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Stable, high-average-power, continuous-wave singly resonant optical
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Abstract: We report a stable, high-power, continuous-wave (cw) optical parametric oscillator (OPO) pumped at
1064nm by a commercial Nd:YVO, solid-state laser. The oscillator is singly resonant, based on an angle-polished
MgO-doped periodically poled LiNbO, (MgO:PPLN) in a four-mirror ring cavity. Maximum output idler up to 2.
15 W is achieved at 3069.1 nm with 9.8 W of pump power, corresponding to a pump-to-idler conversion efficien-
cy of 21.9% . The device exhibits excellent power stability better than 0. 19% rms over 30 minutes, which is relat-

ed to the reduced intracavity residual reflections and thermal self-locking effect.
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Introduction

High power, stable laser sources with broadband
tunability in the near- to mid-infrared ( mid-IR) region
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are of great interest in many applications, such as trace
. [12] . A

gas detection' ', high-resolution molecular spectrosco-

py**) | free-space communication”! | and so on. Among

available sources, singly resonant optical parametric os-

cillators ( SROs) have emerged as atiractive mid-IR

s HEA.2014 - 10 - 08, f&[E B #9:2015 - 09 - 27

Foundation items : Supported by National Natural Science Foundation of China (61308056, 61008025, 11232015, 11072271 and 11204044 ) , the Research
Fund for the Doctoral Program of Higher Education of China (20120171110005 and 20130171130003 ), Guangdong Natural Science Foundation
(S2012010010172) , Opening Project of Science and Technology on Reliability Physics and Application Technology of Electronic Component Laboratory

(ZHD201203)

Biography : ZHENG Xiong-Hua (1991-) , male, Guangdong, China, Ph. D. candidate. Research fields focus on mid-infrared lasers and optical parametric os-

cillators. E-mail: zhengxh8@ mail2. sysu. edu. cn

* Corresponding author ; E-mail ; jiaozhx@ mail. sysu. edu. cn, wangbiao@ mail. sysu. edu. cn



6 1]

parametric oscillation based on angle-polished MgO : PPLN

ZHENG Xiong-Hua et al:Stable, high-average-power, continuous-wave singly resonant optical

685

sources for their well-known advantageous conversion ef-
ficiency and stability. In cw SROs, only one parametric
light is resonating inside the cavity to avoid mode compe-
tition with the idler. In this way stable operation can be
easily obtained, making them well suited for applications
mentioned above. The first cw SRO was demonstrated by
Yang et al. in 1993, based on KTiOPO, and pumped by
a custom-built, resonantly doubled, single-frequency
Nd:YAG laser'®”’. In 1996, 93% pump depletion, 3.5
W mid-IR laser output was performed from PPLN-SRO by
Bosenberg et al. , using both a four-mirror linear and ring
cavity*). Henceforward four-mirror ring cavity has be-
come a common choice when pursuing stable cw OPOs
due to its less insensitive to mechanical perturbations,
with a single selected wave resonating unidirectionally.

However, a crystal without angle-polishing, namely
a non-angle-polished crystal, with imperfect coatings can
be detrimental to the stability due to the residual reflec-
tions at the faces of the nonlinear crystals in high power
OPOs. Utilizing a non-angle-polished PPLN, Gross et
al. achieved a power stability of 1% rms over 1 hour at a
power level of 1.8 W from 7.3 W pump power®'. The
residual reflection between two faces of the crystal may e-
ven lead to an undesirable high intensity inside the cavi-
ty, resulting in Raman lasing'" or cascaded optical par-
ametric oscillations'""'. Although the frequency and pow-
er stability optimizing is possible with an intracavity etal-
on or particular mechanical stabilization, it was a tradeoff
at the expense of complexity or supplementary losses. On
the contrary, when an angle-polished (1°) MgO.PPLN
was employed as the nonlinear crystal, with a Teflon cov-
er for air currents protection and thermal isolation, excel-
lent power stability can be achieved even in a linear cavi-
ty'">). Tt is well believed that angle-polishing of crystals
which reduces residual reflections and etalon effects at
the faces of the nonlinear crystal does matter in stability
of high power OPOs.

