
Abstract. In a parametric oscillator of a special two-sectional
design based on a lithium niobate periodic structure, a
cascade frequency generation regime was observed in which a
signal wave pumped a secondary parametric oscillator,
producing secondary signal and idler waves. The secondary
parametric oscillator can be tuned in a broad range of
� 200 nm with respect to a éxed wavelength of the primary
idler wave.
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1. Introduction

At present the development of universal precision optical
sources in the IR range attracts great interest. Optical
parametric oscillators (OPOs) are used as radiation sources
in optical spectrometers and for creation of new frequency
standards. Self-phase-locked OPOs can be used in quan-
tum-information problems for coding information in the
intensity-phase coordinates [1]. A self-phase-locked OPO
stabilised by saturated absorption resonances at vibra-
tional ë rotational transitions with small rotational numbers
in methane can be used as a reference for a femtosecond
optical synthesiser.

A cascade two-sectional OPO is a promising source of
coherent optical radiation at éve frequencies which can be
speciéed by the choice of appropriate sections in the
periodically polarised structure of lithium niobate. The
éve-frequency generation regime was demonstrated in a
two-resonator OPO, which was initially used for frequency
division by three [1 ë 4]. In this paper, we fabricated a
cascade OPO generating the primary and secondary signal

and idler waves. It was shown theoretically and conérmed
experimentally that the éve-frequency regime in the regime
of frequency division by three is also degenerate.

2. A cascade OPO

A double-resonator OPO was pumped by a 5-W Verdi
(Coherent) laser, the threshold power being Pth �
25ÿ 35 mW (Fig. 1). As a nonlinear element, a two-
sectional periodically-poled lithium niobate crystal of size
10� 0:5� 20 mm was used. The érst section of length
13 mm with the structure period LOPO � 7:2 mm was used
for parametric generation, while the second structure, with
a variable period LSHG � 19:45ÿ 19:75 mm was used for
the signal frequency doubling. The crystal was thermally
stabilised at 205 8C. To observe clusters* at ls � 800 nm
(signal wave) and li � 1600 nm (idler wave), the asym-
metric resonator of the OPO (with the intermode interval
1500 MHz) was scanned by applying a saw-tooth voltage
across a piezoelectric ceramics on which one of the
resonator mirrors was mounted.

Figure 2 presents cluster structures for pump waves and
signal and idler waves for the pump power not exceeding the
lasing threshold of the secondary OPO. A saw-tooth voltage
from the generator was applied to the piezoelectric ceramics
with one of the OPO resonator mirrors mounted on it. In
this case, the behaviour of clusters remained conventional
[1, 2]. As the threshold pump power ep1 was achieved, the
pump depletion was observed when the energy from the
pump wave was transferred to the signal and idler waves.

As the pump power was increased, the radiation power
at the signal wave frequency was saturated and increased at
the idler wave frequency. When the OPO pump power was
increased above 70 mW (the secondary generation thresh-
old), the stable saturation of the radiation power was
observed at the signal wave frequency, and the signal at
the idler wave frequency further increased (Fig. 3). In this
case, the signal wave is in fact a pump source for the
secondary OPO, which is formed by the second section of
the nonlinear lithium niobate crystal, and produces the
secondary signal and idler waves. In this situation, the éve-
frequency generation is achieved in the OPO at frequencies
of the pump and primary and secondary signal and idler
waves. Figure 4 presents the OPO emission spectrum in the
1596-nm region recorded with an optical spectrum analyser.
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*A cluster is a set of OPO modes combined in groups and appearing during the

OPO scan [1].



Figure 5 demonstrates the tuning range of the secondary
OPO with respect to the éxed frequency of the primary
OPO. The secondary OPO was tuned by moving the lithium niobate crystal along the Y axis (Fig. 1). In this case, the

primary-signal-wave frequency did not change because the
structure period in the érst OPO section remained invar-
iable, while this period in the second section was varied
within 200 nm due to the displacement of the crystal along
the Y axis.

When the OPO pump power was changed from 60 to
300 mW, the output power of the secondary OPO in the
1596-nm region changed from 0.5 to 15 mW, the output
power at the primary-signal-wave frequency varying from
5.8 to 6.2 mW and saturating at the OPO pump power
corresponding to the generation threshold of the secondary
OPO (Fig. 6).

3. Theoretical model of a cascade OPO

We represent the time derivatives of the complex ampli-
tudes of éelds for a nondegenerate OPO in the case of exact
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Figure 1. Scheme of the experimental setup: (F1) élter transmitting the idler wave; (F2) élter transmitting pump radiation and reêecting the signal
wave; (PPLN) periodically-poled lithium niobate domain structure; (PE) piezoelectric element; (F) élter transmitting pump radiation.
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Figure 4. Spectral power of the S-cascade OPO in the 1596-nm region.
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coincidence of its resonator frequencies with idler- and
signal-wave frequencies in the form

_Ap � ÿkpAp ÿ w1AsAi �
��������
2kp

p
ep; (1)

_As � ÿksAs ÿ w1ApA
�
i ÿ w2A�Aÿ; (2)

_Ai � ÿkiAi ÿ w1ApA
�
s ; (3)

_A� � ÿk�A� ÿ w2AsA
�
ÿ; (4)

_Aÿ � ÿkÿAÿ ÿ w2AsA
�
�: (5)

Here, Ap;s;i are complex éeld amplitudes at the pump-,
signal- and idler-wave frequencies; kp;s;i are losses per round
trip in the resonator at the pump-, signal-, and idler-wave
frequencies of the primary OPO; k� and kÿ are similar
losses at the signal- and idler-wave frequencies of the
secondary OPO; w1 and w2 are second-order nonlinearities
for the érst and second sections in the nonlinear lithium
niobate element; and ep is the input pump power (in
photon sÿ1).

