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A continuous-wave, tandem optical parametric oscillator
(TOPO) based on a MgO-doped periodically poled LiNbO;
(MgO:PPLN) is demonstrated. Because the MgO:PPLN is
tandemly pumped by the OPO’s signal beam, it outputs
simultaneously two groups of signal and idler with a sin-
gle pump source. The entire range spans from 1398 to
1490 nm, 1914 to 2107 nm, 3720 to 4444nm, and 4849 to
5190 nm, which is limited by periods of the MgO:PPLN and
cavity mirror coatings. The TOPO, whose oscillation thresh-
old of pump power exceeds 7 W, can be easily triggered by
marginally increasing the pump power as long as the OPO
process occurs. The maximum idler powers are respectively
2.6 W (at 3896 nm) and 34 mW (at 4863 nm), and the cor-
responding signal powers are both nearly 100 mW. © 2024
Optica Publishing Group

https://doi.org/10.1364/0OL.511170

Mid-infrared (MIR) laser sources operating over 2 to 5 um have
been widely applied in various fields, such as gas monitoring
[1-3], molecular and chemical research [4], astronomy and cos-
mology [5], mass spectrometry imaging [6], and light detection
and ranging (LIDAR) system [7]. Benefiting from the capabil-
ity of broad wavelength tuning at MIR bands, optical parametric
oscillators (OPOs) have made their way out of the laboratory into
the commercial world. MgO-doped periodically poled LiNbO;
(MgO:PPLN) is a commonly used nonlinear frequency con-
version crystal due to its high effective nonlinear coefficient
[8] and damage threshold [9]. The transparency range of the
MgO:PPLN covers from the ultraviolet (UV) to MIR laser, but
its transmittance drops sharply above 4.8 um [10-12]. Thus, the
performance of MgO:PPLN-based OPO at a long wavelength
range (>4.8 um) is severely limited by material absorption [13]
and Manley—Rowe relations [14].

Pumped by a laser with high pulse energy, OPOs can easily
generate a MIR laser near 5 um. By changing the wavelength of
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the femtosecond (fs) Ti:sapphire laser, the idler outputting from
a Ti:sapphire-pumped OPO was tunable above 5 um [11,15,16].
Especially at 6.8 um, the idler pulse duration of 100fs and
milliwatt-level average power could be achieved [16]. The
picosecond (ps) OPO provided an output power of 1.1 W at
4.5 um and was continuously tunable from 3 to 5 pm [12]. Com-
pared to ultrashort pulse OPOs, nanosecond (ns) OPOs typically
have a narrower wavelength tuning ranging from 2.8 to 4.8 ym
[17-22]. The longer wavelength requires higher pump power,
which is impracticable because the pump power is restricted by
the damage threshold of the MgO:PPLN. Fortunately, the ns
OPO’s tunability can be enhanced through a tandem parametric
process, namely tandem optical parametric oscillators (TOPOs)
[23,24]. Based on two MgO:PPLN crystals, ns TOPOs pumped
by a pulse laser could generate a cascaded idler near 5um
[25,26]. However, using multiple separate crystals increases
optical loss and requires a complex cavity design. In addition, ns
TOPOs could be realized by a single crystal, and its tuning range
reached 5.04 um [27]. Similar to ns OPOs, continuous-wave
OPOs (cw OPOs) are usually tunable below 4.8 pm [28-31]
because of a sharp rise [32] in the oscillation threshold at longer
wavelengths. A long-wave tuning range of cw MIR laser can be
obtained by TOPOs. However, a cw TOPO is difficult to realize
because of the complex cavity with multiple cavity mirrors and
the cw pump source with low peak power.

In this Letter, we present a cw TOPO with the capacity of
broad wavelength tunability. To simplify the experimental setup,
the OPO and the TOPO share the same four-mirror ring cavity.
The OPO is pumped by a fiber laser, and its intra-cavity signal
beam tandemly pumps the MgO:PPLN to realize the TOPO.
To reduce optical loss and match the mode of the cavity, a
single MgO:PPLN crystal is utilized to participate twice in the
frequency conversion to produce an MIR laser around 5 pm. The
cw OPO generates the idler wavelength region from 3720 to
4444 nm, and the corresponding signal wavelength ranges from
1398 to 1490 nm. The other beams are generated by the TOPO,
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Fig. 1. (a) Experimental setup of the OPO and the TOPO. They
share the same ring cavity and MgO:PPLN, but their pump sources
are YDFL and the signal beam (S;) of the OPO, respectively. YDFL,
Yb-doped fiber laser; L, », plano-convex lenses; M ,, high reflec-
tivity mirrors, Mj_¢, cavity mirrors; Myg, dichroic mirrors. (b)
Transmission curve for cavity mirrors, and a sharp rise appears
when the wavelength is beyond 2100 nm.

and their wavelength regions are from 1914 to 2107 nm and 4849
to 5190 nm. Under the pump power of 47 W, the idler of the OPO
at 3896 nm has a power of 2.6 W, and its corresponding signal
has a power of 118 mW (at 1462 nm). The other two beams are
centered at 4863 and 2091 nm with output powers of 34 and
81 mW, correspondingly.

