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We report on a continuous-wave (cw) optical parametric oscillator (OPO) optimized for mid-infrared
emission above 5.0 um. The OPO is based on a magnesium-oxide-doped periodically poled LiNbO;
(MgO:PPLN) crystal with a fan-out grating design. A linear two-mirror cavity resonating both at the pump
and signal wavelengths is stabilized to the pump laser by using the modified Pound-Drever-Hall (PDH)
method. The idler wavelength is continuously tunable from 4.7 pm up to 5.3 pm by varying the poling
period of the fan-out grating crystal. Pumped by a diode-pumped solid state (DPSS) laser with a power
of 1.1 W at 1064 nm, the maximum idler output power is measured to be 5.3 mW at 4.8 um. The output
power above 5.0 pm is reduced to the hundreds of uW level due to increased absorption in the crystal,

but is stable and strong enough to be measured with a conventional detector.

Keywords : Optical parametric oscillator, Mid-infrared laser, PPLN crystals
OCIS codes : (190.4410) Nonlinear optics, parametric processes; (190.4970) Parametric oscillators and
amplifiers; (140.3070) Infrared and far-infrared lasers

I. INTRODUCTION

Since the first demonstration of the optical parametric
oscillator (OPO) in 1965 [1], a variety of OPOs have been
developed as a promising wavelength-tunable coherent light
source covering a wide range from ultraviolet (UV) [2] to
far-infrared [3]. In particular, the introduction of a quasi-
phase matching (QPM) technique based on periodically poled
nonlinear crystals [4] has accelerated the development in
the past two decades. Among others, the periodically poled
LiNbO; (PPLN) is established as the most efficient crystal
for OPOs in many aspects: high nonlinearity in the preferred
poling direction [5], easy and reliable fabrication of poling
by using high voltage pulse [4], easy engineering of period
pattern based on spatial masking [6], and availability of
high-quality crystals for various applications [7-9].

PPLN crystals are, in particular, well suited for the
continuous-wave (cw) OPOs, as the phase-matching can be
realized along a long crystal to reduce the oscillation

threshold [10]. Moreover, PPLN provides a promising
strategy for motor-controlled wide wavelength-tuning through
engineering of poling patterns such as a fan-out grating
design [11]. We are particularly interested in a cw OPO
tunable in a wide wavelength range in the mid-infrared,
where the molecular fingerprint of atoms and molecules
can be detected by high-resolution laser spectroscopy [12].
Recent mid-infrared studies have led to the urgent need for
the development of broadly tunable, narrow linewidth light
sources as the demand in remote sensing applications such
as defense science, biomedical spectroscopy, and gas
sensing increases rapidly [13-16]. For example, gas sensing
systems contain various absorption lines with a variety of
molecules, such as methane (CHy), carbon monoxide (CO),
trioxygen (Os), nitrogen dioxide (NO»), sulfur dioxide (SO,)
and formaldehyde (CH,O). In order to cover the fundamental
vibrational mode of these atmospheric constituents, a wide
wavelength tuning of a mid-IR light source must be
guaranteed [13, 14]. In the biomedical science, a molecular
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spectroscopy using tunable mid-infrared light sources can
be used for surgical and non-surgical operation [15]. In
addition to the atomic and molecular spectroscopic appli-
cations mentioned above, high transmittance bands of the
atmospheric gases also have prominent results in defense
science and earth observation [16]. In particular, since the
wavelength of the light emitted from the earth’s surface or
the missile contains the strong mid-infrared region, mid-IR
applications are very useful for monitoring distant objects
or features at night. In order to successfully perform gas
sensing and defense science, which are important applications
in the mid-infrared region, it is very important to develop
a multi-purpose light source that can adjust not only a
high absorption band but also a high transmission band.
Therefore, cw OPO can be a good solution to the demand
for mid-infrared light sources. However, obtaining a wave-
length longer than 4.0 pm from the cw OPO has been
limited due to the increasing absorption of PPLN above
4.0 pm, which results in the increased oscillation threshold
[17]. In addition, the stronger thermal effect of the PPLN
crystal in association with the stronger absorption can
prevent a cw OPO from stable operation at higher pump
power [18]. Despite such difficulties, cw singly resonant
OPOs (SROs) with ring cavity design have been reported
on the long wavelengths more than 5.0 pm. Those results
were achievable with multi-grating PPLN and high power
lasers of several watts [19, 20]. On the other hand, pump
resonant cavity design, so called pump-enhanced cavity,
has a benefit for achieving lower oscillation threshold with
excellent frequency tuning [21]. Based on a pump resonant
cavity scheme, tunable operation from 4.0 um to 5.26 um
of cw OPO was confirmed with multi-grating PPLN
pumped by hundreds of mW [22]. For a pulsed OPO, for
comparison, operation with a PPLN crystal is reported at a
wavelength as long as 7.3 pm [23].

