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Abstract An idler-resonant KTiOAsO, (KTA) optical
parametric oscillator is demonstrated within a diode-end-
pumped acousto-optically Q-switched Nd:YAG laser. With
an X-cut KTA crystal, idler wave at 3467 nm and signal
wave at 1535 nm are generated. Under an incident diode
pump power of 15.4 W, the idler output power of 105 mW
and signal power of 720 mW are obtained at a pulse rep-
etition rate of 40 kHz. The pulse widths of the idler and
signal waves are 7.2 and 3.1 ns, respectively. The beam
quality factors (M?) of the idler wave are within 1.2 in both
horizontal and vertical directions.

1 Introduction

Radiation with good beam quality in mid-infrared (mid-IR)
(3—5 pum) spectral region has many interesting applications
such as radar, telemetry, remote sensing, biomedicine, etc.
Frequency conversion through optical parametric oscilla-
tors (OPOs) is an effective method to generate radiations in
this band [1-14]. Many nonlinear crystals are chosen in
mid-IR OPOs. One kind of the nonlinear crystals are those
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periodically poled crystals, such as PPLN (Periodically
Poled LiNbO3), PPKTP (Periodically Poled KTiOPOy,),
PPSLT (Periodically Poled LiTaO3), etc. Recently, Gay-
dardzhiev et al. [11] reported a high pulse energy and high
average power mid-IR OPO based on PPSLT. Another kind
of crystals, such as ZnGeP, (ZGP), AgGaS,, LilnSe,, and
CdSiP,, are also employed to realize mid-IR OPOs. For
example, Dergachev et al. [12] achieved 3.4 pm radiation
with pulse energy of 10 mJ with a ZGP nanosecond OPO.
KTiOPO, (KTP) and its isomorphs have also been widely
used in OPOs for many advantages, such as large nonlinear
coefficient, high optical damage threshold and commercial
availability [15, 16]. Compared with KTP, KTiOAsO,
(KTA) has higher transmission in the 3—5 pm region and
does not have the absorption feature seen in KTP near
3.47 pm. This makes KTA more attractive than KTP in
high power mid-IR OPOs [2-8, 13, 14]. Wu et al. [2]
achieved 4.1 W at 3.5 pm output and 15 W total output
from a KTA-OPO pumped by Nd:YALO laser. Zhong et al.
[6] achieved 31 mJ output energy at 3.47 um from a side-
pumped electrooptical (EO) Q-switched Nd:YAG laser. In
these KTA-OPOs, widely used 1 pm lasers were used as
the pumping source. Employing the type II noncritical
phase matching (NCPM) scheme, KTA generated 1.5 pm
eye-safe and 3.5 pm mid-IR radiations simultaneously. As
defined traditionally, the two waves from OPO are called
signal and idler waves for the high and low frequency ones,
respectively. So in this work, we denote 1.5 um wave as
signal and 3.5 pm wave as idler. As far as we know, all the
previous KTA-OPOs were configured that 1.5 pm waves
(signal) were resonated and the 3.5 pm ones (idler) were
not. As a result, the beam quality factors of the 3.5 pm
waves were much larger than the signal [2, 3, 8].

To improve the beam quality of 3.5 um wave, people
propose an idea of developing an idler-resonant OPO.
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However, it is not easy to realize such a device. Firstly, the
pumping intensity has to be high enough to reach the
oscillating threshold for OPO. According to the theoretical
analysis, the OPO threshold is increasing with resonated
wave shifting to longer wavelength [17]. So for idler-res-
onant OPO, the oscillating threshold is higher than that for
signal-resonant one. Secondly, a low-loss OPO resonator is
necessary. All the elements inside the OPO resonator are
required to have low-absorption coefficient at idler wave-
length, i.e., 3.5 pm in this work. Thirdly, it is difficult to
prepare the highly reflectivity (HR) dielectric multilayer
mirror coatings with high damage threshold at mid-infrared
region, especially for the coatings in intracavity configu-
rations. These mirrors should be coated for high trans-
mission at the pumping wavelength simultaneously.

In this paper, we present what are believed to be the first
laboratory study of KTA-OPO with idler wave resonated.
To produce high pump intensity, an efficient diode-end-
pumped acousto-optical Q-switched Nd:YAG laser was
used as the pumping source. And intracavity configuration
was designed to take advantage of the high intensity inside
the pumping laser cavity. To ensure a low-loss OPO res-
onator, we chose KTA crystals with high optical quality
and the substrates of the OPO cavity mirrors were made of
special materials which have high transmissions at 3.5 pum.
One OPO cavity mirror was made of infrared silica glass
(JGS3) and the other was made of Al,O; material. To
realize our idler-resonant intracavity OPO, we carefully
designed the cavity mirror coatings for strongly resonant at
1.06 and 3.5 pm and non-resonant at 1.5 um. The coating
data would be described in detail below. As a result, 105
mW idler wave and 720 mW signal wave were obtained at
an incident diode pump power of 15.4 W and a repetition
rate of 40 kHz. The spectral, temporal and beam quality
characteristics were analyzed for both signal and idler
waves. The beam quality factors (M?) of idler wave in two
orthogonal directions were measured to be 1.1 & 0.2 and
1.2 £0.2.

