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Abstract: We report on the investigation of a high—efficiency, widely tunable femtosecond optical
parametric oscillator (OPO) based on a multi-period MgO-doped periodically poled lithium niobite
(MgO: PPLN) crystal, pumped by an all-solid—state femtosecond mode-locked Yb: KGW laser at
1030 nm providing 100 fs pulses. With 6 W pump power, the OPO generates 2.68 W of signal power
at 1540 nm and 1.2 W of idler power at 3110 nm, which corresponds to the total conversion efficiency
adding up to 67.4%. To the best of our knowledge, this is the highest conversion efficiency of a
femtosecond OPO. Meanwhile, in order to obtain a broad optical spectrum range, both the grating
period and working temperature are tuned, resulting in tunable signals of 1.43-1.78 um and idlers of
2.44-3.68 um. This source will be used to generate a femtosecond mid-infrared laser of wavelength
range 3.7-6.5 pum and tens milliwatts average power through difference frequency generation (DFG).

Keywords: nonlinear frequency conversion; femtosecond optical parametric oscillator; difference
frequency generation; MgO-doped periodically poled lithium niobite

1. Introduction

Broadband femtosecond mid-infrared (mid-IR) sources play an important role in
various applications, such as environmental monitoring, medical diagnosis, spectral anal-
ysis, trace gas detections, etc. [1,2]. Commonly available mid-IR laser sources can be
divided into four main categories: gas lasers, semiconductor lasers, solid—state lasers and
frequency conversion-based laser sources [3]. Due to the lack of mature laser gain me-
dia with emission in the mid-IR, parametric down—conversion of near-infrared (near-IR)
sources through optical parametric oscillators (OPO), optical parametric amplifiers (OPA)
or difference—frequency generation (DFG) remain the most efficient approaches to obtain
high-power and widely tunable femtosecond mid-IR lasers [4-7]. Nowadays, there is
a vast variety of research works on the generation of mid-IR lasers by parametric con-
version, including intra—pulse difference frequency generation (IPDFG) [8], DFG using a
dual-signal-wavelength OPO [9], and DFG between the signal and idler wavelengths of
an OPA or OPO [10,11], as well as supercontinuum-seeded DFGs [12,13].

In 2020, Florian Morz et al. presented a dual OPO/OPA DFG method based on two
independently tunable input lasers, provided by two synchronously pumped parametric
seeding units. They compared this method to the traditional DFG approach of mixing the
signal and idler beams from a single OPA or OPO (signal-idler DFG). In this work, they
demonstrated that the output power and photon efficiency of the DFG wavelength under
10 pm generated by the signal-idler DFG are higher than that of dual OPO/OPA DFG [10].
Taking the much simpler configuration of the signal-idler DFG method into consideration,
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this approach is a very suitable option for generating tunable 4-7 pm femtosecond lasers
with tens of milliwatts average power [11].

At present, several groups have shown research results of femtosecond OPOs that
output both signals and idlers simultaneously [14-18]. In 2018, Xianghao Meng et al.
presented KTA-OPO pumped by a Yb femtosecond laser. At the pump power of 7 W, the
OPO generates 2.32 W of signal power at 1.55 um, corresponding to 1.31 W of idler power
at 3.05 um [17]. Although it has a high output power, the pump threshold of the KTA-OPO
is as high as 3.11 W. Due to the substantially larger effective nonlinear coefficient of MgO:
PPLN, it is easier to achieve a higher conversion efficiency as well as lower threshold
compared to a KTA crystal [19,20]. As a result, we choose the OPO system based on a MgO:
PPLN crystal to generate signals and idlers of high average power at the same time. The
proposal is depicted in Figure 1. Pumped by a commercial high—power femtosecond Yb
laser, the MgO: PPLN OPO system is able to generate a tunable signal wavelength range
cover of 1.4-1.8 um and a tunable idler range of 2.4-3.9 pm with Watt-level average output
power based on our design. Then, using a time-delay device and a beam combination
mirror, the signal and idler are poured into the DFG stage together. The signal and idler
beam from OPO can serve as the pump and signal laser of the DFG, respectively, so a
mid-IR wavelength range of 4-7 um can be obtained. Wavelength tuning is achieved by
using the tunable signals and idlers and rotating the crystal angle accordingly for satisfying
the phase matching condition of the DFG process.

