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Abstract: We present a high-power, widely tunable, synchronously pumped picosecond pulsed
optical parametric oscillator (OPO) generating emissions in the near to mid-infrared wavelength
ranges. The OPO is pumped using a Nd:YVO, picosecond pulsed laser and utilizes a fan-shaped,
multi-grating MgO doped PPLN crystal (MgO:PPLN). The system generates near to mid-infrared
output across the wavelength range 1.3-5 pm, with a high overall conversion efficiency of 75.15%.
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1. Introduction

Near-infrared (1.3-2 pm) and mid-infrared (2.2-5 pm) wavelength tunable, short-pulse
lasers have been applied to numerous applications across a diversity of fields. By generating
laser emission at near-infrared wavelengths (and in particular, wavelengths in the eye-safe
region), and with short-pulses, the Raman scattering microscopy has seen increasing use in
cutting-edge applications in biology [1-3]. Lasers radiating in the mid-infrared wavelength
range with picosecond pulse durations have found applications in ultrafast processes,
time-domain spectroscopy and laser micromachining, this being due to wavelengths in this
spectral band corresponding with the characteristic vibrational absorption of many organic
materials [4,5]. This is also an important characteristic for material processing methods,
including resonant infrared pulsed laser deposition [6,7]. There is hence great interest in
expanding the range of novel lasers, which can further advance these applications.

Nonlinear frequency conversion is perhaps the most commonly used method of
wavelength converting laser sources. Some of the most utilized processes include second
harmonic generation [8], sum frequency generation [9], OPO [10-13], optical parametric
amplification (OPA) [14] and Raman scattering [15]. For the generation of long-wavelength
laser fields, OPOs and OPAs are the most commonly used techniques. Here, a short-
wavelength pump field is used to generate two longer-wavelength fields. OPOs can be
employed to generate widely tunable emissions in the near to mid-infrared wavelength
region, with high conversion efficiency, and across both continuous-wave and pulsed
regimes. Furthermore, utilization of an OPA with injection seeding can yield narrow
linewidth, broadly tunable near to mid-IR laser emission [16-18].

Synchronously pumped optical parametric oscillators (SPOPOs) can be used to gener-
ate ultrashort laser pulses in new spectral regions. SPOPOs are typically used with lasers
operating in the picosecond (ps) pulse regime and provide a wide wavelength tuning range
while maintaining an all-solid-state design. They are useful for a variety of applications
which require high power, short pulse durations and a narrow spectral bandwidth [19,20].
A key issue in the design of SPOPOs is the choice of the nonlinear conversion medium.
For instance, there are several reports detailing the generation of near- and mid-infrared
outputs based on the birefringent-phase-matching (BPM) crystals, including KTiOPO4
(KTP) [12], KTiOAsOy4 (KTA) [21], and ZnGeP, (ZGP) [22]. However, large walk-off effects
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and the low nonlinear coefficient of these crystals impact the optical conversion efficiency
and limit the generation of excellent beam quality and high power output. Recent improve-
ments in nonlinear materials have allowed highly efficient and high beam quality laser
radiation in the near- and mid-infrared wavelength ranges.

Compared with birefringent crystals, crystals which utilize quasi phase matching
(QPM) have been widely employed in the generation of near- and mid-infrared lasers
based on optical parametric oscillationtors due to appealing characteristics of large effective
nonlinearity, large acceptance angles, lower walk-off effects, and low susceptibility to
photorefractive damage. Several reports are available concerning near- or mid-infrared
OPOs utilizing quasi phase matched crystals. These include works based on periodically
poled KTiOPO, (PPKTP) crystals with a fan-out grating design. From these systems,
wavelength tunability in (741-922 nm) and (1258-1884 nm) were achieved with the output
powers of 150 mW and 400 mW [23]. Shining Zhu et al. achieved 1.2 W emission from an
idler field at 3.8 pm and 3 W emission from a signal field at 1.48 um from a periodically
poled LiTaO3 (PPLT) crystal-based OPO [24]. MgO:PPLN (magnesium-doped periodically
polled lithium niobate) has also attracted significant attention as a non-linear material for
use in OPOs due to its multiple properties of high nonlinear coefficient (~17 pm/V), large
transparency range (0.5-5 um), and its resistance to optical damage.

