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A B S T R A C T

A CdSe optical parametric oscillator (OPO) was demonstrated to operate at 12.07 µm with a maximum output
power of 170 mW at a pulse repetition frequency of 1.2 kHz pumped at 2.09 µm with 14.64 W from an acousto-
optic Q-switched Ho:YAG laser. To the best of our knowledge, 12.07 µm is the longest wavelength obtained with
a 2-μm laser-pumped CdSe OPO. Besides, the angular tuning curve for type II CdSe was also investigated, and
the idler wavelength from the OPO could be tuned from 10.24 to 12.07 µm.

1. Introduction

Long wave laser sources in the 8–12 µm atmospheric transmission
window are of great importance in a range of applications including
remote sensing, infrared (IR) countermeasures, spectroscopy, and
chemical monitoring [1,2]. However, only a few gain media have the
potential to directly obtain the laser radiation in this region. Stimulated
emission in CO2 is a frequently used approach to get the spectrum in
9–11 µm, but this method cannot cover the 8–9 µm and 11–12 µm
bands. And the large volume of such a gas laser also greatly limits its
applications [3]. Quantum cascade lasers are an alternative, but the
limited brightness and power scalability may limit their use in some
applications [4,5]. By contrast, frequency down-conversion technology
based on nonlinear optical (NLO) crystals offers an effective solution
and could avoid those disadvantages simultaneously. Among the
parametric down-conversion technologies, an optical parametric oscil-
lator (OPO) is an attractive approach especially for the purpose of
generating high power and high energy output [6,7]. In particular,
pumping middle infrared OPOs with 2-μm laser sources (Tm-doped,
Ho-doped and Tm,Ho co-doped) would have more advantages due to
the available sources with high average output power/or output energy
[8] and relatively higher conversion efficiency which is proportional to
the ratio λ3/λ1 where λ1 is the idler wavelength and λ3 is the pump
wavelength. Hitherto, quite a few high quality NLO crystals, such as
AgGaSe2 (AGSe), ZnGeP2 (ZGP), GaAs, and CdSe have been reported to
access the long wave coherent light with 2-μm laser-pumped OPOs.
And the longest wavelength of 12.6 µm was demonstrated with a type-
II AGSe crystal, which was pumped at 2.088 µm by a LD-pumped
Tm:YLF/Q-switched Ho:YAG laser system operating at a pulse repeti-

tion frequency (PRF) of 100 Hz. The idler energy reached 360 μJ
(36 mW) at 8.18 µm but dropped to 50 μJ (5 mW) at 12.21 µm [7,9].
On the other hand, ZGP based OPOs could produce high output power/
energy, especially in the 3–5 µm region due to its’ excellent nonlinear
conversion properties [8]. However, the transmittance of ZGP de-
creases significantly when the wavelength reaches ~10 µm. The longest
idler wavelength obtained with 2-μm laser-pumped ZGP OPO was
9.8 µm, but the average output power was limited to be ~0.2 W [5]. In
addition, an quasi-phase matched orientation-patterned gallium ar-
senide (OPGaAs) based OPO directly pumped by a Q-switched
2.054 µm Tm,Ho:YLF laser was demonstrated in 2013 [10]. The idler
wavelength of this OPO can be tuned from 8.8 to 11.5 µm.
Nevertheless, the output energy obtained at 11.5 µm was only ~8 μJ,
corresponding to an output power of ~4 mW. To sum up, the output
power of the idler beam of current 2-μm laser-pumped OPOs remains
to be improved, especially for the 10–12 µm wavelength region.

Compared with the above mentioned materials, CdSe owns a wide
transparency range from 2 to 24 µm. Also, it has a reasonably large
nonlinearity (d31=18 pm/V), and making long CdSe crystals with high
optical quality is possible [11,12]. However, there have been few
studies on the employment of CdSe to obtain long wave radiation. In
1997, a CdSe OPO pumped by a 2.79 µm Cr,Er:YSGG laser was
reported [13]. Average output power of 12–24 mW between 8.5 and
12.3 µm was obtained. In 2003, a CdSe OPO in the 9–10 µm region was
reported, and the pump source was a PPLN OPO [12]. An idler power
of 70 mW generated internal to the CdSe was inferred with the Manley-
Rowe relation under the pump power of 800 mW. In 2004, CdSe
difference-frequency generation pumped by a KTP OPO was demon-
strated [14]. The output wavelength was tuned from 10 to 21 µm.
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However, the maximum output power was only 7 mW. Another CdSe
difference-frequency generation experiment was reported in the same
year, and the wavelength can be tuned from 9 to 24.1 µm with pulse
energies between 21 μJ at 11 µm and 0.3 μJ at 24.1 µm [15]. In 2012, a
CdSe OPO operating at 8.9 µm pumped by a 2.05 µm Tm,Ho:GdVO4

laser was demonstrated [16]. The maximum output power of 64 mW
was obtained at 7.6 W incident pump power, corresponding to an
optical-to-optical efficiency of 0.84%.

In this paper, a CdSe OPO pumped by a 2.09 µm acousto-optic Q-
switched Ho:YAG laser is presented. To the best of our knowledge, we
obtained a record idler output power of 170 mW at 12.07 µm for a
CdSe OPO. The tuning range of the idler was from 10.24 to 12.07 µm.

