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Abstract.  We report the development of a cw optical parametric 
oscillator (OPO) for the mid-IR range. The oscillator uses a 50-mm 
long periodically poled lithium niobate crystal in a ring resonator. 
The OPO is pumped by an ytterbium fibre laser with a wavelength 
of 1.064 mm. At a pump power of 10 W, the OPO generates con-
tinuous radiation with a wavelength of 3.6 mm and a power of 2.8 
W. The pump power depletion in the OPO is 94 %. The idler wave 
frequency of the OPO is stabilised using a precision laser wave-
length meter. The rms error of the idler wave frequency in the sta-
bilisation regime is 3 MHz. A simple theoretical model for the 
operation of a cw OPO is proposed, based on an empirical charac-
teristic of the OPO, i.e., the pump depletion, and on a quantum 
description of three interacting light waves. The power characteris-
tics of the operating OPO are in good agreement with those pre-
dicted by the theoretical model. 

Keywords: cw optical parametric oscillator, mid-IR range, periodi-
cally poled MgO : LiNbO3 , theoretical model of a cw OPO.

1. Introduction

Generation of coherent radiation by methods of nonlinear 
optics was discovered after the advent of lasers [1 – 5]. Second 
harmonic generation, parametric frequency conversion of 
coherent radiation, and many other nonlinear optical effects 
were discovered. To date, the methods of nonlinear optics 
have become an important alternative to the laser technique 
of generating coherent electromagnetic radiation, while they 
make it possible to successfully solve such problems of quan-
tum electronics that are difficult or even impossible to solve 
by laser techniques. 

One of these problems is to produce frequency-tunable 
radiation in the mid-IR range. In this case, of special value are 
sources of high-power cw infrared radiation, which is cur-
rently produced using optical parametric oscillators (OPOs). 
The difficulty of making cw OPOs is due to the need of using 
electromagnetic radiation with a high power density in order 
to achieve a high efficiency of nonlinear optical processes. 

High radiation powers in the OPO are achieved using opti-
cal resonators with a high quality factor at three, two or one 
of the three electromagnetic waves interacting with each 
other in the OPO. Single-resonant systems, which have a 
high quality factor for only one (signal) wave, have become 
most popular. 

The first cw single-resonant OPO was reported in Ref. [6]. 
An important advantage of single-resonant OPOs is the rela-
tively simple control of the frequency of the generated radia-
tion. To date, many laboratory mid-IR OPOs have already 
been made; however, they still remain complex devices, and 
therefore further improvement of IR OPO designs is undoubt-
edly important. As far as we know, cw OPOs have not yet 
been made in our country, and spectroscopic studies in the 
mid-IR range have been carried out using pulsed OPOs [7 – 9]. 

The purpose of this work is to make a single-resonant cw 
OPO for the mid-IR range. The generator is supposed to be 
used to study the enrichment and conversion of nuclear spin 
isomers of polyatomic molecules by exciting rovibrational 
transitions of O – H and C – H bonds [10]. The paper is organ-
ised as follows. Section 2 presents a theoretical model of a cw 
OPO, Section 3 describes the experimental setup, Section 4 
outlines the main characteristics of the newly developed OPO, 
and Section 5 summarises the main results of the work and 
draws conclusions. 

2. Theoretical model of a cw OPO

The theory of cw OPOs is usually constructed by analogy 
with the theory of lasers [5, 11, 12]. It includes nonlinear opti-
cal wave gain coefficients, parameters of high-quality optical 
cavities, oscillation threshold, and other characteristics of an 
OPO. Models of this type are universal, but they are difficult 
to adapt to a quantitative description of real devices due to 
the complexity of measuring the characteristics of the OPO 
used in the theory. In this Section, we present a simple model 
of a cw OPO based on an easily measured empirical charac-
teristic of the OPO, i.e. the pump depletion, which turns out 
to be an extremely informative characteristic of a cw OPO. 

Nonlinear optics [3, 4, 11, 12] is based on the nonlinear 
dependence of the medium polarisation P on the electric field 
E of an electromagnetic wave: 

... .P E E E E E E( ) ( ) ( )
i ij j ijk j k ijkl j k l

1 2 3c c c= + + + 	 (1)

Here the subscripts j, k, l denote the Cartesian components x, 
y, z of the quantities included in Eqn (1), and summation is 
performed over repeated subscripts. The linear susceptibility 
c(1) is responsible for the change in the refractive index of the 
medium, and the higher-order susceptibilities c(2), c(3), …  are 
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responsible for the nonlinear interaction of waves according 
to the wave equation 
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where c is the speed of light in vacuum. The medium is 
assumed to be non-magnetic and without free electric charges. 
The nonlinear dependence of the polarisation on the electric 
field gives rise to the interaction of waves, the generation of 
new frequencies, and other nonlinear optical effects. 