In recent years, there have been numerous reports investigating the generation of
near- to mid-infrared picosecond laser emission using periodically polled crystals with
synchronously pumped X-shaped cavities [25-32]. For instance, the team of S.Chaitanya
Kumar reported a 1064 nm, 81.1 MHz, picosecond Yb-fiber laser pumped MgO:sPPLT
crystal mid-infrared wavelength tunable OPO. The wavelength tunability of the OPO is
obtained in the range of 1530-1640 nm (signal beam) and 3022-3488 nm (idler beam),
obtaining the maximum tuning length of 577 nm. The high signal output power of 4.3 W
at wavelength of 1595 nm and mid -infrared idler output power of 2 W at wavelength
of 3200 nm were achieved by adjusting the cavity mirrors, corresponding a total (signal
and idler) conversion efficiency of 47%. In 2013, the team reported a 160 Mhz, 532 nm
frequency-doubled Yb-fiber laser synchronously pumped picosecond OPO, which consisted
of a fan-shape grating designed PPKTP crystal. Resulting signal and idler outputs were
widely tuned in the tuning range of 726-955 nm and 1201-1998 nm, respectively. The
maximum tuning length of this OPO was 1026 nm.

While the aforementioned results from the literature show the potential for generating
wavelength tunable emissions from OPOs, they serve to highlight the complexity and
difficulty associated with tuning and optimizing X-shaped cavity designs. Typically, the
wavelength tunability of X-shaped cavity OPOs is in the range of 1.43-1.63 um (signal field)
and 3.06-4.16 um (idler field), with a maximum conversion efficiency of ~73%. Compared
to X-shaped ring cavity OPOs, Z-shaped cavity OPOs have a simpler design, are easier to
adjust and optimize, and are more broadly tunable.

In this research, we investigate the operation of a high-power, widely tunable near- to
mid-infrared picosecond pulsed, singly resonant Z-shaped OPO using a MgO:PPLN crystal.
The OPO is pumped using a Nd:YVO, picosecond pulsed laser and widely tunable signal,
and the idler field emission is generated by tuning the grating period and temperature of
the MgO:PPLN crystal.

2. Experimental Setup

A schematic of the experimental system was depicted in Figure 1. The pump laser was
an all-solid-state Nd:YVOy laser with a central wavelength of 1064 nm, a pulse duration
of ~15 ps at a repetition rate of 120 MHz, a maximum power of 19 W, and a TEMy spatial
mode. The pump beam was injected into the OPO, and its power was regulated by utilizing
a half-wave plate (HWP) and a thin film polarizor (TFP). Another HWP in the setup was
used to control the polarization of the pump beam so as to optimize the type-0 phase
matching (e—e + e) among the pump, signal, and the idler outputs within the nonlinear
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crystal. The pump field was focused with a radius of 60 um in the center of the MgO:PPLN
crystal by using a focusing lens (f = 125 mm).
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Figure 1. Schematic of the picosecond pulsed synchronously pumped, widely wavelength tunable
optical parametric oscillator. A/2: Half-wave plate, M1-M5: Cavity mirrors.

The nonlinear crystal used in the SPOPO was a MgO doped periodically polled
lithium niobate (MgO:PPLN) crystal. It had a fan-grating with a period which varied from
26-32 um and dimensions of 50 x 16 x 2 mm?®. Compared to MgO:PPLN crystals with
ordinary gratings, a fan-shaped MgO:PPLN crystal ensures an output spectrum without
wavelength gaps, which provides continuous wavelength tunability of the parametric
outputs. The MgO:PPLN was placed in an oven and heated in a tuning range from 25 °C
to 200 °C for phase matching. By varying both the phase matching temperature and the
spatial position of the pump field within the MgO:PPLN crystal (so as to access different
periods of the polled crystal), wide wavelength tunability of the OPO outputs could be
obtained. The two end faces of the MgO:PPLN crystal were anti-reflection coated for the
pump (1.064 um), signal (wavelengths of 1.4-1.75 um), and idler (wavelengths of 2.5-5 um).

The OPO was constructed to be singly resonant for the signal field and comprised a
Z-shaped standing wave cavity consisting of five reflective mirrors. Plane-concave mirrors
M2 (R = 150 mm), and M3 (R = 150 mm) were positioned at a distance of 90 mm from
the two end faces of the MgO:PPLN crystal. A plane-concave mirror M4 (R = 500 mm)
and flat mirrors M1 and M5 also formed the OPO cavity. The cavity mirrors M1-M4 were
high-reflecting coated for the signal field (1.4-1.75 um, R > 99.9%) and anti-reflecting coated
for the pump and idler fields (1064 nm, R < 0.5%; 2.5-5 pm, R < 2%). The cavity mirror M5
was coated partially transmitting for the signal field (1.4-1.75 um, R~80%) to ensure the
signal field was singly resonant with a low Q factor. Precise control of the cavity length
was required in order to realize effective synchronous pumping of the OPO. It was also a
significant factor for improvement of the broadband wavelength tunability of the system.
In comparison to the X-shaped cavity, the Z-shaped cavity serves as a standing wave cavity,
which has the advantages of simple operation and easy adjustment, and the fundamental
mode spot size on the nonlinear crystal was also easy to control. The cavity mirror M1 was
placed on a high-precision translation stage to control the cavity length. The round-trip
optical path length of the cavity was set to ~1250 mm and then fine-tuned to achieve
synchronization with the 120 Mhz of the pump beam. In order to achieve good overlap
between the pump and the signal in the cavity, we set the spot size of the signal to ~65 pm.
The idler output beam was separated from the pump and signal beams using a wavelength
separator (S), then measured using a pyroelectric camera. The signal beam was extracted
from the reflecting mirror (M5) and imaged using a camera.
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3. Results and Discussion
3.1. Output Beam Profiles