In this paper, we present a cw SRO based on an an-
gle-polished MgO : PPLN in a four-mirror ring cavity. The
angle-polished crystal together with the unidirectional
ring cavity contribute to achieving superior stability as
well as high conversion efficiency. The cw SRO is
pumped by a Nd: YVO, solid-state laser at 1064 nm.
Maximum idler power up to 2.15 W is achieved at 3069. 1
nm for 9.8 W of pump power, indicating a conversion ef-
ficiency of 21.9% from pump to idler. Moreover, the cw
SRO exhibits power stability of better than 0. 19% over
30 minutes even no particular stabilizing measures are
applied. We also compared the different performance of
the angle-polished PPLN with another one that is not an-
gle-polished in the identical configuration, revealing the
vital role of the angle-polishing issue in a stable, high-

power OPO.
1 Experimental design

The schematic of our experimental setup is depicted
in Fig. 1. The pump source is a ¢cw Nd: YVO,-laser, de-
livering up to 9.8 W at 1 064 nm with a 0. 8 mm diame-
ter in TEM,, spatial mode (M* <1.2). The optical cavi-
ty is a four-mirror bow-tie ring, essentially identical to

that used in the early work of Bosenberg et al. **' | com-
prising two concave mirrors, M, and M, (r =100 mm),
and two plane mirrors, M; and M,. The total cavity
length is 460 mm. All mirrors are highly reflective at the
signal wavelength (R >99.9% ) and highly transparent
for the pump (R <2% ) and idler (R <5% ), ensuring
the purely singly resonance. The nonlinear crystal is a
5% doped MgO:PPLN ( HC Photonics, Taiwan) with a
dimension of 50 x 8.6 x 1 mm’, containing 7 separate
gratings with poling periods from A =28.5 pm to 31.5
pm in a step of 0.5 wm. In our experiment, the OPO is
operating at A =31 pm, 7=90 °C, with an idler wave-
length of 3069. 1 nm. To avoid residual etalons, both
end faces are broadband antireflection coated for wave-
lengths at pump (R <2% ), signal (R<1.5% ), and i-
dler (R < 5% ), and one of the end faces is angle
(0.7°) polished. The crystal is housed in an oven of
which the temperature can be stabilized within +0.1 °C
anywhere from room temperature to 200 °C.

The pump beam is confocally focused to yield a
beam waist of ~50 pm inside the crystal by a single lens
(f=75 mm) , while the resonant signal inside the cavity
has a beam radius of 71 pm at the center of the crystal,
estimated by the ABCD matrix formalism. Focusing pa-
rameters of the pump (£,) and signal (£,) beam are 1.6
and 1.2, respectively. A dichroic mirror, M, separates
the generated idler output from the residual pump and
signal radiation.

Fig.1 Schematic of the cw SRO based on MgO:PPLN in a
bow-tie ring cavity. L: lens, M: dichronic mirror
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2 Results and discussions

The idler output power generated from the SRO at
3069.1 nm (A =31 pm, T=90 °C) versus pump is
shown in Fig. 2, indicating a threshold of ~2.4 W.
With the maximum pump power of 9.8 W, idler power
up to 2. 15 W can be obtained. Note that no realignment
of the cavity is made during the pump power scaling. A
distinet kink in the input-versus-output curve separates
the curve into two region. Below this kink the slope effi-
ciency is ~40% while above that it reduces to ~20% ,
which is believed to be mainly resulted from saturation of
the pump depletion'® . This occurs at ~2.3 times the
threshold, in good agreement with earlier theoretical
study, where the optimal conversion efficiency and pump
depletion of SRO is predicted for pumping at (/2)7 the
oscillation threshold in the plane-wave approximation'"'.
Compared with a previous study with similar configura-

tion® | our OPO has a lower threshold together with a
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slightly poorer slope efficiency. This can be ascribed to
the smaller pump bean waist in our experiment. The
smaller beam waist can provide a higher intensity as well
as a smaller pump mode volume, which, however, pre-
vent from making full use of the crystal. Moreover, the
pump and signal focusing parameters in our experiment
are not equal to each other within the range 1 < £ <7,
slightly deviating from the theoretical optimal condi-

tion! 413,

Fig.2 Idler output versus pump power for the SRO at an i-
dler wavelength of 3 069. 1 nm (A =31pm, 7T = 90T for
MgO:PPLN)
K2 BE R IR 3 A YRS 3 069. 1 nm ) IR AU FE
I RAAL ML MO PPLN fR IR JA I 0 31 um, T4
EE R 90T