2 Experimental setup

Experimental configuration is shown in Fig. 1. An 808 nm
fiber coupled CW diode laser (NA = 0.22, d.ore =
600 um) was used to produce 1,064 nm wave. The laser
gain medium was a 1 at.% Nd-doped YAG rod with a
dimension of ¢ 4 mm x 10 mm. Both surfaces of
Nd:YAG were anti-reflection (AR) coated at 808 and
1,064 nm (R < 0.2 %). The pump beam was re-imaged
into the laser crystal and the waist diameter was 600 pm.
The KTA crystal with a size of 4 x 4 x 25 mm? was cut
along its X-axis (6 = 90°, ¢ = 0°) to realize type Il NCPM
of 1,064 nm« 1,535 nm + 3,467 nm. And its coating were
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Fig. 1 Experimental setup for idler-resonant KTA-OPO. LD laser
diode, CL coupling lens, RM rear mirror, OC output coupler, AO
acousto-optical Q-switch, DM dichroic mirror

Fundamental cavity

AR (R < 0.2 %) at 1,064 and 1,535 nm and high trans-
mission (HT) (T > 95 %) at 3,467 nm on both surfaces.
The 38-mm-long AO Q-switch (Gooch and Housego) had
AR coatings (R < 0.2 %) on both faces at 1,064 nm and
was driven at 41 MHz center frequency with 15 W of rf
power. The Nd:YAG, KTA and Q-switch were water
cooled with the water temperature of 20 °C.

The entrance face of the rear mirror (RM) was coated
for AR at 808 nm (R < 0.2 %). The other face was coated
for high reflection (HR) at 1,064 nm (R > 99.8 %) and HT
at 808 nm (7 > 99 %). M1 was made of infrared silica
glass (JGS3). Its one surface was coated for AR at
1,064 nm (R < 0.2 %) and the other surface coated for HT
at 1,064 nm (T > 99.5 %) and HR at both 1,535 and
3,467 nm (R > 99.8 %). A flat mirror made of Al,Oz was
employed as output coupler (OC). It was coated for HR at
1,064 (R > 99.9 %), partially reflection (PR) at 3,467 nm
(R =91 %) and HT at 1,535 nm (T > 99.3 %). Thus, the
resonator was a singly resonant intracavity OPO. The
1.06 pm wave oscillated between RM and OC and 3.5 um
wave oscillated between M1 and OC. The generated
1.5 pm laser in both directions could be output. The overall
cavity length was 96 mm and the OPO cavity length was
36 mm.

3 Results and discussions

In order to study the output characteristics of 1.5 and
3.5 um waves, we prepared two dichroic mirrors (DMs).
One (DM1) was made of CaF, and the other (DM2) made
of conventional BK7 glass. DM1 was coated for HR at
1,535 and 1,064 nm and HT at 3,467 nm to separate
3.5 pm laser from the total output light. DM2 was coated
for HR at 1,535 nm and HT at 1,064 nm to separate
1,535 nm laser from the residual fundamental laser.

We first studied the spectral characteristics of the output
waves. The wavelengths of the fundamental and signal
waves were monitored by a wide range spectrum analyzer
(Yokogawa AQ6315A, 350-1,750 nm). The wavelengths
were measured to be 1,064.2 and 1,535.5 nm for the fun-
damental and signal laser, respectively. The idler spectral
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information was monitored with a spectral analyzer con-
sisted of a monochromator, a pyroelectric detector and a
data acquisition system. The scanned results from 3,410 to
3,500 nm are shown in Fig. 2, from which a central
wavelength of 3,467 nm could be obtained.