P E—_L:u; _i I Delay
B3— "
0PO " _.ﬁ.=n—.—> Mid-IR
Signal - 4-7 pm
1.4-1.8 pm

Figure 1. Proposal for different frequency generation into the mid-IR spectral region.

In this work, we focus on the investigation of the high—conversion efficiency broad-
band tunable femtosecond MgO: PPLN OPO. By varying the grating period and working
temperature of the crystal while optimizing the cavity length, a tunable signal wave-
length range of 1.43-1.78 um is produced, which corresponds to a tunable idler range
of 2.44-3.68 um. Furthermore, using a 15% output coupler, a maximum output power
of 2.68 W is obtained at 1540 nm and 1.2 W of idler power at 3110 nm, where the total
conversion efficiency adds up to 67.4%.

2. Experimental Setup

The experimental setup of the femtosecond MgO: PPLN OPO is sketched in Figure 2.
The pump source is a commercial femtosecond mode-locked Yb: KGW laser delivering
100 fs pulses at a 75.5 MHz repetition rate with 6 W average power. The pump beam passes
a half-wave plate (HWP1) and a polarizing beam splitter (PBS), which allow the pump
power to be controlled for the OPO stage. The second half-wave plate (HWP2) is used to
adjust the polarization of the pump for satisfying the phase matching condition. A lens (L1)
with a focal length of 75 mm is chosen so that the beam waist diameter at the focusing point
in the MgO: PPLN crystal is about 72 um. The corresponding maximum peak intensity is
about 19.5 GW /cm?. In addition, the transverse mode size of the OPO resonant cavity is
80 um, which is beneficial in terms of achieving better mode matching.
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Figure 2. Schematic of the experimental setup for widely tunable MgO: PPLN femtosecond OPO.
HWP1, HWP2: half-wave plates; PBS: polarizing beam splitter; L1, L2: lenses; C1, C2: concave
spherical mirrors; HR1, HR2: plane high-reflection mirrors; OC: plane output coupler; F1: long—

L1

-

wave filter.

The signal single-resonant OPO consists of two concave mirrors (C1, C2), two high—
reflection mirrors (HR1, HR2) and a plane output coupler (OC). The C1 and C2 are coated
to support high transmission of the pump at 1030 nm and high reflection for the signal at
1.4-1.7 pm, and their radii of curvature are both 100 mm. In addition, C2 provides high
transmission (T > 95%) for the idler in the range of 2.5-4.5 um. The two high-reflection
mirrors also provide high reflection for the signal at 1.23-1.73 pm and 1.41-1.83 um,
respectively. Two output coupler mirrors are used, one of which has a transmittance of
1.5% in the 1.22-1.74 um range and the other has a transmittance of 15% at 1.4-1.8 pm.

The crystal is a 1 mm long MgO: PPLN crystal of 1 x 6 mm? cross section containing
5 different grating periods of 29, 29.5, 30, 30.5 and 31 um. The input and output facets of
the crystal are coated with antireflection coatings at 1000-1100 nm (R < 1%), 1400-1900 nm
(R < 1%) and 2300-4000 nm (R < 10%). The multi-period MgO: PPLN crystal is placed
in a heating oven to conduct temperature tuning precisely from 25 °C to 250 °C with an
accuracy of +0.1 °C, which can also increase the damage threshold of PPLN with heating.
A silicon filter lens (L2, f = 100 mm) that has a high transmission coating (T > 95%) at
2-5 pm is used to separate and collimate the generated idler from the residual pump. A
long-wave filter (F1) is used to block unwanted parasitical SHG and SFG and penetrate
signal wavelength only over 1366-2150 nm (T > 99%). The total cavity length of the OPO is
set to 993 mm, corresponding to a repetition rate of 151 MHz, which is twice that of the Yb:
KGW oscillator.

