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Beam quality improvements by a big margin for signal and idler beam of a high-energy 100-Hz KTiOAsO4 (KTA) optical parametric
oscillator were demonstrated using unstable resonator configuration instead of plane-parallel one. Theoretically, influences of cavity lengths
and transmission of output coupler on the OPO conversion efficiency for both were numerically simulated. For OPO based on unstable
resonator with a Gaussian reflectivity mirror (GRM), the maximum pulse energies at signal (1.53 μm) and idler (3.47 μm) were about 75 mJ
and 26 mJ, respectively. The corresponding beam quality factors of signal were M2 x=9.8 and M2 y=9.9, and M2 x=11.2 and M2 y=11.5 for
the idler. As a comparison, 128 mJ of signal and 48 mJ of idler were obtained with the plane-parallel resonator, and the M2 factors of the
signal were M2 x=39.8 and M2 y=38.4, and M2 x=32.1 and M2 y=31.4 for the idler. Compared with a plane-parallel cavity, over 8 times and
3 times brightness improvements were realized for the signal and idler light, respectively.
Keywords: Optical Parametric Oscillators; unstable resonator; beam quality.

1. Introduction
Optical Parametric Oscillators (OPOs) [1] are able to effectively
generate high-energy lasers in the eye-safe (1.5 µm) [2-3] and midinfrared (3-5 µm) wavelengths, which are located in atmospheric
transmission windows, and thus are widely used in remote
sensing, spectroscopy, and countermeasures [4-5]. Usually,
nonlinear crystals, for example, KTiOPO4 (KTP), ZnGeP2 (ZGP),
KTiOAsO4 (KTA) are adopted. KTP crystals exhibit strong
absorption in the mid-infrared (MIR) band with an absorption
peak at 3.4 µm, resulting in low mid-infrared energy output [6-7].
2 μm pumping sources are needed for ZGP crystals [8-10], whereas
1 μm pump source is more mature and readily available in high
energy sources with high repetition rate. Comparatively speaking,
KTA crystals show high damage threshold ( 600 MW/cm2), large
nonlinear coefficient (d24=3.2 pm/V), and large acceptance angle
[11-12], which were widely used in high energy short-wave and
middle-wave infrared sources [13].
Except for pulse energy, beam quality is another concern for
distance-related applications. In fact, simple plane-parallel
cavities are widely used for high energy nanosecond pulsed OPO
[14-15], however, the beam qualities are not so satisfactory. For
example, in 2001, J. C. McCarthy et al. reported an KTP-OPO
system with a pulse repetition frequency (PRF) of 10 Hz, in which

a pulse energy of 123 mJ at 1.57 μm was achieved with a beam
quality factor (M2) of 23 [16]. In 2010, J. Liu et al. obtained 151 mJ
signal (1.5 μm) and 53 mJ idler (3.6 μm) by a plane-parallel cavity
OPO at 10 Hz PRF, in which the divergence angle of the idler was
34 mrad without mentioning beam quality [17]. Recently, we also
reported a plane-parallel cavity based KTA-OPO system with a
PRF of 100 Hz and the total (signal + idler) pulse energy was 242
mJ. However, the M2 factor was measured to be about 30 [18].
To improve the beam quality of high energy OPO systems, there
are mainly two methods, one of which is non-planar ring cavity
configuration, including Rotated Image Singly-resonant Twisted
Rectangle (RISTRA) [19] and Fractional Image Rotation
Enhancement (FIRE) [20] resonator. In 2021, M. A. Medina et al.
demonstrated beam quality improvement for a 10-kHz ZGP-OPO
system with both non-planar ring resonators (M2~1.8 in RISTRA
and M2~1.4 in FIRE). However, the total (signal + idler) pulse
energy was only 2.1 mJ in the 3~5 μm, even if the average power
reached 21 W [21]. In 2004, D. J. Armstrong demonstrated a xzcut KTA-based OPO with a RISTRA cavity to generate 1.55 μm
light with M2~4, where the PRF was 10 Hz with an average power
of 1.5 W [22]. To date, non-planar ring cavities are mostly used in
ZGP-OPO, while high-energy KTA-OPOs are rarely reported
because the improvement in beam quality comes from the
combined effect of image rotation and birefringent walk-off in the