The experimental setup of the OPO and the TOPO is shown in
Fig. 1(a). A linear-polarized cw Yb-doped fiber laser (YDFL),
as the pump source of the OPO, delivers a maximum power
of S0W at 1064.02nm with a waist size of 1.287 mm. After
passing through the fiber collimator, the YDFL is reduced to a
1/e* waist radius of 90 um by two plano-convex lenses, i.e., L.
It is located at the center of the nonlinear crystal to match the
mode of the OPO cavity. Plate mirrors (M, ,) are highly reflective
at 1064 nm for a 45° angle of incidence. The MgO:PPLN with
dimensions of 50 x 10 x 1 mm?® has ten grating periods, of which
five periods are used. It has been coated accordingly for anti-
reflective (T > 99%) surfaces at wavelengths of 1.064 um, 1.4 to
2.1 um, and 2.2 to 4.4 um. The crystal temperature is controlled
by a ceramic heating plate, and its position is mounted by a
linear translation stage. Similar to other cw OPOs [29,33], the
four-mirror ring cavity comprises two concave mirrors (M;4)
and two plate mirrors (Ms¢). M4 with a radius of curvature of
—100 mm are separated by a distance of 150 mm. The distances
from M; to M, and Mg are 105 and 55 mm, respectively. As
shown in Fig. 1(b), M; ¢ are highly reflective (R >99.8%) at
the range of 1.3 to 2.1 ym and transmissive (T > 99.5%) near
1.0 um and above 2.2 um. M; is used to separate the idler beams
from the residual pump beam and the leaking signal beams. M;
is used to separate the two signal beams. At low pump power,
the cavity is resonant at only the signal beam (S,) of the OPO.
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Fig. 2. Tunability of the setup. (a) TOPO’s idler wavelength and
(b) signal wavelength. (c) OPO’s signal wavelength acts as the pump
source of the TOPO. The lines and balls represent the calculated
and measured results, respectively.

Higher pump power can provoke oscillations of TOPO’s signal
beam (S,), which results from the high intra-cavity power of
S, pumping the MgO:PPLN tandemly. The waist sizes of S,
and S, estimated by the ABCD matrix are ~84 and ~100 um,
respectively. The focusing parameters of S; and S, are ~1.7,
which meets the requirement that they are equal to each other
and within the range of 1 to 7 [34].

In the MgO:PPLN with a single period A, there are two sep-
arate frequency conversion processes: 1/4,=1/4 + 1/4;; and
/A, = 1/A, + 1/4;,. Here, A is the wavelength; the subscripts
p, s, and i represent the pump, signal, and idler, respectively;
serial numbers 1 and 2 denote the primary frequency con-
version (OPO) and secondary frequency conversion (TOPO),
respectively. In addition, the optical wavevectors k and A sat-
isfy the equations k, — ks — ki = 270/A and ky — kp — kip = 270/A.
The signal and idler wavelengths at different grating periods
and temperatures can be calculated by SNLO (AS-Photonics,
LLC., NM, USA) [35]. Synchronizing the course-tuning of the
crystal’s grating periods with the fine-tuning of the crystal’s tem-
peratures enables the setup to emit wide near- and mid-infrared
radiation. Figures 2(a) and 2(b) show TOPQO’s idler wavelengths
(4818 to 5192 nm) and signal wavelengths (1911 to 2142 nm),
respectively. As shown in Fig. 2(c), the OPO’s signal acts as
the pump source of TOPO, of which the wavelength region is
1396 to 1485 nm. The idler of OPO with a range from 3758 to
4473 nm is omitted because the tuning curves of OPO have been
reported many times.

To characterize the tunability of the setup, the output spectra
of the signal and idler are measured by an optical spectrum
analyzer (AQ6375C, Yokogawa Canada, Inc.) and a Fourier
transform optical spectrum analyzer (OSA207, Thorlabs, Inc.),
respectively. When the crystal temperature is fixed at 40°C, the
signal spectra at different grating periods are shown in Fig. 3(a).
Similarly, Fig. 3(b) shows the idler spectra at different crystal
temperatures but with a fixed grating period of 27.6 um. The
idler spectra intensity of the OPO is higher than the TOPO’s,
and a longest wavelength up to 5190 nm is obtained. The sym-
metrical peaks near 4346 nm might result from the difference
frequency generating (DFG) between the Raman shift of S, and
the pump beam [33,36]. All data are shown as the balls in Fig. 2
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Fig. 3. Output spectra at the oscillation threshold of the pump

power. (a) Signal spectra at the crystal temperature of 40°C for

different grating periods. (b) Idler spectra at the grating period of
27.6 um for different crystal temperatures.