3. Experimental Results

When the cavity length of the MgO: PPLN OPO is accurately matched to half of the
cavity length of the Yb: KGW laser, the stable output of the signal wave is achieved. Firstly,
using a 1.5% output coupler, with the crystal with a poled period of 30.5 pm and crystal
temperature of 25 °C, a signal of central wavelength at 1573.5 nm with the highest power
of 1 W is generated. Correspondingly, the idler is centered at 2982 nm with 521 mW. Then,
using a 15% output coupler, with the crystal with a poled period of 30 um and crystal
temperature at 75 °C, a signal of central wavelength at 1540 nm with the highest power of
2.68 W is generated. Correspondingly, the idler is centered at 3110 nm with 1.2 W. Figure 3a
shows the variation in signal and idler output power versus the pump power. The pump
threshold of the MgO: PPLN OPO is about 1.7 W. Considering that the silicon filter lens
has only 95% transmittance in the idler tuning range and the actual effective pump laser
power on MgO: PPLN crystal is only 5.85 W, the pump—to—signal power conversion is
45.8% and pump-to—idler power conversion is 21.6%, corresponding to a total conversion
efficiency of 67.4%. We recorded the power stability of the signal radiation centered at
1540 nm for half an hour. The result is shown in Figure 3b, and the root mean square (RMS)
power fluctuation is 0.6%. The power fluctuation can mainly be attributed to the change in
laboratory environment and mechanical component.
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Figure 3. (a) Variation in the signal output power and idler output power as a function of the pump
power. (b) The output power stability of signal radiation.

By varying the grating period and working temperature of the crystal while optimizing
the cavity length, the signal wavelength can be tuned from 1.43 to 1.78 um and the idler
from 2.44 to 3.68 um. Figure 4 illustrates the variation in the signal power and the idler
power with wavelength when the pump is fixed at 6 W. The average power of the signal
pulse in the tuning range of 1.43-1.70 um exceeds 1.5 W, while the idler power exceeds
500 mW for the entire tuning range of 2.44-3.68 um.
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Figure 4. Signal and idler output powers of the entire tuning range at a fixed pump power.

We also measured the signal pulse width using a frequency-resolved optical gating
(FROG) measurement device, with the results shown in Figure 5. Figure 5a,b is the original
recorded and retrieved traces, respectively. Using an inverse algorithm, we obtained the
spectrum and temporal pulse as shown in Figure 5c,d. As evident from Figure 5, the
pulse duration of 214 fs is obtained at a signal of 1573.5 nm. The output signal temporal
pulse sequence from OPO is given in Figure 6. As shown in the figure, although there is a
difference in intensity between the two adjacent pulses, the difference is not significant.
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Figure 5. Measured and reconstructed traces and spectra from the FROG measurement. (a) is the
FROG trace measured; (b) is the reconstructed trace; (c) is the reconstructed spectrum; (d) is the
reconstructed time domain pulse; and the dashed lines in (c,d) are phase distributions.

Figure 6. The output signal temporal pulse sequence of OPO.

When the grating period was 30.5 pm, 30.0 pm and 29.5 um, respectively, by varying
the crystal temperature from 25 to 200 °C and adjusting the cavity length to have the
maximum signal output power, we recorded the wavelength tuning curves of signal and
idler. As shown in Figure 7, the signal has a red shift with the increase in temperature, and
the whole wavelength range is 1.48-1.73 um. Correspondingly, the idler tunable range is
2.54-3.38 um.
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Figure 7. Wavelength tuning curves of signal and idler with different temperatures when grating
period was 30.5 um, 30.0 um and 29.5 pum, respectively.

In addition, by varying the grating period and working temperature of the crystal
while optimizing the cavity length, the signal radiation can be tuned continuously over
350 nm across 1.43-1.78 um. The normalized output signal spectra in the tuning range
are given in Figure 8a. It is noticeable that the range of the signal wavelength is limited
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by the coating on the concave and plane mirrors. Figure 8b shows the typical normalized
spectra of the idler, and the corresponding idler radiation is tunable over 1240 nm across
2.44-3.68 um.
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Figure 8. (a) The normalized output signal spectra in the tuning range of 1.43-1.78 pum and corre-
sponding pulse duration of each spectrum (blue data spots). (b) The normalized output idler spectra
in the tuning range of 2.44-3.68 um.