nonlinear crystal. Therefore, these configurations are not suitable
for non-critical phase matching (NCPM) crystals based OPO
system [23]. NCPM can maximize the acceptance angle and
effective nonlinear coefficient of nonlinear crystals. KTA-OPO
with NCPM has a large acceptance angle, which greatly reduces
the requirements for the beam quality of the pump light, while
eliminating the walk-off effect to maximize the effective gain
length [24].
Another well-established method for brightness improvement is
to employ unstable resonators, which are simple in structure [25]
and can lead to enhancement of brightness with acceptable energy
loss [26-27]. The unstable resonant can be classified as uniform
mirror (URM) or non-uniform mirror (NURM) by the radial profile
of output mirror reflectivity [28]. Both theories [29] and
experiments [30-31] have proved that URM unstable resonators
can be used to generate high energy lasers with high beam quality
in OPO. In 1998, W. Scharpf et al. reported an URM unstable
cavity eye-safe OPO with a pulse energy of 82 mJ at 50 Hz PRF,
whose beam quality was measured to be about 4.7 times
diffraction limited [32]. In 2001, G. Hansson et al. reported a
RbTiOAsO4 OPO with an URM unstable resonator, the M2 factors
of the signal at 1.56 μm and idler at 3.33 μm were about 7 and 2.5,
respectively. However, the total pulse energy was only 5 mJ at 10
Hz PRF [33]. In 2006, A. Vodchits et al. obtained a pulse energy of
22 mJ at 1.578 μm with 2 Hz PRF by an URM unstable cavity
OPO, in which the divergence angle was 3.5 mrad without
mentioning beam quality [34]. However, the URM unstable
resonators usually show a high threshold due to high loss, and the
ring-shaped output beam contains a diffraction ring with a hot
spot at the center, which limits the development of OPO with
unstable resonator. The unstable resonator based on a Gaussian
reflectivity mirror (GRM) can eliminate these shortcomings [3538]. Therefore, unstable cavity OPO based on a GRM has
attracted tremendous research interest [39]. To the best of our
knowledge, thus far, 100 mJ-level OPO laser system with an
unstable resonator at 100 Hz PRF has not been reported. We are
encouraged to combine NCPM KTA-crystal and GRM unstable
cavity to explore how the brightness could be improved with
simple but robust configurations.
In this contribution, we compared the performances of two OPO
cavities, i.e., stable plane-parallel resonator and unstable
resonator. A total output energy of 170 mJ was obtained in the
plane-parallel cavity, the M2 factors of signal were M2 x =39.8 and
M2 y=38.4, M2 x =32.1 and M2 y=31.4 for idler. Based on
theoretical calculations and experimental results, the parameters
of the resonant were optimized and improved, and the unstable
cavity based on a GRM was designed, which greatly improved the
beam quality. A total output energy of 101 mJ was obtained, with
the M2 factors of M2 x=9.8 and M2 y=9.9 for signal, M2 x=11.2 and
M2 y=11.5 for idler. Compared with the plane-parallel cavity, the
brightness of the signal and idler were improved by more than 8
times and 3 times, respectively. The experimental results show

that the unstable cavity with GRM is more suitable for high
brightness OPO based on NCPM-KTA.

2. Numerical simulation
The parametric interaction of OPO can be described by the coupled
field equations [40].
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Where, Es, Ei and Ep are the amplitudes of the signal, idler and
pump fields with the angular frequencies, ωs, ωi and ωp,
respectively. Here, it is assumed that the phase match condition
can be satisfied, Δk=0. The term deff denotes the effective nonlinear
coefficient. ns, ni and np are the refractive indices of the crystal for
the signal, idler and pump waves, respectively. c is the speed of
light in vacuum, and the direction of light propagation follows the
z axis.
The pump power follows a Gaussian time distribution given by
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where Wp is the single pulse energy of the pump wave, and τ is
pulse width of the pump wave.
Also, the transverse distribution of the intensity is assumed to
be Gaussian, it is given by
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where ω0,p represents the beam radius.
Using I=1/2(ncε0E2), and assuming that the beam waist is
located at the input mirror, one can obtain the temporal and
spatial profile of the pump pulse, given by
1


2 
8 ln 2
Ep  
 e
2
 n c π

 p 0 0, p  

( x2  y 2 )

