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Abstract We demonstrate a high efficiency mid-infrared
laser source based on optical parametric oscillator (OPO)
assisted by an intracavity optical parametric amplification
(OPA). The OPA-assisted-OPO scheme was realized in one
piece of commensurable dual-periodic superlattice in which
the signal light generated from the OPO process serves as
the pump light for the OPA process. A maximum output
power of 508 mW at 3.92 ym was achieved under a pump
power of 2.85 W at 1.064 pm. The pump-to-idler conver-
sion efficiency is 17.8% and the slope efficiency is 23.8%,
and the enhancements of them are 58.9% and 67.6%, respec-
tively, comparing with the standard OPO scheme.

1 Introduction

Mid-infrared (IR) laser sources have many applications in
the fields of environmental monitoring, medicine, spec-
troscopy, and infrared countermeasures. The quasiphase-
matching technique is widely used in optical parameter
oscillator (OPO) to obtain high-efficiency tunable mid-
infrared lasers [1-4]. Most powerful mid-infrared OPOs are
pumped by Nd-ion doped lasers with the pump wavelength
of around 1 um. According to the Manley—Rowe relations
[5], the output power of the idler is greatly restricted by the
quantum efficiency of converting for a conventional OPO
process. For example, for the idler wavelength to be 4 pum,
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the maximum theoretic conversion efficiency from pump
to idler is about 25%, and an experimental efficiency is
reported to be about 10% by Dixit et al. [6]. To improve
the conversion efficiency, some approaches have been em-
ployed. Phua et al. and Lancaster obtained efficiency en-
hancement by a ZnGeP, OPO pumped by a KTP-OPO,
which in turn was pumped with 1 um laser [7, 8]. Dear-
born et al. reported an idler photon-conversion efficiency
of 110% with the configuration of an OPO with intracav-
ity difference-frequency mixing (DFG) [9]. However, they
were accomplished with two different nonlinear crystals.
Until Guo et al. proposed theoretically OPO, cascaded DFG
simultaneously accomplished in a single optical superlat-
tice obtained by aperiodically poling a ferroelectric crys-
tal [10]. And then Porat et al. experimentally demonstrated
improvement of the conversion efficiency by 16.6% with
the OPO and DFG processes, in which quasiperiodic crystal
employed was designed using the dual-grid method (DGM)
[11, 12]. In this experiment, we demonstrate an OPA-
assisted-OPO utilizing a stoichiometric LiTaO3(SLT) op-
tical superlattice with commensurable dual-periodic struc-
ture. The conversion efficiency reaches 17.8% and is im-
proved by 58.9% comparing with standard OPO.

The mid-IR OPO was pumped by a 1.064 um Nd:YAG
laser. In order to improve the conversion efficiency from the
near-IR to mid-IR, we used an intracavity OPA process to
assist the OPO process. The first OPO process generated sig-
nal light at 1.46 um and idler light at 3.9 um, then the signal
light served as the pump light of the OPA process to am-
plify the idler light at 3.9 um. The OPA process operated in
the OPO cavity, and enhanced the OPO process. Meanwhile,
the enhanced OPO process would provide more pump light
for the OPA process. Finally, the positive feedback of the
two processes would greatly improve the conversion from
the near-IR to mid-IR.
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Fig. 1 Dual-periodic structure
formed by modulation twice | | | |
upon a periodic grating, where

[=29.8 um, L = 625.8 uym and
the ratio L/ =21 is an integer
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Fig. 2 Fourier spectrum of the dual-periodic structure. The two recip-
rocals marked with (1, 1) and (1, —1) are used to compensate for the
phase mismatch for the OPO and OPA respectively

2 Structure design and characterization

We used a piece of commensurable dual-periodic superlat-
tice to realize the OPO-OPA process. A dual-periodic struc-
ture can be described with a periodic domain-reversal se-
quence superimposed upon another smaller periodic struc-
ture [13, 14]. As shown in Fig. 1, the two periodic domain-
reversal sequences are labeled as Fj(x) and F>(x), which
can be extended into two Fourier series:

Fi(x) = Z fine TOm¥, F(x) = Z 071G

m=-00 n=—00
(1
The function of dual-periodic structure is defined as
o .
F)=Fi(x) x F(x)= Y fune 'O ?)

m,n=—0o0

where fi,,n = fmn fn are the Fourier coefficients. The recip-
rocals G, , of the structure are givenas G, , = G, + G, =
mGy; +nGyp, where G; =2n/l, Gy = 2n/L are the first-
order reciprocals of the two periodic domain-reversal se-
quences. m, n are integers, which label the order of recip-
rocals. Usually, the periods of the two structures are not
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Fig. 3 Sketch map of the experiment setup. Attenuator, adjust the
pump laser power onto the dual-periodic superlattice; Filter, used for
spectrum-dividing

commensurable, and there will appear a small amount of
tiny domains. The tiny domains will lead to domain merg-
ing during the electrical-poling process, and hence a reduc-
tion of the Fourier coefficients of the structure. If the two
periods are commensurable, there will be no tiny domains
that appear, thus the poling quality of the optical super-
lattice will be improved. In Fig. 1, the smaller period is
[ =29.8 pm and the larger period is L = 625.8 um, and we
can see that L is 21 times that of /. The commensurable dual-
periodic structure can provide a set of reciprocals G, ,, and
its Fourier spectrum can be obtained by Fourier transform
of the dual-periodic sequence, as shown in Fig. 2. Accord-
ing to the temperature-dependent Sellmeier equation of SLT
crystal [15], at the temperature of 180°C, we can calcu-
late out that for the OPO process, i.e., 1.064 um(Apop0) —
1.457 um(Asopo) + 3.946 um(A;), the wave vector mis-
match is Akopo = 0.2209 pm’l. While for the cascad-
ing OPA process, 1.457 pm(Apopa) — 3.946 um(1;) +
2.310 um(Asopa), the wave vector mismatch is Akopa =
0.2008 pm’l. The two reciprocal vectors G1,1 and G,
are used to compensate the phase mismatch for the OPO
and OPA processes, respectively. The corresponding effec-
tive nonlinear coefficients for the two nonlinear processes
are dq,1 = 0.38d33 and d;, 1 = 0.425d33, which ensure that
both the processes can be effectively performed.

