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Abstract: We report on the development of high-average-power nanosecond and picosecond
laser sources tunable near 2 um based on optical parametric oscillators (OPOs) pumped by
solid-state Nd:YAG and Yb-fiber lasers at 1.064 um. By exploiting a 50-mm-long MgO-doped
lithium niobate (MgO:PPLN) as the nonlinear crystal and operating the OPO in near-degenerate
doubly-resonant configuration with intracavity wavelength selection elements, we have
generated tunable high-average-power radiation across 1880-2451 nm in high spectral and
spatial beam quality with excellent output stability. In nanosecond operation, pumping with a
Q-switched Nd:YAG laser and using an intracavity prism for spectral control, we have
generated more than 2 W of average power in pulses of 10 ns duration at 80 kHz repetition rate
in narrow linewidth (<3 nm), with M?<2.8, and a passive power stability better than 2.2% rms
over 1 hour. In picosecond operation, pumping with a mode-locked Yb-fiber laser and using a
diffraction grating as the wavelength selection element, we have generated more than 5 W of
average power in pulses of 20 ps at 80 MHz repetition rate in narrow bandwidth (~2.5 nm),
with M?<1.8 and a passive power stability better than 1.3% rms over 2 hours. The demonstrated
sources represent viable alternatives to Tm3*/Ho%*-doped solid-state and fiber lasers for the
generation of high-power radiation in the ~2 um spectral range.
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1. Introduction

The spectral region near 2 pum is well known for the high absorption by water and shallow
penetration depth of ~0.4 nm, which is useful for various clinical applications [1]. Tunable
sources near 2 pm are also of interest due to their utility in applications such as speckle-imaging
[2-3], eye-safe differential absorption lidar [4-5], range finding [6], coherent Doppler wind lidar
[7], and terahertz (THz) difference-frequency-generation (DFG) [8]. Wavelength generation in
the 2-um region has been achieved using Ho%*-doped, Tm3*-doped, or Tm*":Ho** co-doped
fiber lasers [9-10], mode-locked Tm:CaYAIO4 (Tm:CYA) laser [11], near-degenerate optical
parametric oscillators (OPQOs) [12], and, more recently, intracavity OPOs in two-crystal walk-
off compensation scheme [13]. Laser sources at ~2 um and beyond are also necessary for
pumping long-wave mid-infrared (mid-IR) OPOs and DFG sources based on non-oxide
nonlinear materials such as ZnGeP,, AgGaS,, AgGaSe; and quasi-phase-matched orientation-
patterned gallium arsenide (OP-GaAs) [12,14-17]. Such mid-IR materials offer high
nonlinearity and wide transparency into the deep mid-IR, but suffer from two-photon
absorption at wavelengths below ~2 um. Laser sources in such long-wave mid-IR regions are
essential for high-resolution spectroscopy, trace gas detection, and environmental sensing in
the mid-IR molecular fingerprint region [18]. Currently, commercially available laser sources
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in the ~2 pm region are based on Tm3*/Ho%*-doped solid-state and fiber lasers, often power-
hungry and requiring water-cooling for stable high-power operation, while relying on passive
or active acousto-optic Q-switching, typically at fixed repetition rates [19-21].

An alternative approach for efficient and cost-effective generation of tunable laser pulses
near 2 pum is to use OPOs pumped by widely available, well-established, and low-cost Nd/Yb-
based laser technology at 1.064 um. This approach has been previously demonstrated in
nanosecond OPOs, where by deploying volume Bragg gratings, narrowband radiation at a fixed
wavelength near 2 um has been generated using Q-switched Nd:YAG solid-state pump lasers
at 1.064 um [12,22]. On the other hand, in picosecond operation, the use of diffraction grating
has enabled the generation of similarly narrowband radiation at a fixed wavelength near 2 um
in a synchronously-pumped OPO using a mode-locked Yb-fiber laser at 1.064 pum [23]. Here
we report high-average-power, high-repetition-rate nanosecond and picosecond OPOs with
wavelength tunability near ~2 um using this approach by deploying Nd/Yb-doped solid-state
and fiber lasers at 1064 nm as pump source and MgO-doped lithium niobate (MgO:PPLN) as
the nonlinear gain crystal. The demonstrated OPOs operate close to degeneracy, where the
output spectrum and bandwidth are controlled by incorporating two different wavelength
selection elements, a prism in nanosecond OPO and a diffraction grating in picosecond OPO.
The technique allows practical OPO operation at high average powers, with good spectral and
spatial beam quality, and high output power stability, over an extended tuning range of 1880-
2451 nm, including the degenerate wavelength of 2128 nm.