The idler power stability of the MgO:PPLN ¢w SRO
at maximum output power of 2. 15 W was detected by a
power meter ( Spectra-Physics, 407A ), with the result
shown in Fig. 3. The corresponding signal spectrum re-
corded with a spectrometer ( Zolix, DEC-M204) is
shown as the inset of Fig. 3. The idler exhibits a power
stability better than 0. 19% 1ms over 30 minutes, better
than the 0.5% one of another PPLN cw SRO, which is
among the best stabilities in the similar power level and
without special stabilizing measures''®’. There are at
least three effects that may account for the observed supe-
rior stability of the cw SRO. First, the SRO ring cavity
operates unidirectionally, since all mirrors are specially
coated and the crystal is angle-polished to avoid residual
etalon effect or reflections. Second, although there is a
high intensity inside the cavity due to the resonating sig-
nal, other complex nonlinear processes are ignorable
compared with the primary parametric process. In these
ways, the signal is singly and unidirectionally resonant
inside the cavity without mode competition with other
wavelength components. Third, a strong thermal self-
locking related to absorption in the nonlinear crystal is
suggested, which attempts to minimize frequency drift
between the signal and parametric gain maximum''"*'
Small frequency fluctuations can be compensated by the
thermal self-locking, which relaxes the requirements for
thermal and mechanical stability of the crystal and cavi-
ty, hence trying to maintain a constant output power.
The fact that our cw OPO operates stably with a tempera-

ture control precision of only +0.1 K and without parti-
cular protection from air currents or other disturbances,
shows approval to this explanation.

Fig.3 Idler power stability over 30 minutes at pump power of
9.8 W
K3 7E9.8 W RMDEIIRT, IBDEYIR. 16 30 24 N i
FeE

To further study the high performance of the OPO
on stability, we replace the angle-polished PPLN with
another one, which is non-angle-polished. It is interest-
ing to note that, although there is only one difference
that whether the crystal is angle polished or not, be-
tween these two experiments, the results just come out
quite differently. When operating with a non-angle-pol-
ished PPLN, the OPO is flickering with the visible radi-
ations generated from complex nonlinear processes. The
idler output is observably unstable, with a power fluctu-
ation of ~5% in less than 30 seconds. It is believed
that a higher intracavity intensity results in the differ-
ence performance. When the OPO operates with a non-
angle-polished crystal, residual reflection is brought in
by both of the crystal end faces. The residual reflection
can be even significant to induce a parasitic oscillation
in an opposite direction to the primary oscillation, hence
leading to a higher intracavity intensity, particularly in-
side the crystal. Consequently, apart from the primary
optical parametric process, complex nonlinear processes
including sum frequency generation ( SFG) , second or
even third harmonic generation ( SHG/THG ) arise in-
side the cavity, generating radiations in visible wave-
length range. Moreover, by measuring the spectrum of
signal leaked out from the OPO, additional spectral
component together with the peak at the expected signal
wavelength was observed, usually red-shifted towards
the longer wavelength by ~12 nm (shown in Fig. 4).
This is believed to arise from the cascaded optical para-
metric oscillations''" induced by the extremely intensive
power of the signal inside the cavity. With a partly
transmitting output coupler (T ~1.5% , depending on
the signal wavelength) instead of a plane mirror M, that
is highly reflective (R >99.9% ), the signal is coupled
out in two directions as shown in Fig. 1, confirming a
parasitic oscillation inside the cavity. The beam power
of the signal and parasitic one are measured to be ~ 2
W and ~ 0.5 W, respectively. By angle-tilting the
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crystal, the parasitic reduce to 0.2 W but cannot be
completely eliminated. Since both crystals are from the
same manufacturer with the same coating specification,
the difference in quality is believed to be small, hence
confirms the effect of angle-polishing.

Fig.4 Spectrum of the pump (p), signal (s) and the addi-
tional component (s’ ) caused by the cascaded OPO in a SRO
based on a non-angle-polished PPLN

K4 FHDE MRS R BE T IE DI My PPLN i A B 4
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3 Conclusion

To date, most of the cw SROs reported are based on
the ring cavity, which is commonly considered to have
superior stability properties compared with the linear cav-
ity. Enhanced efficiency as well as stability can be ob-
tained by taking advantage of the fact that ring cavity can
be designed with more degrees of freedom and is unidi-
rectional in operation. However, a non-angle-polished
crystal with imperfect coating can be detrimental to the
stable operation by bringing in residual reflections, which
has been experimentally confirmed in our study by using
a partly transmitting output coupler instead of a highly re-
flective plane mirror. Without particular stabilization, we
have achieved a stable, high-power cw SRO with high
conversion efficiency, utilizing an angle-polished MgO .
PPLN as the nonlinear crystal. The maximum output
power is up to 2. 15 W at 3069. 1 nm, corresponding to a
21.9% conversion efficiency. In addition, an outstand-
ing power stability of 0. 19% rms over 30 minutes was
observed, revealing the vital role of the angle-polishing
issue when pursuing a stable, high-power OPO. Future
research will be directed at operating at a higher level of
power, by optimizing the conversion efficiency and intro-
ducing an output coupler or a volume Bragg grating. The
spectral and tuning properties of the output will be stud-
ied in order to achieve mode-hop-free tuning.
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