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Abstract. We report on an optical parametric oscillator (OPO) based on
periodically poled lithium niobate (PPLN) pumped by a Nd:YAG laser,
and on extending its tuning range by difference-frequency mixing of OPO
output waves in GaSe crystal. Maximum combined signal and idler pulse
energy of 2.7 mJ and slope efficiency of 25% have been achieved. The
tuning range is 1.71 to 1.98 mm for the signal wave and 2.81 to 2.30 mm
for the idler wave, using a single set of mirrors. As an application of this
PPLN OPO, the signal and the idler waves are difference-frequency-
mixed in a GaSe crystal to produce tunable mid-IR from 4.35 to 14.25
mm. The efficiency of the mixing has been analyzed, considering the
experimental results. © 2002 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1488606]

Subject terms: optical parametric oscillator; periodically poled lithium niobate;
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1 Introduction

Quasi phase matching in periodically poled nonlinear o
cal materials has several significant advantages over b
fringent phase matching for efficient optical parametric
cillators ~OPOs!. The advantages include the use of t
largest nonlinear coefficient, collinear propagation of pu
and generated signal and idler waves, and the possibilit
phase matching over a wide tuning range of interact
waves by engineering the quasi-phase-matching~QPM!
grating period. In a QPM device the nonlinear coefficien
modulated with a period twice the coherence length of
interaction to offset the accumulated phase mismatch.

Until now the most commonly used QPM material h
been periodically poled LiNbO3 ~PPLN!. PPLN has at-
tracted special attention because of its mature fabrica
and its ready availability with transparency covering a u
ful range from 0.35mm to more than 4mm. Wide tempera-
ture tunability of PPLN OPO is another notable advanta
without changing the grating period, variation of the PPL
crystal temperature can be utilized for tuning.1

Tunable infrared generation by PPLN OPOs has b
realized in various ways in the past. Myers et al. develo
a Nd:YAG-pumped pulsed PPLN OPO,2 which was tunable
from 1.45 to 4mm. High-repetition-rate operation of a
OPO is often desirable in applications where high aver
1932 Opt. Eng. 41(8) 1932–1935 (August 2002) 0091-3286/2002/$1
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power is needed; however, increasing the repetition r
also brings about a decrease in peak power. Low p
power makes OPO operation difficult using convention
nonlinear materials, but the high gain and noncritical ph
matching of PPLN are ideal for high-average-power OPO
High-power operation of a PPLN OPO was demonstra
by Bosenberg et al.3 The OPO had maximum outputs of
and 0.6 W at signal~1.54 mm! and idler~3.45 mm! wave-
lengths, respectively. The pulse repetition rate was va
from 5 to 32 kHz, and the device was tuned from 2.8 to 4
mm ~idler! and from 1.72 to 1.37mm ~signal!. In a PPLN
OPO polarization of the pump, the signal and idler wav
are parallel to thez axis (e→e1e); an advantage of this
configuration is that the extraordinary polarization expe
ences lower absorption through the transmission wind
than does the corresponding ordinary polarization. Rec
reports4–6 show that the second transmission window
PPLN, which extends from 6 to 7mm for the extraordinary
polarization, can be exploited to generate idler waveleng
as long as 6.8mm. Tunable radiation in the mid-IR beyon
the range of a PPLN OPO can be obtained by differen
frequency-mixing the OPO output waves in a suitable cr
tal, which allows phase matching and transmission for
interacting waves.

Difference-frequency mixing of OPO output waves
GaSe crystal was first investigated by Bianchi et al.;7 they
5.00 © 2002 Society of Photo-Optical Instrumentation Engineers
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obtained tunable radiation in the range 4 to 12mm. Da-
hinten et al. achieved a 4- to 18-mm tunable wave by
difference-frequency mixing of Nd:glass laser pulses a
infrared dye laser pulses in GaSe crystal.8 In this paper we
report on a Nd:YAG-laser-pumped PPLN OPO and on
tending its tuning range by mixing of its output waves
GaSe crystal to generate tunable radiation from 4.35
14.25mm.