2. High-average-power high-repetition-rate nanosecond OPO near 2 pm

We have developed a high-repetition-rate nanosecond near-degenerate OPO tunable near 2.1
um by using a Q-switched Nd:YAG laser at 1064 nm as the pump source. The OPO deploys
MgO:PPLN as the nonlinear crystal and an intracavity prism for spectral control, output
coupling, and output power stabilization. Such a technique has been previously reported in
pulsed OPOs in singly-resonant oscillator (SRO) configuration away from degeneracy [24].
Here, we deploy this approach in a doubly-resonant oscillator (DRO) operating close to
degeneracy, where we demonstrate wavelength tunability across 1880-2128 nm in the signal
and 2128-2451 nm in the idler, thus covering ~571 nm across the entire spectral range of 1880-
2451 nm, including the degenerate wavelength of 2128 nm. We also show that the deployment
of the intracavity prism enables effective control of output spectrum and stabilization of output
power in the DRO near or away from degeneracy.

The schematic of the experimental setup for the tunable ~2-um OPO is shown in Fig. 1.
The OPO is pumped by a high-repetition-rate Q-switched Nd:YAG laser (Bright Solutions, Sol)
delivering up to ~30 W of average power in linear polarization with a variable repetition rate
from 20 to 100 kHz. The laser operates at a central wavelength of 1064 nm with a full-width at
half-maximum (FWHM) bandwidth of ~0.2 nm and exhibits spectral jitter of ~1 nm over 30 s.
For pumping the OPO, we chose a fixed repetition rate of 80 kHz in order to avoid any optical
damage to the MgO:PPLN crystal caused by increasing pulse energy fluence at lower repetition
rates. At 80 kHz repetition rate, the pump pulses have a FWHM duration of ~23 ns. Also shown
in the inset of Fig. 1 is a laboratory photograph of the OPO incorporating an uncoated
intracavity prism (P) for spectral control and output coupling. The pump power is adjusted by
the combination of a half-wave plate (HWP) and a polarizing beam-splitter (PBS). The pump
beam polarization is adjusted for optimum phase-matching in the MgO:PPLN crystal under
type-0 (ee—e) interaction. After preparation of the pump beam for systematic input power
control and polarization, it is focused to a waist radius of wy~300 pm at the center of the crystal,
which is 50-mm-long and incorporates a single grating period of A=32.16 pm. The crystal end-
faces are antireflection (AR)-coated for high transmission (R<0.5%) at 1064 nm and over 2050-
2150 nm. The crystal is mounted in an oven providing temperature control from 32 to 100 °C
with a stability of 0.1 °C, thus covering OPO operation through wavelength degeneracy.
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Fig. 1. Schematic of the experimental setup for the intra-cavity prism-coupled tunable 2 pm
source. HWP, half-wave plate; M, mirrors; L, lens; My, input plane mirror; P, TF3 prism; OC,
output coupler; F, filter. Inset: Visualization of the actual setup.

