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Abstract: In this paper, a novel high efficient dual-wavelength mid-infrared optical paramet-
ric oscillator (OPO) was demonstrated, which was pumped by a dual-wavelength Raman
fiber oscillator for the first time. The adoption of oscillator structure reduced the waste of
power, increased Raman pump power and promoted its frequency conversion. The dual-
wavelength pump source was fixed at 1070 nm and 1120 nm and the Raman conversion
efficiency was greatly enhanced from 26.7% to 72.1%. The high Raman efficiency and
low Raman threshold enabled the Raman laser to build optical parametric oscillation easily
and the pump-to-idler conversion efficiency of Raman laser improved greatly from 4.2%
to 13.3%. The generated dual-wavelength mid-infrared laser was fixed at 3272 nm and
3663 nm, with a maximum power of 6.87 W, indicating a 13.9% pump-to-idler conversion
efficiency. The highest mid-infrared output power generated by optical parametric oscillation
of Raman laser was also achieved, which is almost ten times than before.

Index Terms: Infrared lasers, nonlinear crystals, fiber lasers, nonlinear.

1. Introduction

Dual-wavelength mid-infrared OPOs can simultaneously generate mid-infrared emission with dif-
ferent wavelengths, which have great application value and prospects in THz generation, remote
sensing and material detection [1]-[4]. Researchers have developed two major schemes to achieve
dual-wavelength mid-infrared OPOs. One is using special cavity structure, which includes utilizing
specially designed nonlinear crystals, adopting multiple crystals and using doubly resonant optical
parametric oscillator (DRO). In 2009, Ji Feng et al. achieved a dual-wavelength mid-infrared
OPO located at 3.82 um and 3.73 um using a periodically phase-reversed periodically polarized
magnesia-doped lithium niobate crystal [5]. In 2015, Yuwei Jin et al. adopted two independent
periodically poled magnesia-doped lithium niobate (MgO:PPLN) crystals in one cavity and achieved
a widely tunable dual-wavelength OPO [6]. However, the whole optical system was relatively com-
plex. DRO is also a way to generate dual-wavelength output and THz generation has been achieved
by this method [7], [8]. However, it is relatively difficult to achieve stable output by DRO, since each

Vol. 12, No. 3, June 2020 1502908


https://orcid.org/0000-0002-2945-4968
https://orcid.org/0000-0001-9938-5577
https://orcid.org/0000-0001-7435-6307
https://orcid.org/0000-0002-2388-7092
https://orcid.org/0000-0002-9607-5239

IEEE Photonics Journal High Efficient Dual-Wavelength

oscillating light wave in the cavity must meet the energy conservation law, phase matching and
mode matching between longitudinal modes. The other scheme is utilizing dual-wavelength pump
sources, especially dual-wavelength fiber lasers. Compared with traditional solid state lasers, the
advantages of fiber lasers include high efficiency, excellent beam quality and compact structure
[9], [10]. Our research group has made some achievements in fiber-laser-pumped dual-wavelength
mid-infrared OPOs. In 2016, our group achieved a dual-wavelength mid-infrared OPO which was
pumped by a 1064&1080 nm dual-wavelength fiber laser [11]. In that experiment, parametric
oscillation and difference frequency generation (DFG) simultaneously occurred and 3125&3323 nm
dual-wavelength mid-infrared emission was observed. In 2018, our research group adopted a
tunable dual-wavelength fiber laser as the pump source and realized tunable dual-wavelength
mid-infrared output [12]. Compared with other schemes, it is obvious that dual-wavelength OPOs
pumped by dual-wavelength fiber lasers have several advantages such as simple structure and can
be implemented easily.

