.6 W of pump at
30% extraction efficiency, with a threshold of 3.6 W and
a pump depletion of 79%. No saturation of idler power was
observed at this power level. On the other hand, with the op-
timal OC-SRO, we were able to generate a total power of
17.5 W (9.8 W signal at 1627 nm, 7.7 W idler at 3070 nm)
at an overall extraction efficiency of 61%. Figure 3(b) shows
the simultaneous power scaling of signal and idler in the
OC-SRO. Given a pump depletion of 69.4%, this means that
88% of the down-converted pump is successfully extracted
as output. We monitored the signal wavelength using a spec-
trum analyzer with a resolution of 0.1 nm. In SRO opera-
tion at higher pump power level, together with the peak at
the expected signal wavelength, we also observed additional
spectral components red-shifted towards the longer wave-
length by nearly 12 nm, but we did not observe any blue-
shifted peaks. For example, when pumping at the maximum
power of 28.6 W, a signal wavelength of 1631 nm and an
additional peak at 1643 nm were observed at 100°C for a
grating period of 31 um. The observed additional spectral
components are attributed to Raman lasing [5] or cascaded
nonlinear processes [10]. On the other hand, when operat-

ing in the OC-SRO configuration, no such additional spec-
tral components were observed, due to the significantly re-
duced intracavity signal intensity suppressing Raman lasing
and cascaded nonlinear effects below threshold. For exam-
ple, the estimated intracavity power reduces from >600 W
at 100°C, corresponding to a signal wavelength of 1631 nm
in the SRO, to 257 W in the OC-SRO for 3.8% OC at the
same temperature, corresponding to a signal wavelength of
1627 nm. Hence, no additional spectral components were
observed in the OC-SRO configuration. Given the lack of
a suitable interferometer in our laboratory, we were unable
to measure the linewidth of the signal and idler. However,
we measured the wavelength of the idler using a waveme-
ter (Bristol, 721B-MIR, resolution 0.001 nm) and observed
no variation in the measured wavelength over tens of sec-
onds, implying an idler linewidth narrower than the reso-
lution limit of the wavemeter. Given the single-frequency
nature of the fiber laser pump source with typical linewidth
of 100 kHz, we expect the generated signal and idler waves
from the OC-SRO to also be single-mode, which is an es-
sential requirement for spectroscopy and trace gas sensing.
However, further confirmation of the single-frequency na-
ture of the OC-SRO output requires a suitable high resolu-
tion scanning Fabry—Pérot interferometer.

We also characterized the output power of the SRO and
OC-SRO across the full tuning range by varying the tem-
perature of the MgO:PPLN crystal. In the SRO, by chang-
ing the temperature from 55°C to 200°C, we generated idler
wavelengths across 3147-2787 nm, providing a total tun-
ing of 360 nm, as shown in Fig. 4(a). For a pump power
of 28.6 W, idler powers >7 W and pump depletions >65%
were recorded over almost the entire tuning range, except
for a drop in the idler power around 2.8 pum, corresponding
to the OH™ absorption in MgO:PPLN. However, we were not
able to tune the device down to room temperature, because
of heavy thermal loading of the crystal.

In the OC-SRO, by employing an OC of T ~ 3-5% in
1.6-1.7 pm range, idler tuning over 3196-2803 nm together
with signal tuning across 1594—1714 nm was obtained, en-
abling room-temperature operation of OC-SRO at 31°C with
a total power of 15.7 W (9.1 W of signal at 1594 nm, 6.6 W
of idler at 3196 nm), as shown in Fig. 4(b). Thus, the use
of output coupling extended the idler wavelength range by
33 nm compared to SRO. Using the OC-SRO , we were also
able to extract signal powers from 9.1 W at 1594 nm (31°C)
to 7.3 W at 1714 nm (200°C), with the corresponding idler
power varying from 6.6 W at 3196 nm to 5.6 W at 2803 nm.
The OC values were not optimized at each wavelength, so
still higher powers across the tuning range are expected. The
drop in signal and idler power at higher temperatures is due
to the lower OC transmission for the corresponding wave-
lengths and the dip around 2.8 um is again due to the OH"
absorption in MgO:PPLN. Hence, output coupling not only
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Fig. 4 Output power and temperature tuning range of (a) SRO idler,
(b) OC-SRO idler, and (¢) OC-SRO signal with ~3-5% output cou-
pling

increases the overall extraction efficiency and helps manage
thermal effects, but also extends the tunability of the device.
Also observed is a significant shift in idler wavelength gen-
erated in the OC-SRO compared to that at a similar temper-
ature in SRO, which confirms the effect of crystal heating
in the SRO and its efficient management by optimal output
coupling in the OC-SRO. For example, near 100°C, the idler
wavelength is measured as 3061 nm and 3070 nm in the SRO
and OC-SRO, respectively, indicating an increase of 9 nm in
the idler wavelength in the optimal OC-SRO (T ~ 3.8%)
compared to SRO. This corresponds to a temperature drop
of ~5°C in MgO:PPLN, as calculated from the Sellmeier
equations [15].