In this work, we report on the direct measurement of
the idler wavelength above 5.0 um by using a Fourier-
transform infrared (FTIR) spectrometer and the output
power in step of pump power with a calibrated HgCdTe
detector. By using a 5 mol% magnesium-oxide-doped PPLN
(MgO:PPLN) crystal (HC photonics) with a fan-out poling
period from 24 pm to 28 pm, the idler wavelength of the
cw OPO is continuously tuned from 4.7 pm to 5.3 pm.
This scheme has the advantage that the wavelength tuning
can be performed faster than those of OPOs with multi-
grating PPLN, which causes wavelength tuning through
temperature control. Our strategy for extending the wave-
length range was to optimize the design of the OPO cavity
for the stable operation. We used a two-mirror linear cavity
that is resonant both for the pump and signal waves. Such
a pump-enhanced design is effective to achieve the low
oscillation threshold so that a pump laser with only moderate
pump power can be used [24, 25]. In this experiment, the
operating thresholds for producing long wavelengths more
than 5.0 pm were hundreds of mW. The moderate pump
power is advantageous to reduce the thermal effect by

absorption of the pump power in the crystal. After the
OPO oscillation, imperfect clampings of the intracavity
pump power result from the thermal effect [26, 27]. In
addition, the cavity stabilization is optimized for controlling
the instability induced by absorption of the long-wavelength
idler power. We applied the modified Pound-Drever-Hall
(PDH) scheme for cavity stabilization, which is modified
to directly modulate the pump laser frequency [28].

II. EXPERIMENTAL SETUP

The experimental schematics of the cw OPO oscillating
above 5.0 um is shown in Fig. 1. We used a cw diode
pumped solid state (DPSS) Nd:YAG laser (Mephisto,
Coherent) at 1064 nm as a pump source, with a linewidth
of 1 kHz and a maximum power of up to 1.1 W. The
unwanted optical feedback into the pump laser is blocked
by an optical isolator (ISO) placed in front of the laser.
The beam of the pump laser aligned by two high
reflectivity (HR) mirrors is incident into the OPO cavity
after passing through the half-wave plate (HWP). In order
to match the mode of the incident pump laser to the
resonant cavity mode, a lens L1 with focal length of 120
mm is used. Another lens L2 with focal length of 100 mm
collimates the emitted light from the cavity. Cavity mirrors
M1 and M2 made on zinc selenide (ZnSe) substrates have
the plano-concave shape with a radius of curvature of -50
mm and the high transmission at the idler wavelength (T >
85%). The concave side of input mirror Ml is coated for
high reflectivity (R>99%) for the signal wave and 5%
transmission for the pump wave. The output mirror M2
has 2% transmission for the signal wave and high reflectivity
(R>99%) for the pump wave. The backsides of the mirrors
have a wedged cut to avoid additional resonance induced
from the surface reflection of the pump and signal waves.
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FIG. 1. The experimental schematics of MgO:PPLN-based
mid-infrared continuous-wave OPO oscillating above 5.0
um: ISO, isolator; HR@ 1064, high reflectivity mirror at 1064
nm; BS, beam splitter; HWP, half-waveplate; L, lens; M,
mirror; DM, dichroic mirror; BSP, beam sampler; PD,
photodiode; PA, preamplifier; FTIR, Fourier-transform
infrared; HgCdTe, mercury cadmium telluride detector.
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The length, width and thickness of the fan-out PPLN crystal
used in our experiment are 40 mm, 16 mm and 0.5 mm,
respectively. The poling period of the crystal is able to
change from 24 pm to 28 pm continuously by mechanical
translation. In order to avoid the influence due to external
temperature changes during the experiment, the temperature
of the crystals was maintained at 40°C above room tempe-
rature. The dichroic mirrors DM1 and DM2 are designed
to separate the pump and signal waves, respectively, from
the idler wave transmitting the mirrors. DM1 has high
reflectivity (R>99%) for the pump wave and 99% trans-
mission for the signal wave. DM2 has high reflectivity
(R>99%) for the signal wave and high reflectivity (R >
95%) for the pump wave. Both dichroic mirrors have 85%
transmission for the idler wave.