Utilizing the fiber nonlinear effect has been proved to be an effective way to achieve dual-
wavelength fiber source. As a common application of frequency conversion, the stimulated Raman
scattering (SRS) effect has been studied thoroughly [13]-[15]. In 2018, our research group built a
1060&1111 nm dual-wavelength Raman fiber laser which was adopted as the OPO pump source
and obtained 3054&3530 nm dual-wavelength mid-infrared radiation [16]. However, the fiber pump
source did not involve a Raman resonant cavity, resulting in low Raman conversion efficiency
at around 26.7%. Partial 1060 nm pump power was transferred to the backward Raman laser
and leaked out, which led to the waste of power. The conversion of Raman laser transferring
to mid-infrared laser was insufficient and the conversion efficiency was as low as 4.2%. The
dual-wavelength pump-to-idler conversion efficiency dropped by a third from 18% to 12% when the
Raman laser built the parametric oscillation. That is, the parametric oscillation of the Raman laser
lowered the total conversion efficiency. The 3530 nm output power corresponding to the Raman
laser reached maximum only at 0.5 W. Besides, the 2nd Raman effect appeared with increase of
1060 nm pump power and limited the 1st Raman conversion efficiency. Moreover, the threshold of
the Raman laser was as high as 51.5 W, which made it even more difficult for the Raman laser to
participate in the following parametric process.

In this paper, we realized a dual-wavelength Raman fiber oscillator pumped dual-wavelength mid-
infrared OPO, in which the nonlinear effects of fiber and crystal were combined. The scheme is easy
to implement and highly efficient. The dual-wavelength pump source consisted of a homemade
1070 nm fiber laser, a wavelength division multiplexer (WDM), a 35-meter long passive fiber and a
pair of fiber Bragg gratings (FBGs). lts central wavelengths were fixed at 1070 nm and 1120 nm.
The maximum 1120 nm laser power reached 38.78 W and the Raman conversion efficiency was
72.1%. When the 1120 nm pump power was relatively low, only the 1070 nm pump beam built
parametric oscillation and generated 1590 nm signal beam as well as 3272 nm idler beam. The
3272 nm idler power kept around 2 W since the 1070 nm pump power kept around 13 W all the time.
When the 1120 nm pump power reached 11.04 W, it was also high enough for 1120 nm pump beam
to build another independent OPO process and generate 1614 nm signal beam as well as 3662 nm
idler beam. The maximum 3662 nm idler power reached 4.98 W, which is currently the highest mid-
infrared output power generated by optical parametric oscillation of Raman laser. During the whole
process, the maximum dual-wavelength mid-infrared power reached 6.87 W, indicating a 13.9%
pump-to-idler conversion efficiency. The adoption of oscillator structure reduced the waste of power,
increased Raman pump power and promoted its frequency conversion. The Raman efficiency was
greatly enhanced from 26.7% to 72.1% and the Raman threshold was reduced from 51.5 W to
12.7 W, which made it easier for the Raman laser to perform the oscillation and generate laser with
longer wavelength. The passive fiber used was shortened from 137 meters to 35 meters, which
means the scheme was much more efficient. The pump-to-idler conversion efficiency of Raman
laser improved greatly from 4.2% to 13.3%, and the mid-infrared output power corresponding to
Raman laser raised 10 times from 0.5 W to 4.98 W. The obtained 3 um radiation have a great
role in applications such as spectroscopy, chemical and medical diagnosis [17]-[19], while the
3272/3662 nm dual-wavelength mid-infrared radiation have great applications in trace gas sensing
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Fig. 1. The schematic diagram of dual-wavelength mid-infrared OPO.

[20]-[22]. The output spectroscopy and idler power of the dual-wavelength OPO can be regulated
easily by adjusting the parameters of the Raman oscillator, which shows great potential in spectral
regulation.