0, p 2

e

2(

ln 2t



)2

(4)

The initial intensity of the signal wave is the vacuum
fluctuations, given by Ref. [41]
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which plays a key role to start the parametric oscillation. τs is the
round trip time and ω0,s is the beam radius of the resonating signal
wave.
The evolution of three waves can be simulated as follows, the
process of which is similar to Ref. [42]. The pump pulse is injected
on the crystal surface and experiences the energy conversion due
to the nonlinear frequency conversion inside the nonlinear crystal.
Then, the reflected waves by the output mirror becomes the start
values of the next cavity round trip. And, this loop will end after
the pump pulse leave the crystal.

around the 30 mm length. It indicated that a suitable crystal
length can be used to optimize the OPO, and it may be about
30~35 mm for our experimental arrangement.
The efficiency of the plane-parallel cavity is approximately twice
that of the unstable cavity, mainly due to the fact that the output
coupler (OC) of the plane-parallel cavity is high reflective (HR)
coated at 1.064 μm, whereas the OC of the unstable cavity is not.
The influence of the mirror transmittance on the conversion
efficiency was also analyzed, as shown in Fig.1(b). Based on our
simulations, the optimum value of the transmittance was
predicted to be around 45% for our experiment. The numerical
model is beneficial to optimize OPO parameters.

Note that a Gaussian mirror is used in unstable cavity OPO,
whose transmission exhibits a Gaussian profile
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where ωm is the mirror radius and Tmax is the central
transmittance of the mirror.
The calculation results are the spatial and temporal
distribution of the electrical field of three waves. Subsequently,
one can get the output energy of three waves using the integration,
given by
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The conversion efficiency of the OPO can also be calculated from
the relation
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Fig.1. (a) Conversion efficiency versus crystal length at 50%
transmittance of OC. (b) Conversion efficiency versus
transmittance of the OC at the crystal length of 33 mm.

3. Experimental setup
The experimental setup of the high energy KTA OPO system is
depicted in Fig. 2. The system was composed of 1064 nm Nd:YAG
main oscillator power amplifier (MOPA) and KTA-OPO. The sidepumped Nd:YAG MOPA system contained an oscillator and twostage amplifiers, which were used as the pump source of KTAOPO.

(8)

where Ws and Wi are the single pulse energy of the signal and
idler wave,
Conversion efficiency is a key factor to decide the optimum
OPO, and it attracts much interest to improve the conversion
efficiency recently [43]. Parameters of OPO can be easily
optimized based on the numerical simulation, which may help the
experiment operation. For the simulation, the nonlinear
coefficient deff is taken as 3.2 pm/V. The pump, signal, and idler
wavelengths are λs=1535 nm, λp=1064 nm, λi =3467 nm,
respectively. The refractive index are ns=1.776, np=1.868, ni=1.74.
Firstly, the dependence of the conversion efficiency on the crystal
length was evaluated, as shown in Fig. 1(a). The shorter crystal
length led to a lower conversion efficiency due to the incomplete
conversion, and the conversion efficiency reaches a maximum

Fig. 2. The schematic diagram of the experimental setup of the
KTA-OPO system. HR: high reflection; 90°QR: 90° quartz rotator;
BP: beam polarizer; GRM1: Gaussian reflectivity mirror for 1.06
m; ISO: isolator; M1: mirror 1; GRM2: Gaussian reflectivity
mirror for 1.5 m; M2: 45° beam splitter.

In the Nd:YAG MOPA system, the master oscillator was
designed to operate at a PRF of 100 Hz Q-switched by an electro-