To achieve the robust and stable operation of cw OPO,
we applied the modified PDH scheme for cavity stabili-
zation [28]. We notice that cw OPO stabilized by the
modified PDH technique shows very good performance for
power and wavelength stability. We utilized the frequency
modulation function of our pump laser, which contains a
piezo-actuator (PZT) on the laser crystal. The frequency-
modulated pump laser reflected from the cavity is detected
with an InGaAs photodiode (PD) and converted to a low-
noise voltage signal by a preamplifier (PA). After
demodulation of the converted signal using a lock-in
amplifier, the error signal for the PID controller is
obtained. The output signal from the PID controller is
amplified and fed back to the PZT attached on the
backside of the mirror M2 to vary the cavity length of the
OPO. After the robust cw operation is achieved, the idler
wavelength is monitored by using a FTIR spectrometer
and the idler output power is measured by using a
HgCdTe detector whose responsivity is calibrated. The
sampling light for the FTIR was guided by InF; optical
fiber. In order to block the residual signal and pump
waves, an additional long-pass filter was used in front of
the idler measurement devices.
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III. EXPERIMENTAL RESULTS

Figure 2 shows (a) the wavelength tuning curve calculated
using the temperature-dependent Sellmeier equation for a
MgO:PPLN crystal, and (b) the wavelength-tunable idler
spectra measured by using the FTIR spectrometer, combined
in steps of 100 nm [29]. From Fig. 2(a), the wavelength
of the idler is expected to be tunable from 4500 nm to
5500 nm by varying the poling periods from 24.5 pum to
273 pm. As shown in Fig. 2(b), we experimentally
confirmed the widely tunable idler spectra by changing the
fan-out designed period of the PPLN crystal from 24 pm
to 28 um. The spectral resolution of the FTIR spectrometer
used in this measurement was 0.25 cm™. The spectra in
Fig. 2(b) are normalized for better comparison at different
set wavelengths. We note that the noise floor of the idler
spectrum gradually increases as it approaches the limit of
the operation range of the spectrometer used. The measured
idler spectra in Fig. 2(b) show that our cw OPO is working
well in the single longitudinal mode and successfully tuned
up to a wavelength of 5.3 pm. Since the OPO cavity
stabilization is performed using the PDH method, the stable
idler spectra above 5.0 pm can be measured for a few
minutes. In addition, in order to avoid perturbations from
air convection and external vibration, the experimental setup
was isolated from the surrounding environment by wrapping
the optical table. Therefore, without external perturbation,
our cw OPO is expected to have long-term stability over
tens of minutes.

Figure 3 shows the measured output power characteristics
at the idler wavelength of (a) 4.9 pm and (b) 5.2 pm as
a function of the incident pump power. Each data point
was averaged 10 times with a calibrated HgCdTe detector.
The symbols represent the experimental data measured at
the pump power set in the increasing (square) and
decreasing (circle) order. The solid and dashed lines show
the theoretical prediction based on the best fit of the
conversion efficiency formula for a doubly resonant OPO

10

4600 4800 5000 5200 5400
Wavelength (nm)

Normalized output power (dB)

FIG. 2. (a) The calculated wavelength tuning curve with temperature dependent Sellmeier equation corresponding to the dispersion
relations for a 5 mol% MgO-doped congruent PPLN crystal. (b) The wavelength-tunable idler spectra measured by FTIR spectrometer
in steps of 100 nm. These spectra were obtained by changing the poling period of the fan-out grating MgO:PPLN crystal from 24 pm

to 28 pm.
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FIG. 3. Output power characteristics of the cw OPO at idler wavelength of (a) 4.9 um and (b) 5.2 um as a function of the pump power.
The symbols corresponding to squares and circles indicate the measured results with increasing and decreasing pump power,
respectively. Theoretical fittings resulted from the conversion efficiency formula using a Gaussian field were performed to the
experimental data for the case of increasing (solid line) and decreasing (dashed line) pump power.

(DRO) with Gaussian field [3]
4
n= (\/NDHO_IH\/NDRO_l)a (1)
Noro

where Npro is defined as the ratio Pp.,y/Pn of the incident
pump power P, and the threshold pump power Py. As
a result of the fit, we obtain the threshold pump powers
separately for pumping in the increasing and decreasing
order. We confirm that the output power shows the
bistability, which is observable in the cw OPOs with
strong thermal lensing effect [14, 30, 31]. Thermal lensing
effect is caused by the absorption of pump, signal and
idler that occur inside the nonlinear crystal. In our case, it
is assumed that the pump and signal waves are strongly
absorbed inside the crystal because the pump-enhanced
cavity is configured in the OPO setup. In addition, due to
the high absorption of idler wave inside the crystal in the
wavelength range above 4 pum, we expect that the absorption
of the idler also contributed to the thermal lensing effect.