2. Experiment Setup

The schematic diagram is shown in Fig. 1. The whole system could be divided into two parts. The
first part was a traditional Raman fiber oscillator, which was pumped by a homemade linearly-
polarized 1070 nm fiber laser. A WDM was used to prohibit the backward Raman radiation from
damaging the pump source. The polarization-maintaining (PM) passive 10/125 um fiber was 35
meters long from Nufern Corporation. The PM passive fiber, high reflectivity (HR, 99%) fiber Bragg
grating (FBG) and low reflectivity (LR, 52.4%) FBG at 1120 nm were combined and formed the
oscillator. They were followed by a fiber optical collimator and a half wave plate (HWP), which
was highly transimissive for the dual-wavelength pump beam (T > 99%), to parallel the beam and
adjust the polarization direction of the laser respectively. A focusing lens was used to focus the
pump beam into the center of PPLN crystal. The second part was the OPO. A typical four-mirror
ring cavity structure was adopted, which consisted of two concave mirrors M1 and M2 with a radius
of curvature of 150 mm and two plane mirrors M3 and M4. M1, M3 and M4 were anti-reflection
(AR) coated (T > 95%) for the 1-1.1 um pump beam and the 3—4 um idler beam, and had a high
reflectivity (R > 99%) for the 1.4—1.7 um signal beam, thus ensuring singly resonant oscillation
(SRO). The output coupler M2 had high transmittance for the pump and idler beam, and partial
transmittance for the signal beam (T ~ 10%). The nonlinear crystal was a MgO: PPLN crystal with
a grating period of 31 um. Its size was 50 mm (length) x 10 mm (width) x 1 mm (height). Behind
the cavity was an optical collimator, which allowed the output beam to be accurately parallel. Two
beam splitters M5 and M6, which were made of CaF,, were placed behind the collimator. M5 was
mid-infrared HR coated (R > 99%), with a reflective band of 3-5 um, was used to separate the
idler beam. M6, with a reflective band of 1.3—2 um (R > 99%), was used to separate the residual
pump beam and signal beam. The dual-wavelength mid-infrared beam was then separated by a
dichroic mirror (AR coated for 3.47—4 um, T > 99%), which was not shown in Fig. 1. The spectra
were measured using a Bristol 721B Optical Spectrum Analyzer, and the power were measured
using power meter probe S314C, S322C and header PM100D from Thorlabs Corporation.

3. Experiment Results and Discussion

The output spectra of the dual-wavelength pump source under different total power were measured
by Yokogawa AQ6370D Optical Spectrum Analyzer and shown in Fig. 2(a). It can be seen that
the central wavelengths of dual-wavelength output were 1070 nm and 1120 nm, which satisfied
the wavelength shifting relationship. The second-order Raman laser did not appear in the whole
process. The 1070 nm peak intensity was much higher than the 1120 nm laser at first. As the
total power increased, the 1070 nm pump power was continuously transferred to the 1120 nm
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Fig. 2. (a) Measured spectra of dual-wavelength pump source under different total power. (b) Calculated
1070 nm and 1120 nm laser power versus total power.

radiation, making the 1120 nm peak intensity 5 dB (about 3.2 times) higher than the 1070 nm
laser at last. The 1070 nm and 1120 nm output power under different total power were calculated
using spectral integration and shown in Fig. 2(b). It indicates that the 1120 nm Raman beam didn’t
appear until the total power was over 12.7 W. After then, it kept growing rapidly and finally reached
38.78 W. The residual 1070 nm pump power firstly increased slowly and then decreased slightly to
11.52 W, remaining approximately 13 W at most of the time. It can be seen that just like traditional
Raman fiber oscillators, the power was transferred to Raman laser rapidly, and consequently made
the Raman conversion efficiency grew continuously and reached maximum at 72.1%, which was
almost as 3 times high as that in the Ref. [16]. The slow depletion of residual 1070 nm laser limited
the further improvement of Raman efficiency, however enabling the 1070 nm laser to participate in
the following parametric process and generate dual-wavelength mid-infrared output. Besides, the
Raman threshold was 12.7 W, which was also much lower than 51.5 W in the Ref. [16], enabling
the Raman laser to build independent parametric oscillation in the following process more easily.