The OPO is configured in a linear standing-wave cavity with an input plane mirror, My,
which is highly transmitting for the pump (T>90%) at 1064 nm and highly reflecting (R>99%)
over 1800-2150 nm, resulting in OPO operation in DRO configuration near degeneracy. The
plane output coupler (OC) has varying transmission (T~60-90%) over the OPO tuning range.
Owing to the large parametric gain bandwidth near degeneracy, an uncoated TF3-glass prism
(apex angle: 60.8°) is incorporated within the OPO cavity for wavelength selection, linewidth
control, and spectral tuning around ~2 um. The TF3 glass has a refractive index of ~1.7 and
high transmittance (T>94%) in the 2 pum spectral region. The total single-pass optical path
length of the OPO cavity is ~165 mm, allowing ~21 round-trips of the signal and idler
parametric waves over the ~23 ns duration of the pump pulse. The undepleted pump exits the
cavity through the prism, P, at a different angle from the signal and idler waves, and is dumped
onto a beam block, ensuring single-pass pumping of the prism-coupled OPO. A long-pass filter,
F, with >90% transmission above 1.65 pum is used to extract the total output power (signal plus
idler) from the pump. A second filter with high transmission (T>95%) over 1300-2000 nm is
used to extract signal wavelengths up to ~2 um, beyond which the signal and idler begin to
approach degeneracy.

We initially investigated the tuning characteristics of the OPO. Wavelength tuning in the
prism-coupled OPO was achieved by varying the crystal temperature. We first studied
temperature tuning of the OPO together with the total average output power variation across
the tuning range for a fixed prism incidence angle of ~60° in the cavity. By varying the
temperature of the MgO:PPLN crystal over 32-81 °C, we were able to tune the generated signal
across 1880-2128 nm, together with the corresponding idler across 2451-2128 nm, resulting in
a total (signal plus idler) tuning over 571 nm. The results are shown in Fig. 2, where the solid
circles represent the measured signal wavelengths, while the hollow circles correspond to the
total average output power from the OPO as a function of crystal temperature. The
measurements were performed for a fixed input average pump power of 17.8 W (corresponding
to a pump pulse energy of 0.22 mJ) and the power data are not corrected for the transmission
loss (~10%) of the filter, F. As can be seen, the total average output power from the OPO
remains nearly constant at ~2 W over the signal wavelength range of 1898-2090 nm
(corresponding to a crystal temperature of 40-70 °C), with the total OPO output power (pulse
energy) increasing from 1.45 W (18.1 pJ) to 2.1 W (26.3 WJ) as the
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Fig. 2. The signal wavelength tuning range and total output power generated from the prism-
coupled nanosecond OPO. The solid curves are guide to the eye.

crystal temperature is increased from 32 °C to 66 °C. However, further increasing the
temperature up to 81 °C results in the decline in output power down to 0.14 W (1.75 wJ), due
to the broadening of signal bandwidth towards degeneracy. As a result of the dispersion through
the intracavity prism, an increasingly smaller fraction of total signal spectrum can be supported
by the cavity as the OPO is tuned towards degeneracy, thus leading to a sharp decline in the
output power. The recorded OPO average output power (pulse energy) of ~2 W (25 wJ) at 55
°C corresponds to a measured signal power (pulse energy) of ~0.9 W (11.3 pJ) at 1965 nm and
an estimated idler power (pulse energy) of 1.1 W (14 pJ) at 2320 nm. The average power of 2.1
W from the OPO represents a single-pass conversion efficiency of 11.8% and photon
conversion efficiency of 10.7% and 13% for the signal and idler, respectively. By deploying an
AR-coated intracavity prism for wavelength selection, further improvements in OPO output
power and efficiency are expected. Figure 3 shows the phase-matched temperature tuning of
the OPO together with the theoretical calculation. The
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Fig. 3. Wavelength tuning of the OPO. The filled and hollow circles represent the experimental

data, while the solid curve is the calculated tuning range. Inset: Temperature acceptance
bandwidth for degenerate operation at 2128 nm.



measurements were performed using an InGaAs spectrometer (StellarNet RED-Wave NIRX-
SR-100 T2 BW) with a resolution of about 15 nm. The solid circles represent the experimentally
measured signal wavelengths, while the hollow circles are the corresponding idler wavelengths
estimated from energy conservation. The solid curves are the theoretical calculations using the
relevant Sellmeier equations for MgO:PPLN [25]. The discrepancy between the experimental
data and theoretical calculations is attributed to the limited resolution of the spectrometer.
Further, the relatively flat wavelength response as a function of the temperature close to
degeneracy is due to the broad temperature acceptance bandwidth of AT=14 °C at a phase-
matching temperature of 78 °C, as shown in the inset of Fig. 3 enabling degenerate operation
of the OPO around 2128 nm.