The nonlinear terms in Eqn (1) are small at the intensities of 
commonly available laser fields due to the smallness of the non-
linear susceptibilities. Therefore, in cw OPOs it is necessary to 
use two methods for enhancing nonlinear optical effects. 
Firstly, high intensities of light fields must be provided, which 
is achieved by focusing light beams and using high-quality res-
onators. Secondly, the phase-matched interaction of light 
waves in a long nonlinear crystal must be ensured. This phase-
matched interaction occurs if the phase velocities of the nonlin-
ear polarisation wave and its generated electromagnetic wave 
are equal to each other [see equations (1) and (2)]. 

The schematic of the OPO made in this work is shown in 
Fig.1. A periodically poled lithium niobate crystal is used in a 
bow-tie ring resonator. The resonator mirrors have a high 
reflection coefficient for the signal wave and a low one for the 
pump and idler waves. The OPO is designed to generate a 
high-power idler wave. The polarisation at the idler frequency 

is induced by the fields of the pump and signal waves. The 
pump wave passing through the crystal is partially converted 
into the idler and signal waves, which explains the importance 
of the pump wave power depletion for constructing a theo-
retical model of a cw OPO. 

We consider the interaction of three monochromatic elec-
tromagnetic waves in a nonlinear medium underlying the 
operation of the OPO, which is due to the second-order non-
linear susceptibility c(2). Let us use a model of the process 
based on quantised optical fields. In the OPO, pump wave 
photons with frequency wp decay into signal and idler wave 
photons with frequencies ws and wi, respectively. The photons 
decay with the conservation of their energy: 

p s i' ' 'w w w= + .	 (3)

The numbers of decayed pump photons and produced pho-
tons of the signal and idler waves are equal to each other, 

np = ns = ni.	 (4)

This relation is a quantum interpretation of the Manley – Rowe 
theorem [13]. 

The laws of photon energy (3) and photon numbers (4) 
conservation for stationary monochromatic waves are ful-
filled exactly. The momentum of photons during nonlinear 
conversion in the medium is conserved only approximately 
due to the spatially limited interaction of waves in the medium 
[11]. The change in momentum during the decay of a photon 
is equal to ħDk, where 

k k k kp s iD = - - .	 (5)

Here kp, ks and ki are the wave vectors of the pump, signal, 
and idler waves in the medium. The nonlinear waves interac-
tion is most effectively realised under phase matching, when  
Dk » 0. In bulk crystals, the phase velocities of the nonlinear 
polarisation and its generated electromagnetic wave are equal 
to each other. 

To achieve phase-matched wave interaction for Dk = 0, 
advantage is taken of crystal birefringence and noncollinear 
wave propagation. In this case, it turns out to be very difficult 
to ensure phase-matched interaction of waves over large spa-
tial intervals. It can be performed in periodically poled crys-
tals, in which the sign of Dk is reversed in neighbouring 
domains. In such crystals, relation (5) takes on the following 
form for collinear waves [14]: 

2k k k kp s i1
pD

L= - - - ,	 (6)

where L is the spatial period of crystal polarisation. By vary-
ing the value of L, it is possible to realise the quasi-phase-
matching condition with Dk1 » 0 and ensure efficient nonlin-
ear interaction of light waves over large spatial intervals. 

We determine the power characteristics that are impor-
tant for the cw OPO developed in this work. These are: the 
pump radiation power Pp directed to the OPO; pump power 
depletion Dp, i.e. the fraction of the pump power converted 
into signal and idler waves; the signal wave power Ps accumu-
lated in the OPO resonator; signal wave power Ds generated 
by the OPO; and the generated idler wave power Di. The 
energy conservation law defines the relation Dp = Ds + Di. 