2. Experimental setup

Fig. 1 shows the schematic diagram of the experiment setup. The
pump source was a homemade 2.09 µm acousto-optic Q-switched
Ho:YAG laser which was dual-end-pumped by two orthogonally
polarized and continuous wave Tm:YLF lasers at 1.908 µm. The
maximum average output power of the Ho:YAG laser could reach
33 W. After passing a lens transformation system, the pump beam from
the Ho:YAG laser was shaped to 0.55 mm (1/e2 radius) on the CdSe
crystal. The CdSe we used was cut at θ=71°, φ=0° and its dimensions
were 10×12×40 mm3. The cut angle enables the CdSe crystal to meet
the requirement for type II phase matching (o→e+o). Both surfaces of
the CdSe were antireflection (AR) coated for pump (R < 1%), signal (R
< 0.5%), and idler (R < 0.5%) wavelengths. The surface damage thresh-
old of this CdSe was also studied. Under the abovementioned experi-
mental condition, the measured surface damage threshold was
~3.33 J/cm2 of incident on-axis fluence. The CdSe crystal was main-
tained at room temperature with the aid of cooling water. The CdSe
OPO was designed to resonate the signal wavelength, and the physical
length of the cavity was 50 mm. Input mirror M1 was highly reflectively
(HR) coated in the range of 2.5–2.8 µm and AR coated at 10–12 µm
and 2 µm. Output coupler M2 had a transmission of 20% in the range
of 2.5–2.8 µm, and it was also AR coated at 10–12 µm and 2 µm. In
order to reduce the feedback to the pump laser, the optical axis of the
OPO was slightly tilted compared with the pump beam direction. M3
(HR@ signal) and M4 (AR@ idler and HR@ pump) were beam splitter
mirrors, with which we could separate idler from signal as well as
residual pump.

3. Results and discussion

The output characteristics of the 1 kHz Ho:YAG laser are shown in
Fig. 2. From Fig. 2, we could see that average output power increased
linearly with the increase in pump power, and the maximum output
power obtained was 33 W (33 mJ per pulse). In contrast, the pulse
width decreased as the pump power increased, and a minimum pulse
width of 31 ns was achieved under the maximum pump power. The M2

factor of the Ho:YAG laser was less than 1.2 for both vertical and
horizontal directions. With a 50-μm-thick uncoated YAG etalon utilized

as a Brewster plate, we achieved s-polarized output laser.
Fig. 3 shows the output power of the 12.07 µm idler from the CdSe

OPO, which was obtained at the phase-matched angle of 67.4°. The
threshold of the CdSe OPO was about 3.4 W, corresponding to a pulse
energy of 3.4 mJ and a pump intensity of 0.36 J/cm2. With the increase
in pump power, the output power increased monotonically. We
obtained an output power of 167 mW (~167 μJ pulse energy) with a
pump power of 13.2 W (13.2 mJ pulse energy). At the same time, a
pump pulse with pulse width of 53 ns generated an idler pulse with
pulse width of 40 ns. It should be noted that the output power was
limited by the surface damage threshold of the CdSe. Under the pump
power of 13.2 W, the incident pump influence was calculated to be
2.9 J/cm2, which approached the surface damage threshold of CdSe
(3.33 J/cm2).

Under the same pump energy of 12.2 mJ, the average output power
at 12.07 µm was investigated at different PRFs (shown in Fig. 4). It is
noted from Fig. 4 that the output power monotonically increased with
the increase in PRF. The maximum output power of 170 mW (~141 μJ
pulse energy) was obtained at a PRF of 1.2 kHz, under a pump power of
14.64 W. Meanwhile, a minimum output power of 42 mW (~105 μJ
pulse energy) was obtained at 400 Hz under a pump power of 4.88 W.
We can expect that higher output power could be possible if we use a
pump source with higher pump power and higher PRF.

The idler spectrum was measured with a WDG30-Z grating mono-
chromator and a liquid nitrogen refrigeration MCT-16-2.00 detector
(InfraRed ASSOCIATES, Inc). As shown in Fig. 5, the central wave-
length was 12.07 µm. With a 2.09 µm laser as the pump source, we
further investigated the tuning characteristics of the CdSe crystal. Fig. 6

Fig. 1. Schematic diagram of the experiment setup.

Fig. 2. Output characteristics of the Ho:YAG laser (PRF,1 kHz).

Fig. 3. Output power of the idler at 12.07 µm.
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shows the phase-matching curve, where the solid line is the theoretical
curve of the rotation angle with respect to the normal front surface
calculated based on the Sellmeier equations (S-E) in Ref. [17]. The
solid points represent the experimental data obtained under a pump
power of 9.1 W (9.1 mJ pulse energy). As the tuning angle changed
from 1.83° to −3.58°, the idler wavelength varied from 10.24 to
12.07 µm. The smaller the incident angle is, the longer the idler
wavelength is. It also can be seen from Fig. 6 that the measured data
matched the theoretical calculated values well.

Fig. 7 shows the relationship between the output power and the

idler wavelength for the CdSe OPO. For all the measurements, we kept
the pump power at 9.1 W, and the PRF at 1 kHz. The output power
decreased as idler wavelength increased. Finally, we obtained an output
power of 200 mW at 10.24 µm and an output power of 85 mW at
12.07 µm with a pump power of 9.1 W (9.1 mJ pulse energy).

4. Conclusion

In conclusion, we choose a CdSe crystal to generate the long-wave
light in an OPO owing to the properties of its wide transparency range
and reasonably large nonlinearity. As a result, a record idler output
power of 170 mW was achieved at 12.07 µm with a 2.09 µm laser as the
pump source. Meanwhile, 12.07 µm is the longest wavelength obtained
with a 2-μm laser-pumped CdSe OPO. Under the pump power of 9.1 W
(9.1 mJ pulse energy), the tuning range of the CdSe OPO was
10.24−12.07 µm. In addition, at the same pump energy, the output
power monotonically increased with the pulse repetition frequency.
Our results indicate that CdSe is a promising NLO crystal for generat-
ing high-power long-wave light in an OPO regime.
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