optic modulator (EOM). To compensate for the thermally-induced
birefringence, the double-rods-cascading structure was adopted,
and a 90° quartz rotator was placed between the two rods. The
oscillator consisted of two 0.6 at.% doped Nd:YAG rods with a
diameter of 5 mm and a length of 75 mm, which were placed in a
resonator with a length of 35 cm. The GRM1 was the OC with 30%
reflectivity at 1.064 μm, which could improve the beam quality of
oscillator. The peak pump power of single module used in oscillator,
first-stage amplifier and second-stage amplifier was 3 kW, 6 kW
and 12 kW, respectively. Isolators were placed between the
amplifier stages to prevent self-excited oscillation and amplified
spontaneous emission between the amplifiers, which could also
protect the optical components from damage. The Nd:YAG rods of
the first and second stage amplifiers were 0.6 at.% doped with
sizes of Φ6×130 mm and Φ7×188 mm, respectively.
According to the results of simulation, an X-cut KTA crystal was
used as the nonlinear crystal with a size of 10×10×33 mm3. The
Nd:YAG MOPA system was used as the pump source of the OPO,
which was injected into the OPO cavity through the isolator and
the collimation system. To make a comparison, plane-parallel and
unstable resonators were designed under the same experimental
conditions. The input mirror of the OPO (M1) was coated with
high transparent (HT) for pump light and high reflective (HR) for
signal and idler light. Both the OCs of stable and unstable cavities
were coated with a reflectivity of 50% for the signal and HT for the
idler. The OC of the plane-parallel cavity was coated with HR for
1.064 μm wavelength, while the GRM2 of the unstable cavity was
not. As explained in Ref. 29, for the unstable cavity, the cavity
losses were directly related to the magnification factor m, which
should be a good trade-off between the round-trip losses and the
spatial mode selection. Through experimental optimization,
GRM2 and the rearview mirror were finally selected to form a nonconfocal unstable cavity with m=1.49. The M1 was concave mirror
with a radius of 2000 mm and the GRM2 was a Gaussian
reflectivity convex mirror with a radius of 1300 mm. In the stable
resonator, cavity mirrors were both flat mirrors.

4. Results and discussion

Fig. 3. (a) Output energies change curve with the pump current.
Inset shows the temporal pulse profile at maximum output power.
(b) Beam quality of the energy at 480 mJ. Inset shows the beam
profile.

4.2 The KTA-OPO
A beam expander system was applied to match the pump beam
diameter with the crystal aperture. The diameter of pump laser
injected into the KTA-OPO was 8 mm. The crystal was wrapped
with indium foil and mounted in a crystal holder. To compare the
output characteristics of unstable and stable cavities, both of
which were demonstrated with the same cavity length of 90 mm.
The corresponding pulse energies of the OPO versus the pump
energy are shown in Fig. 4(a). When the maximum incident pump
energy was 480 mJ, the total output energy of the unstable
resonator with GRM was 101 mJ, of which the 1.53 μm signal light
was 75 mJ and the 3.47 μm idler light was 26 mJ. The highest
total output energy of the plane-parallel cavity was 170 mJ with
the pump energy of 480 mJ. The discrepancy of nearly 70 mJ
resulted from the different coating characteristics of the OCs. For
plane-parallel cavity, the OC was HR coated at 1.064 μm, enabling
double-pass pumping for higher output. While limited by the
coating technology, the OC (GRM2) of the unstable cavity were
uncoated HR for 1.064 μm, single-pass pumping resulted in lower
output energy. To date, this is the highest output level of the OPO
with an unstable cavity at 100 Hz PRF. Moreover, the dependence
of the output energies on the cavity length is shown in Fig. 4(b)
under the stable and unstable operation. As the length of the
cavity increased, the output energy of both unstable and stable
cavities decreases significantly.

4.1 The 1064 nm pump source
The output energy of the Nd:YAG oscillator, first-stage amplifier
and second-stage amplifier are shown in Fig. 3. The maximum
output pulse energy of the pump source was about 480 mJ. The
typical pulse shape at the maximum output energy of the Nd:YAG
MOPA system is shown in Fig. 3(a), and the pulse duration of final
output laser was about 18 ns. As shown in Fig. 3(b), M2 x and M2
y for 480 mJ output energy were 4.9 and 3.5, respectively. The
inset in Fig. 3(b) shows the corresponding transverse beam profile.
For an introduction to the 1064 nm pump source, refer to Ref. [16]
for specific results.

Fig. 4. OPO output pulse energies (sum of signal and idler) for
unstable and stable resonators. (a) Output energies versus the
incident pump energy at the cavity length of 90 mm. (b) Output
energies under different cavity lengths at the pump energy of 480
mJ.