The spatial distributions of the OPO output beams were recorded by a Spiricon
pyroelectric camera III. Depicted in Figure 2a—c are the spatial distributions of the signal
field at 1.352 um, 1.579 um, and 2.015 um, respectively, and Figure 2d—f are the spatial
distributions of the idler output at 2.254 pm, 3.262 um, and 4.992 um, respectively. These
images indicated that the OPO outputs oscillated with a Gaussian spatial distribution across
the whole wavelength tuning range. The beam quality factor (M?) of the mid-infrared idler
beam at 3.262 um was measured as 1.3 horizontally and 1.3 vertically, respectively.

Figure 2. Images showing the spatial distribution of (a—c) signal fields and (d—f) idler fields at
different output wavelengths.

3.2. Wavelength Tunability

We measured the wavelength tunability of the picosecond OPO, which was con-
structed from the 80% output coupler, by controlling the grating period and heating of the
MgO:PPLN crystal. In this OPO, the quasi phase matching condition was fulfilled when
the phase mismatching wavenumber was equal to zero. This can be described as follows:

Ak — 9 (ne A T)  1e(A,T)  me(As, T) 1 >: . "

where Ap, As, and A; are wavelengths of the pump, signal, and idler outputs, and A is the
grating period. Additionally, 7, is the refractive index of extraordinary polarized waves in
the MgO:PPLN crystal. This depends on the temperature and wavelength of the crystal
and can be expressed using the Sellmeier equation [33]

ap + by f as + baf B

2
A2 — (ﬂg + b3f)2 A2 — a% (ﬂ6 + b5f))\ @)

n§=ﬂ1+b1f‘|‘

where f = (T — 24.5 °C)(T + 570.82) is called the temperature parameter. The corresponding
parameters 4; and b; can be found in [33]. Therefore, when the wavelength of the incident
pump beam is known, the wavelength tuning characteristics of the signal and the idler
fields can be determined by the crystal period and the crystal temperature. Figure 3a shows
the wavelength tuning range obtained by varying the crystal period when the crystal
temperature is fixed at 25 °C where the points indicate the experimental values and the
curves indicate the simulated theoretical curves. Figure 3b shows the experimental and
simulated tuning curves of the output wavelengths of the signal and idler obtained by
varying the crystal temperature when the grating period is ~32 pm. It can be observed
from the figure that the tuning curves calculated using the Sellmeier equation are in good
agreement with the experimental values.
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Figure 3. (a) Experimentally measured wavelengths and theoretically calculated tuning curves for
different grating periods of the crystal at a MgO:PPLN temperature of 25 °C. (b) The mid-infrared
wavelength plots at various temperature of the MgO:PPLN. The points indicate experimental, and
curves show the simulated theoretical curves.

Wavelength tuning of the OPO output fields generated from the picosecond OPO was
investigated by tuning the period that the OPO fields interacted with and the temperature
of the crystal, as shown in Figure 4. The wavelengths of the generated OPO output fields
were collected with a SpectraPro HRS-500 spectrometer, and the representative spectra
are shown in Figure 4. The wide tuning range of the signal (1352-1738 nm) and the idler
(2743-4992 nm) output could be achieved with the MgO:PPLN crystal at room temperature
(25 °C) and by varying the interaction period of the grating. The wide tuning range of
the OPO outputs could be further extended by temperature heating the MgO:PPLN. By
increasing the temperature of the MgO:PPLN to 190 °C, the signal field wavelength could
reach 2015 nm, the idler field wavelength could reach 2254 nm, and the total signal and idler
wavelength tuning was in the range of 3401 nm. As a result, by tuning both the temperature
and period of the phase matching process, the total near to mid-infrared tuning range
that could be achieved from the system was 1.3-5 um. Figure 4 shows the full width
at half maxima (FWHM) spectra of the near and mid-infrared laser outputs at different
center wavelengths. The shown near infrared laser center wavelengths are 1352 nm,
1579 nm, and 2015 nm, and their half-height widths are AA ~ 1.45 nm, AA ~ 2.09 nm,
AM == 2.50 nm, respectively. The shown mid-infrared laser center wavelengths are 2254 nm,
3262 nm, and 2992 nm, while their half-height widths are AA ~ 2.38 nm, AA ~ 1.42 nm,
AA =~ 1.30 nm, respectively.