We also investigated the power stability of the device
in the two configurations at the maximum generated idler
power. For the SRO, at a temperature of 100°C (idler at
3061 nm), we measured a stability of 17.4 % over 1 hour.
For the OC-SRO, at a temperature 100°C (idler at 3070 nm),
we recorded a peak-to-peak stability of 13.6 % over 1 hour.
However, in the OC-SRO, at a temperature of 44°C (idler
at 3174 nm), we measured a long-term peak-to-peak stabil-
ity of 5% over 14 hours at 7 W of idler power, as shown
in Fig. 5. The corresponding stability in the fiber pump
laser was measured to be 0.5% over 10 hours. We attribute
the improved stability of the OC-SRO at 44°C to the bet-
ter temperature control of the nonlinear crystal. It was ob-
served that the smaller the difference between the set oven
temperature and the ambient temperature, the better the sta-
bility of the oven. Therefore, maintaining a constant oven
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Fig. 5 Long-term power stability and far-field spatial profile of the
idler beam from OC-SRO at 44°C corresponding to 3174 nm

temperature at a high temperature is more difficult than that
close to room temperature. We believe this is the main rea-
son for improved power stability close to room temperature.
We did not observe any degradation in power stability or
output beam quality over the measurement period, thus con-
firming the absence of photorefractive damage in the crys-
tal even at such high power levels. We can thus conclude
that the improvement in power stability is due to better con-
trol of crystal temperature close to room temperature, con-
firming another important advantage of the OC-SRO. It has
been shown that, by careful thermal control of the nonlinear
crystal, long-term power stability can be achieved without
the need for an intracavity etalon or actively stabilizing the
OPO with an external reference cavity [4]. Hence, similar
improvement in the power stability is also to be expected by
employing a temperature controller with stability better than
40.1°C or by using a thermo-electric cooler. In the SRO
configuration, the minimum operating temperature could not
be reduced below 55°C due to the heavy thermal loading
of the crystal in the absence of signal output coupling. We
measured the quality factors of the output beam from the
OC-SRO, where we obtained M7 ~ 1.28 and M7 ~ 1.22
for the idler at 3070 nm and M7 ~ 1.29 and M7 ~ 1.37 for
the signal at 1627 nm. For the SRO, we obtained Mf ~1.3
and M 3 ~ 1.22 for idler at 3061 nm. We attribute the larger
M? value for the signal to the stronger impact of the ther-
mal lens on the signal beam quality than that of the idler.
The thermal lens itself is caused primarily by the absorp-
tion of the high intracavity signal field, although absorption
at pump and idler wavelengths cannot be completely ruled
out. Since the signal is a resonant mode of the SRO cavity, it
is expected to be highly sensitive to small changes in mode-
matching with the pump, as well as changes in the cavity
stability conditions caused by the intracavity thermal lens
formed in the crystal. On the other hand, the idler is gener-
ated in a single pass through the crystal as a result of mixing
between the single-pass pump and the resonant signal beam.
As such, the effect of the thermal lens is expected to be less
detrimental to the quality of the idler beam than that of the
signal, and so the impact on the M? value of idler is not
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as severe as that on the M? value of the signal beam. Also
shown in the inset of Fig. 5 is the spatial profile of the idler
beam from the OC-SRO at 44°C and at 7 W, measured at a
distance of 1 m away from the output, using a pyroelectric
beam profiler. The measurement confirms a TEMgq spatial
mode.

4 Conclusions

In conclusion we have demonstrated a stable, high-power,
fiber-laser-pumped, cw optical parametric oscillator in the
OC-SRO configuration, which can provide 17.5 W of power
in the near- to mid-IR infrared at an external efficiency of
61%, with nearly 90% of down-converted pump power ex-
tracted as useful output. This compares with a total output
power of 8.6 W at 30% extraction efficiency in the SRO
configuration. The OC-SRO provides 513 nm of total use-
ful tuning (idler plus signal) compared with 360 nm (idler
only) in the SRO, can operate down to 44°C, delivers TEMyg
beam quality, and exhibits long-term power stability of 5%
over 14 hours. Further improvements in power and stability
are possible by optimizing output coupling across the tuning
range and providing better isolation from mechanical vibra-
tions.
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