To verify that the unstable cavity could improve the beam
quality, we obtained the beam profile from a near-infrared
CCD (SP620U-MIR, Ophir) and mid-infrared (WinCamDIR-BB, DataRay) camera. Figure 5 shows the measured
beam profiles of the signal and idler, it was found that both
the signal and idler of an unstable cavity had better
intensity spatial distribution than those from a stable
cavity. At the same pump energy of 480 mJ, the M2 of signal
and idler in stable cavity and unstable cavity with GRM
were obtained by fitting the beam propagation equation.
Figure 5(a) and 5(b) show the beam quality of stable cavity
OPO, the M2 factors of the signal were M2 x=39.8 and M2
y=38.4, and that of the idler were M2 x=32.1 and M2 y=31.4.
The beam quality of unstable cavity is shown in Fig. 5(c) and
5(d), the beam quality factors of the signal were about M2
x=9.8 and M2 y=9.9, and the beam quality factors of the
idler were about M2 x=11.2 and M2 y=11.5. The above
results were summarized in Table 1.

brightness of the signal and idler were improved by more
than 8 times and 3 times.
Table 1. Beam quality values and output energy achieved
with the described resonators

M2 factors

Energy (mJ)

Cavity

Stable

Unstable

Stable

Unstable

Signal

39.8/38.4

9.8/9.9

128

75

Idler

32.1/31.4

11.2/11.5

48

26

Although the beam quality has been greatly improved by
using a non-confocal unstable cavity with GRM, the results
still need to be further improved. As reported in Ref. [30],
the confocal unstable resonator has been shown to be useful
for generating beams close to the diffraction limit in the
OPO. To realize a confocal unstable resonator with the GRM
in hand, the cavity length was increased to satisfy the
confocal condition, which resulted in a significant decrease
in the OPO efficiency. Building a compact confocal
resonator, GRM with a short radius of curvature was
required. However, it was difficult for GRMs with short
radii of curvature to control damage in a high-energy cavity.
In future experiments, we will focus on how to use the
confocal unstable cavity OPO to obtain high energy laser
output with ideal beam quality. We will also improve the
beam quality of the 1064 nm pump source to increase the
brightness of the OPO’s output lasers.

Fig. 5. The beam quality of signal and idler at the pump energy of
480 mJ. Inset shows the beam profile. (a) Signal of the OPO based
on plane-parallel cavity; (b) Idler of the OPO based on planeparallel cavity; (c) Signal of the OPO based on unstable cavity with
GRM; (d) Idler of the OPO based on unstable cavity with GRM.
A figure of merit that could be used to compare these two
works is the brightness. The general definition of a pulsed
laser source brightness is given by

B

P
( M 2 ) 2

(9)

Where λ is the laser wavelength and P being the laser peak
power [44]. According to Fig. 4 and Fig. 5 we calculated the
brightness of the output laser. The brightness of signal and
idler obtained from the unstable cavity with GRM were
about 20 GW/sr·mm2 and 1.1 GW/sr·mm2, respectively,
while those obtained from the plane-parallel cavity were 2.2
GW/sr·mm2 and 0.26 GW/sr·mm2, respectively. The

Fig. 6. Spectrum of the signal light

The corresponding spectral output characteristics were
measured at a maximum pulse energy of 101 mJ for the
unstable cavity with GRM. As shown in Fig. 6, the
bandwidth (FWHM) of signal spectrum was approximately
0.25 nm with a central wavelength of 1535 nm. Based on the
phase matching conditions, the idler laser wavelength can
be calculated to be 3467 nm.

In addition, an indium gallium arsenide detector, a midinfrared detector (MIP-10-100M-F-M4, Vigo) and an
oscilloscope (Wavesurfer 3034, LeCroy) were used to observe
and record the pulse shape of the OPO. The results are
shown in Fig. 7(a) and 7(b). At the maximum output energy,
the pulse widths of signal and idler were 16.2 ns and 15.4
ns, respectively. Figure 7(c) shows the simulation of
temporal profile of the depleted pump, signal and idler
pulses. It indicated that the signal and idler pulses build up
synchronously when the pump pulse starts the conversion,
and the pulse widths were estimated to be 15.6 ns and 15.8
ns for the signal and idler pulse, respectively. In general,
these characteristics were basically consistent to the
experimental results.

Fig. 7. Typical pulses shape of OPO based on unstable cavity
with GRM at output energy of 101 mJ. (a) Temporal profile
of signal in the experiment; (b) Temporal profile of idler in
the experiment; (c) The simulation of temporal profile.
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