The above general information about the nonlinear inter-
action of three electromagnetic waves makes it possible to 
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Figure 1.  Schematic of the experimental setup:	
( 1 ) heater and crystal temperature stabilisation system; (2) idler wave 
radiation filter; ( 3 ) Fabry – Perot etalon; ( 4 ) piezoceramic control sys-
tem; ( 5 ) dichroic mirror; ( 6 ) l-meter of idle wave; ( 7 ) piezo stage; 
( 8 ) pump power meter; ( 9 ) idler wave power meter; ( 10 ) optical fibre 
from the pump laser; ( 11 ) optical fibre to l-meter of pump radiation. 
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obtain a number of important OPO characteristics. For 
example, expression (3) relates the frequencies and spectral 
widths of the pump, signal, and idler waves to each other. 
Since the numbers of decayed and born photons obey relation 
(4), the generated powers of the signal and idler waves of a cw 
OPO are determined as follows: 
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The polarisation of the nonlinear medium at the idler wave 
frequency is proportional to the product of the electric fields of 
the pump wave and the signal wave in the OPO resonator [see 
expression (1)]. Therefore, we can assume that the generated 
idler wave power Di in a stationary OPO regime is approxi-
mately determined by the product of the pump power Pp and 
the signal wave power Ps accumulated in the resonator. This 
allows us to introduce the scaling parameter of a cw OPO 

A P Pp s= ,	 (8)

which has the dimensionality W2. Varying the powers of the 
pump wave and the signal wave in the OPO resonator, while 
maintaining the scaling parameter A fixed, should keep con-
stant the idler wave power Di generated by the OPO. 

The high intensity of the signal wave and the pump wave 
in the OPO resonator leads to nonuniform crystal heating and 
prevents the stable operation of the optical oscillator. The 
thermal power Pt released in the crystal is defined by the rela-
tion 

Pt = h(Pp + Ps),	 (9)

where h is the radiation-to-thermal power conversion effi-
ciency. Here, for simplicity, we assumed that the crystal heat-
ing equally depends on the powers of both waves. Heating of 
the crystal by radiation can be minimised by varying the pow-
ers Pp and Ps, but at the same time retaining the value of the 
scaling parameter A and, consequently, the power of the gen-
erated idler wave Di. Using relation (8), we represent the 
power of crystal heating by radiation in the form Pt = h(Pp + 
A/Pp). Then the minimum crystal heating is achieved at Pp = 
Ps = A , and the thermal power released in this case is Pt = 
2h A . 

For clarity, let us numerically illustrate the decrease in 
crystal heating in an OPO by this method. Let the OPO have 
a pump power Pp = 1 W and a high-Q resonator providing the 
signal wave power in the resonator Ps = 900 W. For such an 
OPO, the scaling parameter is A = 900 W2, and the crystal 
heating power is Pt = h(Pp + Ps) = h901 W. In an OPO with a 
lower quality resonator chosen so that at a pump power Pp = 
30 W the signal wave power Ps = 30 W, the scaling parameter 
A remains the same, but the crystal heating power decreases 
by a factor of 15 and becomes Pt = h(Pp + Ps) = h60 W. A 
reduction of thermal effects in the OPO using a decrease in 
the power of the signal wave in the resonator was proposed in 
Ref. [15]. 

3. Experimental setup

The schematic of the experimental setup is shown in Fig. 1, 
and the photograph of the OPO ring resonator is shown in 
Fig. 2. The OPO is pumped by an YLR-50-1064-LP-SF ytter-
bium fibre laser (IPG Photonics) with a radiation wavelength 
of 1.064 mm, a laser linewidth of 40 kHz, and a maximum 

output power of 50 W. The pump radiation has a linear polar-
isation and a high beam quality (M 2 = 1.07). The laser is 
equipped with a Faraday isolator to protect against reflected 
radiation. The pump radiation is focused at the centre of the 
nonlinear OPO crystal by a single lens with a focal length of 
200 mm. 

The pump laser frequency was measured with a WS-U-10IR 
l-meter (Angstrom, Novosibirsk), which has an absolute 
measurement accuracy of 10 MHz. From the dependence of the 
pump laser frequency on the time elapsed after it was turned 
on (Fig. 3), it follows that the laser must be switched on for a 
long time to achieve stable operation. Note that, according to 
expression (3), in order to obtain a stable idler wave frequency, 
the frequency deviation of the pump laser radiation can be com-
pensated by appropriate tuning of the signal wave frequency. 

The OPO ring resonator is formed by two spherical mir-
rors with curvature radii of 100 mm and a distance of 147 mm 
between them, as well as two plane mirrors with a distance of 
56 mm between them. Resonator mirrors (Layertec, Germany) 
have a high reflection coefficient for the signal wave (R > 
99.9 %) and low reflection coefficients for the pump wave (R = 
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Figure 2.  (Colour online) Photograph of the OPO ring resonator (top 
right, a protective channel for light beams in the OPO resonator).
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Figure 3.  Dependence of the pump laser radiation frequency on the 
time elapsed after the laser was switched on.
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0.5 %) and idler wave (R < 0.5 %). The free spectral range 
(FSR) of the ring resonator is 636 MHz. 