Then the dual-wavelength pump beam was used to pump the OPO for performing the frequency
conversion. The signal and idler spectra in logarithmic coordinates under different 1120 nm pump
power were measured and shown in Fig. 3(a) and (b) separately. In the whole experiment, the
1070 nm pump beam always independently built the parametric oscillation. The corresponding
signal and idler wavelengths changed from 1590 nm to 1591 nm and from 3272 nm to 3267 nm
with the increase of total pump power. It was analyzed that when the 1120 nm pump beam built
another parametric oscillation, the thermal effect of PPLN crystal was induced due to the absorption
of laser power and continuously enhanced with the increase of total pump power, finally resulting
in the red shift of signal wavelength and blue shift of idler wavelength [23]. It was noticed that
although the 1120 nm Raman laser appeared when the Raman threshold was reached, it did not
perform the frequency conversion immediately since its power was not high enough to reach the
threshold of OPQ. Till the 1120 nm pump power was over 11.04 W, it built another parametric
oscillation independently. The newly generated signal and idler wavelengths were 1613 nm and
3663 nm separately. Now the OPO can output mid-infrared radiation with two different wavelengths.
As the 1120 nm power kept growing, the corresponded OPO process continued to become stronger
and the embodiment in the picture was that the corresponded altitudes become higher. Though
1591 nm signal laser and 3267nm idler laser seemed to have a quite low altitude, it did not mean
that the power of them were weak because the wavelengthmeter we used could only depict the
wavelengths it measured and rough power relationship.

Based on Sellmeier equations [24], under room temperature of 25 °C, the generated signal
and idler wavelengths are simulated and shown in Fig. 4(a). As can be seen from Fig. 4(a), the
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Fig. 4. (a) The simulated tuning curve of parametric oscillations of 1070 nm and 1120 nm beam under
room temperature of 25 °C. (b) Total idler power, 3.3 um and 3.7 um idler power versus total pump
power. (c) 3.7 um idler power and conversion efficiency versus 1120 nm pump power.

calculated wavelengths of signal and idler beams are at 1581 nm & 3287 nm and 1609 nm &
3683 nm, which correspond to 1070 nm and 1120 nm pump beam, respectively. The simulation
results are similar with experiment results, with at most 20 nm deviation, which is due to the
temperature changes under high pump power. Temperature controller will be used to keep the
crystal temperature unchanged in the future experiments.

For convenience, the 3270 nm and 3663 nm idler beams were abbreviated as 3.3 um and 3.7 um
idler beams. The relationship of total idler power, 3.3 ©m and 3.7 um idler power versus total pump
power was shown in Fig. 4(b), where single wavelength mid-infrared output and dual-wavelength
output were separated by the dotted black line. It can be seen that the total idler power arose
from 1.46 W to 1.89 W linearly with a slope efficiency of 4.5% when the total pump power was less
than 24.17 W. At this time, only 1070 nm pump beam performed parametric process and generated
3.3 um idler beam, while 3.7 um idler beam was not obtained. When the total pump power was over
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Fig. 5. The simulated dual-wavelength idler optical parametric gain curve.

24.17 W, that is, when 1120 nm pump power was over 11.04 W, 1120 nm pump laser was also able
to perform the parametric oscillation and dual-wavelength mid-infrared laser was achieved. Under
this condition, 3.7 um idler power increased linearly while 3.3 um idler power firstly increased and
then declined, basically corresponding to the trend of 1070 nm pump power. The 3.3 um idler power
always kept around 2 W because the 1070 nm pump power did not change greatly and kept around
13 W. The maximum pump-to-idler conversion efficiency for 1070 nm pump beam was 16.1%. The
dual-wavelength idler power increased linearly to 6.87 W with a slope efficiency of 18.9% and the
maximum total pump-to-idler conversion efficiency was calculated to be 13.9%.