2 Experimental Results

A scheme of the experimental setup is shown in Fig. 1
New Wave Minilaser, Series II~Nd:YAG! serves as the
pump source, which generates pulses of wavelength 1
mm with a duration'7 ns and a repetition rate of 17 Hz
The pump beam diameter was compressed from 2.7
mm by a telescope. Both the lenses forming the telesc
are antireflection-coated at the pump wavelength. A ma
mum pump energy of 10.5 mJ can be obtained from
pump source, which corresponds to a peak intensity
'175 MW/cm2. The OPO resonator was a linear cav
with flat mirrors, selected to resonate at the signal f
quency as a singly resonant oscillator~SRO!. The PPLN
crystal, having a grating period of 31mm with dimensions
40 mm35 mm31 mm, is placed in a temperature
controlled oven. Detailed description of the fabrication p
cess of the PPLN sample used in this experiment can
found in Refs. 5 and 9. The cavity mirrors M1 and M2 a
broadband dielectric-coated for the signal wave; M1 is 9
reflective for the signal wave in the range of 1.72 to 2mm,
and the output coupler M2 is 70% reflective at signal wa
lengths ~1.68 to 2 mm!. The cavity physical length wa
adjusted to 6 cm. The PPLN crystal end faces w
antireflection-coated for the pump wavelength.

The PPLN OPO produced output tunable from 1.71
2.81 mm, with the crystal temperature varying from 40
175°C. The measured tuning curve, as shown in Fig
matches well with the calculated Sellmeier fit. The outp
characteristics and oscillation threshold of the OPO w
also determined, keeping the temperature of the cry
oven at 140°C throughout the experiment to avoid pho
refractive damage. The oscillation threshold was found
be 0.65 mJ at the signal wavelength of 1.85mm.

Figure 3 shows the signal, idler, and the total outp
powers of the PPLN OPO as a function of the pump pow
For the determination of signal and idler powers individ
ally, the idler was separated from the signal by a dichr
mirror and the powers were measured by two pow
meters. Above the threshold the output power increa
with a slope efficiency of 25%.

Fig. 1 Schematic diagram of the experimental setup. Lenses L1
and L2 form a beam-compressing telescope; M1 and M2 are the
input and output mirrors, respectively, of the OPO. PR is the
1.06-mm pump reflector, R is the quartz retarder, Ge is the Ge filter,
and D is the HgCdTe detector.
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The linewidth of the signal is shown in Fig. 4. As th
pump pulse width was'7 ns, multiple-pass gain did no
have a significant effect on linewidth narrowing, as co
pared to the linewidth for single-pass gain.10 Linewidth was
measured operating the OPO at 1.5 times above thresh
Widening of the linewidth has been found with increasi
pump power. The beam quality of the OPO output w
measured, and in our experiment we foundM2'8. Beam
quality and linewidth are important factors to be conside
for mixing OPO output beams in another nonline
crystal.11

The PPLN OPO generates two beams with waveleng
in the ranges 1.71 to 1.98mm and 2.81 to 2.30mm for the
signal (ls) and the idler (l i) waves, respectively, which
were focused by a quartz lens of focal lengthf 525 cm
onto a GaSe crystal. These waves were mixed in the G
crystal for difference-frequency generation~DFG! in the
mid-IR, tunable from 4.35 to 14.25mm.

GaSe is a promising nonlinear crystal for mid-IR fr
quency conversion.12 Amongst its notable properties are i
extreme transparency range~0.62 to 18mm! and its high

Fig. 2 Temperature tuning characteristics for the 1.064-mm-pumped
PPLN OPO with 31-mm period.

Fig. 3 PPLN OPO output energy versus input pump energy.
1933Optical Engineering, Vol. 41 No. 8, August 2002
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second-order nonlinearity (d22554 pm/V), which is
among the top five measured for birefringent crystals.
addition, due to the very large birefringence of GaSe~Dn
'0.35 at 1mm!, it can satisfy phase-matching condition
for a variety of nonlinear optical interactions. On the neg
tive side, GaSe is a soft, layered material that can
cleaved only along the 001 plane~z-cut orientation!; it also
has a large birefringence walkoff. However, the pha
matching polar angles are generally small~u510 to 20
deg! because of the large birefringence, and az-cut orien-
tation is suitable in many cases.13 The effective nonlinear
coefficients depend on the phase matching~u! and azi-
muthal ~f! angles in the following way14:

• Type I (o→e2o): deff52d22cosu sin 3f.

• Type II (e→e2o): deff52d22cos2 u sin 3f.

The highest effective nonlinearity is achieved by select
azimuthal anglesf determined byu sin 3fu51.