to verify the estimated values. Roughly speaking, similar trends
are observable between the theoretical and experimental results.
However, the deviation, which has also been discovered in other
published works [19,22], gradually increases with the eleva-
tion of the crystal temperature. At the grating period of 29 pm,
the signal of the TOPO above 100°C is missing because the
transmission above 2100 nm of cavity mirrors increases.
Figure 4(a) demonstrates the oscillation threshold of the
pump power for the OPO. Typically, the power threshold below
3900 nm declines significantly when compared to other wave-
lengths because of the lower absorption of the MgO:PPLN below
3900 nm. Besides, a huge loss of the signal around 1445 nm
due to the OH™ absorption [37] leads to a corresponding peak
around 4030 nm. As the wavelength increases beyond 4225 nm,
there is a slight decrease in the threshold due to a reduction
in the absorption coeflicient [12]. The balls in Fig. 4(b) show
the threshold of the pump power for the TOPO, which will
be reduced, even equal to the OPQO’s, if both the end faces
of the crystal are antireflection-coated (T >99%) at the band
region beyond 4800 nm. The TOPO can be easily triggered by
marginally increasing the pump power as long as the OPO pro-
cess occurs. When the S, of the TOPO starts to oscillate, we
measure the S; power leaking from Mg to estimate the intra-
cavity signal power, of which the experimental data is depicted
as triangles in Fig. 4(b). Because the intra-cavity signal power
increases when the pump power increases, it exhibits roughly
the same trend as the threshold of the pump power for the OPO.
At the period of 29 um, the oscillation threshold of the S; power
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Fig. 4. (a) Oscillation threshold of pump power for the OPO
in dependence on the idler wavelength. (b) Oscillation threshold of
pump power for the TOPO, and intra-cavity signal power of the OPO
that is estimated by measuring the signal power leaking from Mg.

for TOPO is ~10 W, which is in agreement with the theoretical
threshold power estimated by the formula for singly resonant
OPO [38].

At a fixed crystal temperature of 70°C and for a grating period
of 29 um, the output powers of the OPO and the TOPO are meas-
ured by a thermal power sensor (S425C, Thorlabs, Inc.). The
power scaling results as a function of the pump power are pre-
sented in Fig. 5. For the pump power of 47 W, the OPO generates
118 mW of signal power at a wavelength of 1462 nm, together
with 2.6 W of the idler power at a wavelength of 3896 nm. In
addition, the wavelengths of the signal and idler generated by the
TOPO are, respectively, 2091 and 4863 nm, corresponding with
maximum output powers of 81 and 34 mW. The primary per-
formance of the setup is broad wavelength tunability at the cost
of low optical-optical conversion. Higher power of the TOPO
might be obtained by using a crystal that is antireflection-coated
at related wavelengths. The M? factors of the idler beams along
the horizontal and vertical directions are, respectively, ~1.75 and
~1.93, which are estimated according to their diameters around
the beam waist.

In conclusion, we have shown that cw TOPOs based on the
MgO:PPLN can be used for obtaining MIR laser up to 5.19 um.
Although cw pump power with low peak power is difficult to
realize tandem frequency conversion, the intra-cavity signal of
the OPO provides gratification to the requirement of high power
for the TOPO. Using the intra-cavity signal to tandemly pump
the MgO:PPLN, the long-wave tuning range can be obtained
with a single pump source. Moreover, the OPO and the TOPO
share the same four-mirror ring cavity, which not only reduces
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Fig. 5. Output power of the OPO (red) and TOPO (blue). (a)
Signal power and (b) idler power. The grating period and the tem-
perature of the crystal are 29 um and 70°C, respectively. The signal
beams, passing through a dichroic mirror, are measured directly by
the power meter. The total power of the two idler beams is also
measured by the power meter, and their power ratio is measured by
the Fourier transform optical spectrum analyzer.

their oscillation thresholds but also simplifies the entire struc-
ture. Thanks to the coincidence that a single grating period meets
simultaneously the quasi-phase-matching (QPM) conditions of
the OPO and the TOPO, a single MgO:PPLN can participate
in the frequency conversion two times. Compared with multiple
crystals, a single MgO:PPLN is convenient for designing a cav-
ity and decreasing optical loss. In addition, the whole crystal can
offer efficient and robust frequency conversions for the OPO and
the TOPO, which is impossible for a tandem MgO:PPLN. The
setup outputs two idler beams spanning from 3720 to 4444 nm
and 4849 to 5190 nm together with two corresponding signal
beams, which are achieved by adjusting the temperatures and
grating periods of the MgO:PPLN. We obtain 2.6 W power
at 3896 nm and 34 mW power at 4863 nm. To further extend
the emission range and improve the output power, we plan to
redesign the crystals with other grating periods and customize
the cavity mirrors in the future.
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