The relationship of 3.7 um idler power as well as measured and simulated conversion efficiency
versus 1120 nm pump power was separately shown in Fig. 4(c). It can be seen that after the
1120 nm Raman beam performed oscillation, 3.7 um idler power rose linearly with a slope
efficiency of 17.7%. When the 1120 nm pump power was 38.78 W, the 3.7 um idler power reached
maximum at 4.98 W, which was almost 10 times higher than the previous mid-infrared power
generated by Raman laser. The conversion efficiency first increased rapidly as the 1120 nm pump
power increased and finally remained around 13%, which demonstrated good agreement with
simulation curve. The maximum pump-to-idler conversion efficiency of Raman laser was calculated
to be 13.3%, which was greatly improved and was as 3 times as before [16]. The simulation results
show that the conversion efficiency curve start to decline after reaching the maximum, which means
that over-continued increase in power, however, will led to reduced efficiency due to the back
conversion. It also proves that the efficiency we obtain is the highest based on the experiment
conditions, and the efficiency varies with pump power.

The transfer matrix method is a common way to perform small signal gain simulation analysis
[25], [26]. The coupled-wave equations, after being derived and simplified, can be solved and the

[“1(2) pq “1(C)
1\2(2) “2*([:)

Where A is the amplitude at z, M is the transfer matrix:

e 14k22 (cosh gz + 13 sinh g2) e 1Ak/2 (1) sinh gz
= ejAkz/Z(%) sinh gz el2kz/2(cosh gz — jg—; sinh gz)

Then, the iterative method is used to calculate the final idler gain. The idler gain of the whole
process is shown in Fig. 5 when the 1120 nm pump power is as three times as 1070 nm pump
power. The simulation results explain the dual-wavelength frequency conversion process. It can
be seen that there are two gain peaks located at 3287 nm and 3683 nm which correspond to the
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parametric oscillations of 1070 nm and 1120 nm, respectively. The simulated idler parametric gain
of 1120 nm is much higher than that of 1070 nm gain, and the manifestation in the result is that the
idler power of 1120 nm is much higher than that of 1070 nm.

4. Conclusion

In conclusion, a novel high efficient dual-wavelength mid-infrared OPO was demonstrated, a dual-
wavelength Raman fiber oscillator was used to pump the OPO for the first time, and the highest
mid-infrared output power generated from parametric oscillation of Raman laser was achieved.
The dual-wavelength pump source, utilizing a traditional Raman fiber oscillator structure, was fixed
at 1070 nm and 1120 nm with a Raman conversion efficiency greatly improved from 26.7% to
72.1% and a Raman threshold notably decreased from 51.5 W to 12.7 W. The high efficiency
and low Raman threshold enabled 1120 nm pump laser to build oscillation easily. The 1070 nm
pump beam was able to build parametric oscillation all the time and generated 1590 nm signal
beam as well as 3272 nm idler beam. The 3.3 um idler power kept around 2 W and the maximum
pump-to-idler conversion efficiency was 16.1%. When the 1120 nm pump power was over 11.04 W,
it also reached the corresponding OPO threshold and performed the optical parametric oscillation.
The newly generated signal and idler wavelengths were 1613 nm and 3663 nm separately. The high
power Raman beam improved the Raman pump-to-idler conversion efficiency greatly from 4.2%
to 18.3%. The 3.7 um idler power reached the maximum of 4.98 W, which was almost 10 times
higher than before. The passive fiber used was shortened from 137 meters to 35 meters, which
means the scheme was much more efficient. In the experiment, the maximum dual-wavelength
idler power reached 6.87 W with a total pump-to-idler conversion efficiency of 13.9%. The total
conversion efficiency was relatively high since the oscillator structure reduced the waste of power.
The obtained 3 um radiation have important application value in spectroscopy, medical diagnosis
and trace gas sensing. This scheme was simple and easy to implement compared with other
schemes. Using Raman fiber oscillator as the pump source, dual-wavelength mid-infrared radiation
can be easily obtained. Besides, the spectrum and power of the dual-wavelength mid-infrared laser
can be regulated easily by adjusting the parameters of the Raman fiber oscillator, which shows
great potential in spectral regulation.
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