We also studied the temporal characteristics of the OPO by measuring the pulse width
of the signal radiation across the tuning range. As shown in Figure 8a, the measured pulse
durations are in the range of 102-364 fs over the entire wavelength tuning ranges from
1430 nm to 1760 nm. It is found that the longer the signal wavelength is, the longer the
pulse duration is. The increase in signal pulse width can be attributed to the increase in
group velocity mismatch (GVM) among the interacting waves.

4. Conclusions and Discussion

In this paper, we report on a high—efficiency, widely tunable MgO: PPLN OPO pumped
by a femtosecond mode-locked Yb: KGW laser at 75.5 MHz of 1030 nm central wavelength
for widely tunable mid-IR DFG. The signal wavelength tunable from 1.43 to 1.78 um
together with the idler tunable from 2.44 to 3.68 um at 151 MHz are obtained by varying
the grating period and working temperature of the crystal while optimizing the cavity
length. Using a 15% output coupler, a signal average output power of 2.68 W is obtained at
1540 nm and 1.2 W of idler power at 3110 nm. With 6 W pump power, the total conversion
efficiency adds up to 67.4%. Such a high conversion efficiency is achieved firstly because
the maximum peak intensity of the pump is 19.5 GW/cm? in this work, which can greatly
promote the improvement of the conversion efficiency. In addition, for the experimental
setup of the OPO, C2 provides high transmission (T > 95%) for the idler and the OC has a
transmittance of 15% for signal, which results in more output power being extracted.

In addition, we investigated the conversion efficiency of femtosecond OPOs that
can be used for signal idler DFG, and a summary of the research results is shown in
Table 1. Among them, Jintao Fan et al. demonstrated a dielectric mirror-less OPO based on
MgO: PPLN with a conversion efficiency of 40.2% in 2018. Although different wavelength
components can be separated for the angular dispersion of the prism, the cavity losses
are higher than that of the conventional dielectric mirror-based system, so the conversion
efficiency is limited. In the same year, Xianghao Meng et al. presented a KTA-OPO with a
conversion efficiency of 51.8%, which is due to the fact that the maximum peak intensity
of the pump is 15.2 GW/cm? and a concave mirror with high transmission for the idler is
adopted. However, the performance of the KTA crystal cannot support higher conversion
efficiency. By comparison, in this work, we obtained the highest conversion efficiency of
67.4% in a similar OPO wavelength range, which benefits from high pump peak intensity
and extractable power, as well as the larger effective nonlinear coefficient of MgO: PPLN.
Then, we planned to use the signal and idler wavelengths of the synchronously pumped
wide-tuning OPO for DFG. By calculating and simulating this, tens of milliwatts of average
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power in the tunable spectral range of 3.7-6.5 um will be achieved [21-25]. Such a high-
efficiency broadband tunable near-mid-infrared femtosecond source is of importance for
ultrafast spectroscopy and frequency comb generation.

Table 1. A summary of femtosecond OPO research results.

Year of Conversion

Publication Pump Source  OPO Crystal Signal Power Idler Power Efficiency Reference
2004 1030 nm 68 W PPSLT 19W @1.45 um 7.8 W @3.57 pm 46.2% [14]
2015 1035 nm 2 W MgO: PPLN 355 mW @1628 nm 203 mW @2841.5 nm 31% [15]
2018 1040 nm 4 W MgO: PPLN 1.2 W @1482 nm 411 mW @3487 nm 40.2% [16]
2018 1030 nm 7 W KTA 2.32 W @1.55 um 1.31 W @3.05 pm 51.8% [17]
2021 1030 nm 7 W KTP 2.05 W @1.53 pm 1.03 W @3.17 um 44% [18]
2022 1030 nm 6 W MgO: PPLN 2.68 W @1540 nm 1.2 W @3110 nm 67.4% This work
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