The OPO resonator design and the focusing of the pump 
radiation were carefully chosen on the basis of calculations 
using matrix optics for Gaussian beams. The confocal param-
eters of the pump and signal beams in the nonlinear crystal 
were 50 and 61 mm, respectively, and their calculated waist 
radii in the crystal were 63 and 83 mm, respectively. 

In the OPO, we used a periodically poled magnesium 
oxide-doped lithium niobate crystal, MgO : PPLN (HC 
Photonics, Taiwan), measuring 50 ´ 12.3 ´ 1 mm. The crystal 
contains ten polarisation gratings with periods from 27.6 to 
31.6 mm. The face ends of the crystal were antireflection-
coated for the pump wavelength and for a wide range of sig-
nal and idler wavelengths. 

The stable operation of the OPO is possible only with pre-
cise (with an accuracy of ~1 mK) stabilisation of the crystal 
temperature [16]. We paid special attention to solving this 
problem. The nonlinear crystal was carefully thermally iso-
lated from the environment, and its heating was provided by 
a precision electronic system of our special design. The crystal 
temperature was detected by a thermistor connected to the 
Wheatstone bridge circuit. The signal from the bridge was 
amplified by a high gain instrumentation amplifier and used 
to control the power section of the crystal heater. Note that in 
an operating OPO, the temperature of the crystal also depends 
on its heating by the pump radiation and the signal wave. 

Stable OPO operation requires careful protection of its 
resonator from vibrations and air flows. In order to reduce 
vibrations, the OPO resonator was installed on a massive 
vibration-protected metal plate. The resonator was protected 
from air flows using a special channel with a small cross sec-
tion, 5 ´ 6 mm, made with a 3D printer (see Fig. 2). This 
method of protection turned out to be more effective than a 
large enclosure around the entire OPO, which is used in all the 
works on optical parametric oscillators known to us. One of 
the advantages of the channel we used is that it leaves free 
access to all OPO adjustments. 

The signal wave frequency is usually controlled using a 
Fabry – Perot etalon placed in the OPO resonator. For this 
purpose, we used a 1-mm-thick sapphire plane-parallel plate. 
Its transmittance versus radiation frequency (Fig. 4) was mea-

sured in a special experiment using a frequency-tunable semi-
conductor laser. The transmittance of the etalon at its maxi-
mum is, according to our measurements, 98.7 %. To illustrate 
the selective capabilities of the Fabry – Perot etalon, Fig. 4 
shows a frequency range approximately equal to the FSR of 
the OPO resonator. 

4. OPO characteristics

As an example, we outline the characteristics of the developed 
OPO using a pump power Pp = 10 W and an idler wave fre-
quency of 2809 cm–1. With a careful adjustment of the OPO 
resonator, the pump power converted into the signal and idler 
waves is 9.4 W. Thus, the pump power depletion is 94 %. 
Relations (7) allow us to determine the calculated powers of 
the generated signal and idler waves: 

Ds = 6.6 W, Di = 2.8 W.	 (10)

The generated power of the idle wave Di is easy to measure 
experimentally, since the mirrors of the OPO resonator have 
a high transmittance for this wave. According to the measure-
ments, the power of the idler wave 

Di = 2.8 ± 0.2 W,	 (11)

which agrees well with the calculated value of Di given 
above. 

The calculated generated power of the signal wave is Ds  = 
6.6 W. In a stationary OPO, the entire power Ds must com-
pletely relax. One of the channels of signal wave relaxation is 
crystal heating. The electronic system for crystal temperature 
stabilisation made it possible to measure the radiation-related 
power of crystal heating, which amounted to 0.98 W. In Ref. 
[15], the absorption coefficient of a signal wave in an 
MgO : PPLN crystal was determined to be 0.08 % cm–1 (i.e., 
0.4 % for our 5-cm long crystal). This means that the power in 
the resonator of our OPO is Ps » 245 W. 

Other relaxation channels of signal wave power are trans-
mission of OPO resonator mirrors, reflection from the 
Fabry – Perot etalon and from two surfaces of a nonlinear 
crystal. The power of the signal wave outgoing through the 
resonator mirrors can be easily measured directly. According 
to our measurements, for four resonator mirrors, it is 0.8 W. 
Therefore, (6.6  –  0.98  –  0.8) W » 4.8 W remains in the bal-
ance of losses of the generated power of the signal wave. The 
reflection coefficient of the Fabry – Perot etalon is 1.3 % (see 
Fig. 4), and the total reflection coefficient from the two ends 
of the crystal at the frequency of the signal wave is, according 
to our measurements, 0.48 %. This means that the signal wave 
in the OPO resonator must have a power of ~270 W in order 
to ensure the 4.8-W power loss due to reflection from the 
Fabry – Perot etalon and the end surfaces of the crystal. 