Figure 4 shows the threshold pump power of the OPO
as a function of the idler wavelength in a range from 4.7
um to 5.3 um. The black filled square and circle symbols
correspond to the experimentally determined values for
pumping in the increasing and decreasing order, respectively,
as representatively shown in Fig. 3. We notice that the
threshold pump power for pumping in the increasing order
is generally higher than that for pumping in the decreasing
order. This result also seems to be caused by the thermal
lensing effect has been observed in other papers [30]. To
compare the experimentally determined results with the
theoretical expectation, we calculated the threshold pump
power based on two data sets of the OPO cavity mirrors:
the first set was the spectral transmission data provided by
the manufacturer (hollowed squares in Fig. 4), and the
second set was the fixed transmission of 85% assumed to
be spectrally independent (hollowed circles in Fig. 4). The
theoretical calculation was based on the equation for a

triply resonant OPO [32]:
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Here, o, is the passive loss per half-roundtrip for pump
wave, & is the permittivity, V' is the mode volume of the
cavity, and d,y is the effective nonlinear coefficient. The #,
k, and w denote the temperature-dependent refractive index
of the crystal, the cavity loss parameter, and the angular
frequency of the wave, respectively. The subscripts s, i, and
p indicate the signal, idler, and pump waves, respectively.
T,; and T,, are the transmittance of the input and output
mirrors for the pump wave.
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FIG. 4. The threshold pump power of cw OPOs as a function
of idler wavelength. The symbols corresponding to filled
squares and circles mean the estimated threshold values from
the fitted experimental data according to increasing and
decreasing pump power, respectively. The hollowed squares
represent the calculated threshold values P, on actual
transmission data of the mirrors for idler wave, and the
hollowed circles indicate P on the assumption that the
transmission of the idler wave was constant at 85% on
average.
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FIG. 5. The measured output power of the cw OPO as a
function of idler wavelength. The inset in Fig. 5 denotes the
detailed results of measured output power at idler wavelength
above 5.0 pm. The maximum output power was 5.3 mW at
idler wavelength of 4.8 um, and the idler output power at 5.3
pm was measured to be approximately 50 pW.

The two results of the calculation plotted in Fig. 4 as
the hollowed squares and circles show a difference at
wavelengths near 4.8 um, but the same tendency of a
rapid increase at wavelengths above 5.0 um. Considering
the inaccuracy of the parameters used for the calculation,
the overall agreement between the experimentally determined
and the calculated results of the threshold pump power in
Fig. 4 is satisfactory. This indicates that our cw OPO is
close to the optimal realization of the theoretical prediction.

Figure 5 shows the idler output power as a function of
wavelength measured in a step of 100 nm at a fixed pump
power of 1.1 W. At a wavelength of 4.8 um, the maximum
output power is measured to be 5.3 mW. At the wavelengths
longer than 4.8 um, the output power rapidly decreases,
which confirms the increasing absorptive property of the
PPLN crystal in the long wavelength range [17]. The inset
in Fig. 5 shows the measured output power above 5.0 um
in a magnified scale. In order to measure the radiant power
smaller than 1 mW at wavelengths longer than 5.0 pm, we
calibrated the responsivity of the HgCdTe detector by
comparison with a pyroelectric radiometer at a wavelength
of 4.8 um where the OPO power is at its maximum. The
linearity of the HgCdTe detector from the mW-range down
to the mW-range as well as the spectrally independent
responsivity in a wavelength range from 4.5 um to 5.5 pm
are assumed from the specifications of the manufacturer.
As a result, the output power at a wavelength of 5.3 pm
is measured to be approximately 50 uW. As shown in Fig.
2(b), we confirmed that this value at 5.3 um was enough
strong to observe the spectral characteristics of the idler
output by using a conventional FTIR spectrometer.

IV. CONCLUSION

In conclusion, we presented a cw OPO based on a
MgO:PPLN crystal, which can be stably operated at a
wavelength as long as 5.3 pm. By using a fan-out grating
design, the idler wavelength of the OPO pumped at 1064
nm could be continuously tuned from 4.7 pm to 5.3 pm.
The output powers with increasing and decreasing pump
power were measured as a function of idler wavelength. In
the measurement of output power characteristics, we
observed the bistability of the output power characteristics
according to the pump power that is mainly caused by the
thermal effects. The threshold pump power varied from
04 W to 0.7 W depending on wavelength, which was
comparable with the theoretical calculations. When the
PPLN crystal was pumped with a power of 1.1 W, we
observed that the output powers of the cw OPO at longer
wavelength than 4.8 pm were sharply reduced due to the
strong absorption in the crystal. The maximum output
power was measured to be 5.3 mW at a wavelength of 4.8
pm. The calibrated HgCdTe was used to measure the
output power of 50 uW at a wavelength of 5.3 um, which
was sufficient to measure a single mode spectrum with a
conventional FTIR spectrometer. Therefore, our results
suggest the development of a continuous tunable, narrow
linewidth mid-infrared cw OPO at wavelengths longer than
5.0 um, which is useful for a variety of applications such
as performance evaluation of mid-infrared spectrometer
and mid-infrared spectroscopy.
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