The average output power characteristics were measured
with an EPM 2000 power meter (Coherent Inc.). Figure 3
shows the average output power with respect to the diode
pump power at pulse repetition rates (PRRs) of 20, 30, 40,
and 50 kHz. Figure 3a, b, respectively, corresponds the
results for 1.5 and 3.5 pm lasers. From these figures, we
can see the OPO oscillation threshold at 20, 30, 40, and
50 kHz were 4.8, 5.7, 6.4, and 6.8 W, respectively. The
output powers saturated and declined when pump powers
were higher than certain values. The highest signal power
was obtained to be 720 mW and idler power to be 105 mW
at diode pump power of 15.4 W and PRR of 40 kHz. The
conversion efficiency from the LD power to signal and
idler power were 4.7 and 0.7 %. The main reason for such a
low efficiency may lie in the randomly polarized 1,064 nm
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Fig. 2 Optical spectrum of idler wave from the KTA-OPO
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light produced from the isotropic Nd:YAG crystal. OPO
process is dependent upon the polarization state of inter-
acted radiations [18]. Only the photons with the “right”
polarization can contribute to OPO gain. The photons with
the “wrong” polarization were wasted and the conversion
efficiency was limited. Using other material such as a-cut
Nd:YVO, or Nd:YALO as the laser crystal to generate
linear polarized fundamental laser, we expect to increase
the OPO conversion efficiency. Moreover, the thermal
effects of the crystals also influenced the OPO conversion
efficiency. With the pump power increasing, the thermal
effects were becoming more and more serious. The serious
thermal focal lens effect would result in the instability of
the resonator. So, the output power would decline when
pump power was higher than certain value, as shown in
Fig. 3. For the laser crystal, by selecting a diffusion-bon-
ded crystal or increasing the pump beam size, the thermal
load induced by quantum defect of the lasing process could
be reduced. For OPO crystal, by selecting proper pump
source that can produce liner polarized fundamental wave
to reduce the “waste” energy, as said previously, the
thermal load of the OPO crystal could be improved. Fur-
thermore, optimal design of the cavity could supply better
mode overlap between the fundamental and signal waves,
which would also improve the parametric conversion
efficiency.

We studied the temporal characteristics using a digital
phosphor oscilloscope (TDS 5052B, Tektronix, 500 MHz).
The 1.5 pm pulses were detected by an InGaAs photodiode
and the 3.5 pm pulses by an HgCdZnTe photoconductive
detector. We measured the response parameter with a CW
mode-locked 1,064 nm laser, which had a pulse width of
around 40 ps. The result for InGaAs case was around 1 ns,
and that of HgCdZnTe case was around 5 ns. Figure 4
gives the pulse widths (FWHM) with respect to the diode
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Fig. 3 Average output powers with respect to the diode pump powers for idler-resonant KTA-OPO. a 1.5 pm laser. b 3.5 pm laser
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Fig. 4 Pulse widths with respect to the diode pump powers at 40 kHz

pump power at 40 kHz. It is noted that the pulse widths
results in Fig. 4 were obtained from deconvolution of the
recorded pulse shape and the equipment response function.
Each point was obtained by averaging arbitrary ten
experimental values. At the highest output power, the 1.5
and 3.5 pm pulse widths were measured to be 3.1 and
7.2 ns, respectively. This led to a peak power of 5.8 and
0.4 kW, respectively. In Fig. 5, we show the typical pulse
shapes recorded from the oscilloscope. The upper one
depicts the idler pulse and the lower one is signal pulse.
From Figs. 3 and 4, we can see that the pulse widths of
1.5 pm laser were shorter than those of 3.5 pm laser. In
singly resonant OPO, the cavity loss of the non-resonant
wave is larger than that of the resonant wave. Larger cavity
loss results in shorter photon lifetime and hence, short
pulse width. Therefore, the signal pulse widths are shorter
in our experiment.
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Fig. 5 Typical temporal shapes at the highest output power. The
upper one is idler pulse and the lower one is signal pulse
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Fig. 6 Three-dimension beam profile of idler wave

The output beam profiles were monitored by a nano-
scan beam analyzer and a precision linear stage (Zolix,
Inc). By focusing the beam with a ZnSe lens
(f = 100 mm), we measured the beam quality factors M?)
for both signal and idler waves at the highest output
power. The M? factors of the signal wave in horizontal
and vertical directions were measured to be 3.7 £ 0.1 and
4.1 £ 0.1, respectively. Those for idler wave were
1.1 £ 0.1 and 1.2 % 0.1. Particularly, compared with the
previous works about signal-resonant KTA-OPO, the
beam quality of the 3.5 pym laser was significantly
improved in our experiment. Figure 6 gives the three-
dimension beam profile of idler wave.

4 Conclusions

We have realized what are to our knowledge the first
experimental results of idler-resonant KTA-OPO. With a
diode pump power of 15.4 W, the idler output power
was obtained to be 105 mW at 3,467 nm and the signal
output power was obtained to be 720 mW at 1,535 nm.
The conversion efficiency from diode to total OPO
output power was 5.4 %. During the experiment, we
found the pulse widths of the idler laser were wider than
that of the signal laser. Moreover, a significant
improvement of the beam quality was observed for the
idler wave. Selecting more appropriate gain medium and
optimizing the cavity design are expected to yield
improved OPO performance.
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