Let us represent the complex amplitude in the form
Aj � rj exp (ifj), where j � p; s; i. Under the condition
_Aj � 0, we obtain the stationary solutions of system
(1) ë (5) for two regimes: above the threshold for the primary
OPO, but below the threshold for the secondary OPO, and
above the thresholds of both the primary and secondary
OPOs. Let us assume that w2 � 0 and write stationary

solutions only for the primary OPO in the case of the
zero detuning of the resonator. It is obvious that the
intracavity pump éeld saturates. Then, we have

fp � fs � fi; r 2p � kski=w
2
1 ; (6)

2ksr
2
s � 2kir

2
i � 4e 2p1�ep=~ep ÿ 1�; (7)

e 2p1 � kpkski=�2w 2
1 �: (8)

In these equations, rp;s;i are the intracavity éelds of the
pump, signal, and idler waves; fp;s;i are phases of the
corresponding waves; and ep1 and ~ep are the threshold
pump powers for the primary and secondary OPOs.

Note that the conversion eféciency in expression (7) is
proportional to the square root of the pump power ep. At
high pump powers, the signal wave éeld achieves the value
sufécient for `switching on' the secondary OPO at nonzero
amplitudes A� and Aÿ. Let us write stationary solutions for
a complete system of equations

fp � fs � fi; fs � f�� fÿ; (9)

2ksr
2
s � 2ksk�kÿ=w

2
2 � 4e 2p2; (10)

2k�r
2
� � 2kÿr

2
ÿ � 4e 2p2�e 2p=~e 2p ÿ 1�; (11)

2kpr
2
p � 4e 2p1e

2
p=~e

2
p ; 2kir

2
i � 4e 2p2e

2
p=~e

2
p ; (12)

~e 2p � e 2p2�1� e 2p2=e
2
p1�2; (13)

where f� and fÿ are the phases of the signal and idler
waves of the secondary OPO; r� and rÿ are the intracavity
éelds of these waves; and ep2 is the pump power of the
primary OPO at the output of the periodic domain
structure.

If the pump radiation is not resonant with the OPO
resonator and kp greatly exceeds other intracavity losses
(ep1 4 ep2), the threshold power ep of the secondary OPO
will slightly exceed the threshold power ~ep of the primary
OPO. In the presence of the secondary OPO, the external
pump éled rp is not saturated. In this case, as follows from
(10), the intracavity éeld rs of the primary signal wave
saturates, and the optical limitation of the amplitude As

occurs in the cascade OPO. Note that in the degenerate case
(A� � Aÿ � Ai) the self-phase locking is observed [5], and
the static behaviour of the system considerably differs from
dynamic behaviour. In this case, neither the pump nor signal
wave is saturated, and the output power at the signal- and
idler-wave frequencies is lower than that for a conventional
single-sectional OPO.

Indeed, compared to a conventional OPO, the cascade
OPO is a more efécient source of coherent radiation
converting the pump power to the power of secondary
signal and idler waves, which linearly depends on the pump
power.

4. Conclusions

The cascade regime of parametric generation opens up the
possibilities for creation of cw éve-frequency OPOs with
speciéed frequency combinations, which are determined by
periods LOPO and LSHG of the corresponding section of a
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Figure 5. Tuning ranges of the secondary OPO upon the change in the
PPLN position along the Y axis for the secondary idler (~), primary idler
(&) and secondary signal (*) waves.
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Figure 6. Dependences of the output power of the cascade OPO at the
primary- (&) and secondary- (~) signal-wave frequencies on the pump
power at 532 nm.
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periodically polarised lithium niobate or KTP structure. A
special fan-out design of the nonlinear element structure
allows tuning the secondary OPO in a broad range of
� 200 nm irrespective of the primary OPO. In this case, the
frequencies of the primary OPO do not change because the
structure period in the érst section of the OPO is
independent of the transverse coordinate.

The tunable cascade OPO allows one to control phase
matching for the secondary OPO independently of the
primary OPO. The output power of the secondary OPO
linearly depends on the OPO pump power. We obtained
tuning in a broad range of � 200 nm. The self-phase locking
for the signal and idler waves was observed in the two-
resonator OPO when the pump-, signal-, and idler-wave
frequencies were in the relation 3 : 2 : 1 [3 ë 6]. In this case,
the éve-frequency regime was also degenerate.

The system developed in the work can be used as a
source of coherent radiation tunable in the entire trans-
parency range of lithium niobate for spectroscopic,
metrological and other applications.
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