High output powers (signal and idler) were obtained in present synchronously
pumped OPO by using an output coupling mirror (M5) with 20% transmittance for the
signal field. This Z-shaped standing wave cavity design enabled easy control of the cavity
spot size on the MgO:PPLN, which in-turn improved the overlap efficiency of the pump
and signal, and therefore the optical conversion efficiency of the OPO. The power of OPO
output fields were measured simultaneously over the entire wavelength tuning range of
the system. As depicted in Figure 5, representative power—transfer curves at a number
of output wavelengths are shown. When the incident pump power was 19 W, the signal
field output power achieved was 8.67 W at 1.74 pm, and the corresponding power of the
idler field was 5.61 W at 2.73 um. The total optical conversion efficiencies of the system
were 75.15% (with the signal field constituting 45.63% and the idler field 29.52%). The idler
field output at 3.262 pm had a passive rms power stability of 3% over 2 h. As can be seen
from the curves, the output power of the signal and the idler fields increases and then
decreases as the wavelength increases. There are a number of reasons for this characteristic.
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These include quantum loss and a reduction in the wavelength conversion efficiency as
the difference in wavelength between the pump field and that of the signal and idler fields
increases, prompting an increase in photon absorption within the MgO:PPLN crystal for
increasingly longer wavelengths. The output power of the signal field hence increases
and then decreases as its wavelength gets longer, this being consistent with conservation
of energy.
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Figure 4. Plots showing the range of experimentally measured spectra of (a) signal and (b) idler fields.
Insets show the signal and idler output spectral bandwidths from the synchronously pumped OPO.
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Figure 5. Plots showing the power transfer characteristics of (a) the signal field; and (b) the idler field
for a range of output wavelengths.

We also investigated the change in the OPO field output powers as functions of output

wavelength at a set input power of 19 W; these plots can be seen in Figure 6. The curves in
the figure indicate that the incident power was fixed at 19 W, before the output power of the
OPO fields increased and then decreased with increasing wavelengths, with these results
being consistent with the data presented in Figure 5. We believe that the low output powers
when the OPO outputs were close to degeneracy was largely due to the characteristics of
the coatings applied to the cavity mirrors (M1-M4). These mirrors were only high-reflecting
in the range of 1.4-1.75 um, so, as the wavelength of the signal field became longer than
1.75 um, the output power gradually decreased.
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Figure 6. Plots showing (a) the signal field power; and (b) the idler field power, both as functions of
wavelength, input power set as 19 W.

The high overall output powers achieved from this system can be attributed to a
number of factors. These include the nonlinear gain of the resonant beam (in this case,
the signal field) which is heavily influenced by the spatial overlapping efficiency of the
interacting fields. The calculated beam radius of the signal field was ~65 um (using
MatrixLaser), and this overlapped well with the pump field inside the crystal. Also, the
output mirror M5 had a transmission of 20% for most of the signal field tuning range,
and this struck a fine balance between the cavity Q factor and out-coupling to produce
high-power picosecond laser output.

In the SPOPO, the spatial overlap efficiency (#) of the pump and signal beams deter-
mined the nonlinear gain of the resonant signal beam during the three-wave interaction.
The beam size of the non-resonant idler was nearly equal to the pump beam, hence the
spatial overlap efficiency was estimated using the radius of the pump (wyp) and signal (ws)
output beams. This can be described by Equation [34]:

2,2
dwpws

n=—7"= €)

2
(w3 +w?)

The equation shows that matching of the beam sizes is key to achieving high spatial
overlapping efficiency. In the experiment, the radius of the pump beam was 60 um and
the beam waist radius of the resonant signal was 65 pm. Subsequently, the estimated
value of spatial overlapping efficiency is as high as 99.36%. This suggests that the pump
and the signal fields can overlap well inside the cavity, thus contributing to the high total
conversion efficiency of 75.15%.

4. Conclusions

We have investigated the operation of a high-power, widely tunable, synchronously
pumped picosecond pulsed OPO generating emission in the near to mid-infrared wave-
length ranges. The OPO is pumped using a Nd:YVO, picosecond pulsed laser(Wuhan
Huazu Laser Technology Co., Ltd, in Wuhan, Hubei Province, China). By using a Z-shaped,
signal singly resonant cavity, widely tunable OPO field outputs were generated with a
total wavelength tuning range of 1.3-5 um being demonstrated. This OPO design is simple
and offers wide wavelength tunability. Critical to achieving this broad tunability was
period and temperature heating of the MgO:PPLN crystal. When the pump power reached
19 W, the signal field output power was 8.67 W at 1.74 pm, and the corresponding idler
field power was 5.61 W at 2.73 um. We anticipate that, with such high power, widely
tunable picosecond pulsed outputs will be utilized in ultrafast processes, time-domain
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spectroscopy, and laser micromachining, this being due to wavelengths in this spectral band
corresponding with the characteristic vibrational absorption of many organic materials.
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