According to the above two estimates, the average power 
of the signal wave in the OPO resonator is Ps » 260 W. 
Therefore, at a pump power Pp = 10 W, the scaling parameter 
of the developed OPO is A » 2.6 ´ 103 W2. The intensity of 
the signal wave on the axis of the Gaussian beam at the centre 
of the crystal is approximately 2.4 MW cm–2. The total loss of 
the signal wave in the OPO cavity is ~2.5 %. Such relatively 
high losses help reduce the heating of the nonlinear crystal by 
radiation. 

The frequency tuning of the idler wave in the constructed 
OPO can be carried out in several ways: by choosing the crys-
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Figure 4.  Transmittance of the Fabry – Perot etalon in relation to the 
radiation frequency. The label at the top is the intermode interval of the 
OPO resonator.
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tal polarisation period, by changing the crystal temperature, 
by tilting the Fabry – Perot etalon in the resonator, and by 
changing the length of the ring resonator. The idler wave fre-
quency was measured and stabilised in this work using a 
WS-6-IR3 l-meter. Figure 5 shows the results of measuring 
the idler wave frequency in two OPO operation regimes: with-
out stabilisation and with stabilisation of its frequency. In the 
former case, the idler wave frequency drifts due to the insta-
bility of the OPO parameters. When stabilisation is turned 
on, the frequency stops to drift. The root-mean-square error 
of the idler wave frequency is 3 MHz in this case. The absence 

of the idler wave frequency drift in the stabilisation regime 
means that it is determined by the drift of the l-meter itself, 
and not by the OPO. Specifications of the l-meter indicate 
that its frequency drift can be limited to ~10 MHz per day in 
a temperature-controlled room. 

The WS-6-IR3 l-meter software permits stabilisation of 
the idler wave frequency not only to a constant value, but also 
to scan it according to the specified law. Scanning the fre-
quency of the idle wave in time according to the sinusoidal 
and sawtooth laws is shown in Fig.6. When using the sinusoi-
dal law, the frequency scanning range (Fig. 6) is 1.5 FSR of 
the OPO resonator. In our experiments, the frequency scan-
ning range reached 2 FSRs, and the duration of stable idler 
frequency scanning was up to 23 min. 

5. Main results

A cw OPO was developed for the mid-IR range, which makes 
it possible to obtain high-power monochromatic radiation in 
the range of 2.7 – 4 mm, within the range of the fundamental 
vibrational modes of the C – H and O – H bonds of polyatomic 
molecules. The OPO is pumped by ytterbium fibre laser radi-
ation at a wavelength of 1.064 mm. 

The oscillator has a bow-tie ring resonator and uses a 
periodically poled lithium niobate crystal of 50 mm length. 
For stable operation of the OPO, the crystal temperature 
was stabilised with an accuracy of ~1 mK using a special 
electronic temperature controller. To protect the OPO cav-
ity from air flows, light beams were placed in a channel 
with a small cross section, which was printed by a 3D 
printer. 

As an example, we outline the power characteristics of the 
OPO measured for an idler wave li = 3.6 mm. At a pump 
power of 10 W, the pump depletion is 9.4 W, and the idler 
power reaches 2.8 ± 0.2 W. The power parameters of the OPO 
are close to the maximum possible limit. In particular, the 
depletion of the pump power is 94 %, and the experimentally 
measured power of the idler wave coincides within the experi-
mental uncertainty with the calculated power. According to 
our estimates, the power of the signal wave in the OPO reso-
nator is ~260 W, while its intensity at the centre of the crystal 
on the beam axis amounts to ~2.4 MW cm–2. 

The idle wave frequency of the OPO was stabilised using a 
l-meter WS-6-IR3 (Angstrem, Novosibirsk). The RMS error 
of the idler wave frequency in the stabilisation regime was 
3 MHz. The possibility of smooth tuning of its frequency 
according to the sinusoidal and sawtooth laws was demon-
strated. The range of smooth tuning of the idler wave fre-
quency amounted to 2 FSRs of the OPO resonator. 

A simple theoretical model of a cw OPO is proposed, 
which is based on an empirical OPO characteristic – the pump 
depletion value – and on a quantum description of three inter-
acting light waves. The energy characteristics of the devel-
oped OPO are in good agreement with those predicted by the 
theoretical model. 
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