3 Experimental results and discussions

Figure 3 shows the schematic experimental setup of the
OPA-assisted-OPO for mid-infrared generation. The pump-
ing source is a Q-switched, linearly polarized Nd: YAG laser
operating at 1064 nm with a pulse width of 40 ns and a
repetition rate of 5 kHz. The OPA-assisted-OPO process is
designed for signal single resonance. A 100-mm-long lin-
ear cavity consists of two mirrors M1 and M2 with a 100
mm radius of curvature. The two mirrors are both antireflec-
tion coated for 1.064 pm, 3.8-4.0 um, and high-reflection
coated (R > 99.8%) for 1.4-1.5 ym. The commensurable
dual-periodic optical superlattice (CDPOS) with dimensions
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Fig. 4 (a) Idler wavelength tuning curves for the first OPO and second
OPO processes. Insert is the measured temperature tuning curve for
output Ay laser. (b) The output spectra at 155°C

of 40 mm x 10 mm x 1 mm was fabricated in a single SLT
crystal using electrical poling technique [16]. The two end-
faces of the CDPOS were polished and antireflection coated
at 1.064 ym, 1.4—1.5 pm, and 3.8-4.0 um. Then the sam-
ple was imbedded in a temperature-controllable oven with
an accuracy of £0.1°C. A convex lens was used to focus the
pump light onto the CDPOS and the beam waist inside the
sample was estimated to be 200 pm. Meanwhile, the waist
of the OPA-assisted-OPO cavity mode at 1.46 um was cal-
culated to be about 180 um, which matched well with the
beam waist inside the sample.

For the cascaded nonlinear process, parametric process
pumped by 1.064 um (A, — Ag1 + A;1) occurs first, then
the cascaded second parametric process (Ags1 — Ag2 + Aj2)
will occur. The relations of A;; and A;, vary with the crystal
temperature are shown in Fig. 4(a). When the two wave-
lengths get the same value, the signal and idler light of the
first OPO serve as the pump and signal light of the second
parametric process, respectively, and the OPO-OPA process
is established. In the experiment, the OPO-OPA process oc-
curs at 155°C, at other temperatures (e.g., 170°C), the sec-
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Fig. 5 Measured power dependence of the idler from the OPO-OPA
process at 155°C and that from the single OPO at 175°C versus pump
power

ond parametric process cannot be observed. The power de-
pendence of Ay on the operating temperature is shown in
the insert of Fig. 4(a). The measured results indicate that the
maximum output power of A;> can be obtained at the tem-
perature of 155°C, which demonstrates that OPO and OPA
processes are simultaneously phase-matched. The spectra of
the output beams recorded with an optical spectrum ana-
lyzer (ANDO AQ-6315A) are shown in Fig. 4(b). Due to
the limitation of the measured span of the optical spectrum
analyzer, we just acquired spectra of the signal at 1460 nm
from the OPO process and the second harmonic wave (1165
nm) of 2.33 um generated from OPA process. Actually, the
coincident OPA-assisted-OPO process occurs as follows:
1.064 um — 1.46 um + 3.92 ym and 1.46 pm — 3.92 ym +
2.33 pum. The measured wavelengths are not exactly in
agreement with the theoretical ones, which is mainly due
to inaccuracies in the Sellmeier equation and not taking into
account the thermal expansion of the crystal during calcula-
tions.

Then we set the temperature to be 155°C, the corre-
sponding wavelength of the idler light was 3.92 um. The
power dependence of the idler on the pump at 1.064 pm
was shown in Fig. 5. The threshold of the OPO-OPA process
was measured to be 0.9 W and the maximum output power
of the idler was about 508 mW. When the pump power
reached 2.85 W, the mid-infrared conversion efficiency and
the slope efficiency reached 17.8% and 23.8%, respectively.
Then we tuned the CDPOS temperature to be 175°C far
from the phase-matching point, owing to the coating prop-
erties of M1 and M2, and only the first OPO process oc-
curred. The single OPO yielded a slope efficiency of 14.2%
with a maximum idler output power of 320 mW at a pump
power of 2.85 W, the corresponding conversion efficiency
being 11.2%. Therefore, the conversion efficiency of OPO-
OPA was supposedly improved over single OPO by 58.9%,
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from 11.2% to 17.8%, and the slope efficiency improvement
reached 67.6%. In the experiment, the highest power inten-
sity was calculated to be 43 MW/cm?, thanks to the high
damaged threshold of SLT, which was reported to be 170
MW/cm? in our early work [17], which had a good coating
quality, and we found no damage to the CDPOS in experi-
ment. So, by increasing the pump power, we could acquire
higher conversion efficiency, hence more output.

4 Summary

In conclusion, an OPA-assisted-OPO scheme was used to
achieve 508 mW mid-IR laser light at around 3.92 um with
a specially designed commensurable dual-periodic optical
superlattice simultaneously phase-matching the two nonlin-
ear processes. High conversion efficiency up to 17.8% from
pump to idler was obtained and the slope efficiency reached
23.8% in the single optical superlattice. This scheme can be
easily scaled to higher power by further improving the pump
power and optimizing the parameters of the cavity and su-
perlattice structure.
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