The GaSe crystal was grown along thec-axis by the
vertical Bridgeman method. The growth rate was 2 cm/d
with a temperature gradient of 30°C/cm at the GaSe m
ing temperature of 936°C. The grown ingot has a diame
of about 1 cm. The GaSe sample was cleaved along a~001!
plane, which is perpendicular to thec axis. The sample
without further polishing has a very flat and smooth s
face. The sample crystal used in the experiment was 3
mm long, having a semicircular cross section'4 mm in
radius. The normal to the entrance face of the crystal w
found experimentally by adjusting the crystal so that
He-Ne laser beam passing through a pinhole in a white c
was reflected back along its incoming path. Rotation ang
for the GaSe crystal were calculated using the dispers
relation of Ref. 15 to predict difference-frequency pha
matching over the OPO tuning range.

The calculated tuning curve is shown in Fig. 5. As t
signal and idler waves from OPO have the same polar
tion, a retarder is used to achieve orthogonal polarizatio
required by the phase-matching conditions. In our exp
ment, we employed type-I phase matching because its
quired phase-matching angle is less than for type II. Si

Fig. 4 Linewidth of the PPLN OPO as a function of signal wave-
length.
1934 Optical Engineering, Vol. 41 No. 8, August 2002
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the azimuthal anglef was unknown to us, optimum DFG
mixing was achieved by tuning the OPO for particul
wavelengths of signal and idler waves, rotating the Ga
crystal for the phase-matching angle~u to the vertical!, and
carefully rotating the crystal azimuthally~adjustingf! until
maximum DFG power was obtained. The experimenta
obtained data follow the calculated tuning curve with
little shift, probably due to angle measurement error. F
the entire tuning range from 4.35 to 14.25mm the crystal
internal angles, were between 11 and 12.5 deg, requirin
angle of incidence between 31.5 and 36.5 deg; a 5-
external angular rotation sufficed for tuning.

As shown in Fig. 3, the mid-IR pulses~DFG! were sepa-
rated from the OPO pulses by two dielectric-coated Ge
ters and detected with a liquid-nitrogen-cooled HgCdTe
tector. The DFG power was also measured by a pyroelec
detector and was found to have a maximum of'10 mJ at
'7 mm, for a signal1 idler energy of 2.7 mJ. The generate
DFG power was much lower than the estimated power'85
mJ. One of the reasons for the poor conversion efficien
was high reflection loss from the crystal surfaces. The cr
tal was not antireflection-coated, and the high refract
index of GaSe crystal causes the loss. Considering the
flection losses and linear absorption, the conversion e
ciency was estimated to be reduced to'47%. Poor surface
quality of the sample crystal adds to the losses too.

The acceptance linewidth for the three-wave interact
in the whole tuning range varies, and has a value of 23
~for a 3-mm long GaSe crystal! at ls'1.85mm, which is
larger than the experimentally obtained OPO signal lin
width of 14.5 nm. The effect of beam divergence was a
taken into account for the mixing process; the beam div
gence of the OPO output beam was'6 mrad, and the cal-
culated acceptance angle for the GaSe crystal was'4 mrad
at ls'1.85mm. The narrow acceptance angle of Ga
crystal also contributed to the reduced conversion e
ciency.

3 Conclusion

We have reported on the operation of a Nd:YAG-pump
periodically poled LiNbO3 OPO and on difference

Fig. 5 DFG tuning characteristics of the GaSe crystal for the mixing
of PPLN OPO output waves.
erms of Use: http://spiedl.org/terms
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frequency mixing of the OPO output waves to produce t
able mid-IR from 4.35 to 14.25mm. The oscillation thresh-
old and slope efficiency of the OPO were 0.65 mJ and 25
respectively. Because there was no linewidth-narrowing
ement in the OPO cavity, the linewidths of the signal a
idler wave were large, especially close to the point of d
generacy. The difference-frequency-mixing efficiency w
less than the calculated value, mainly due to high reflec
loss, poor surface quality, and OPO beam divergence
the OPO output beam linewidth becomes wider near
degenerate point, the acceptance linewidth will lead t
significant further reduction in the efficiency for long
wavelengths. The effect of OPO output beam diverge
plays a less important role regarding the conversion e
ciency than do the reflection loss and surface quality,
cause the GaSe crystal was only 3.00 mm long. Fo
longer crystal, certainly, one should consider taking
equate measures to reduce the beam divergence and
width of the OPO, for efficient mixing.
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