We also recorded the signal spectrum over the entire temperature tuning range of the prism-
coupled OPO at fixed prism incidence angle of ~60°. The measurements were performed using
the same InGaAs spectrometer used for temperature tuning measurements, with a resolution of
15 nm in the ~2 um region. The results are shown in Fig. 4(a), confirming signal tuning from
1880 nm to degeneracy at 2128 nm, for a change in the MgO:PPLN crystal temperature from
32 °C to 78.5 °C. The spectral stability of the degenerate output at the temperature of 78.5 °C
was also recorded over 1 hour, and the center wavelength was found to be stable to within £2
nm with 0.1% rms, as shown in Fig. 4(b). The corresponding FWHM bandwidth at degeneracy
was also measured to be stable within £3 nm with 6.2% rms over the same period, as shown in
Fig. 4(c). In these experiments, the measurement accuracy was constrained by the limited
resolution of the spectrometer.
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Fig. 4. (a) Signal spectrum over the entire tuning range of the OPO. (b) Spectral stability over 1
hour measured near degeneracy. (c) Spectral bandwidth stability over 1 hour measured near
degeneracy.

In order to determine the spectral quality of the prism-coupled OPO with higher accuracy,
we further constructed a home-made grating spectrometer, and performed spectral
measurements close to wavelength degeneracy. The device comprised of a 420 lines/mm
diffraction grating mounted on a rotation stage with 0.01° angular precision and a sensitive
power meter. The degenerate OPO output at a crystal temperature of 78.5 °C was filtered using
a 1.65 um cut-on filter and collimated using a f=150 mm lens before entering the spectrometer.
The spectral components in the OPO output are separated upon reflection from the grating, and
are then focused onto a slit and recorded using a power meter. For this arrangement, we can
calculate the first-order diffraction angle by using the grating equation,

d X [sin(a — Ax) + sin(b + Ax)] =m X A (1)



where d is the spacing between two adjacent grooves on the diffraction grating, a is the angle
of incidence, b is the diffraction angle, Ax is the change in the incidence angle corresponding
to the rotation of the diffraction grating, m is diffraction order, and A is the central wavelength
of the incident beam. For our device, d=2.38 um, a=40.22°, A=2.128 um, m=1, and b is
calculated to be 14.38°. Using this equation, we can ensure the calibration of the grating
spectrometer. By changing AX, using the rotation stage on which the grating is mounted, and
measuring the power, the spectral intensity as a function of wavelength is recorded. The
measured FWHM spectral bandwidth is limited by the resolving power of the diffraction
grating, which is given by

R=mxN = 1/42 )

where m is the diffraction order, N is the total number of grooves illuminated on the surface of
the grating from the incident laser, and AX is the resolution limit. The resolving power, R, is a
measure of the ability of grating to separate adjacent spectral lines of average wavelength, A.
In our case, the measured input beam diameter is ~2.5 mm, resulting in a calculated beam size
of 3.3 mm on the grating surface, for an incidence angle of a=40.22°, covering 1386 grooves.
Considering A=2128 nm, the limit of resolution is calculated to be AX=1.5 nm, while the
wavelength scanning step is estimated to be 0.1 nm for a minimum angular increment of 0.01°
on the grating rotation stage.

By using the home-built spectrometer, we further studied the OPO output spectrum across
the tuning range near degeneracy by varying the crystal temperature from 71 °C to 78.5 °C,
corresponding to the degenerate wavelength of ~2128 nm. The results are shown in Fig. 5,
where A represents the separation between the signal and idler peaks. It can be seen that,
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Fig. 5. Spectral bandwidth measurements of the OPO output using the home-built grating
spectrometer. (a) Spectrum at 71 °C with peak separation (A) of 4.2 nm. (b) Spectrum at 73 °C
with A~3.4 nm. (c) Spectrum at 75 °C with A~2.7 nm. (d) Spectrum at 76.5 °C with A~2.3 nm.
(e) Spectrum at 77.5 °C with A~1.8 nm. (f) Spectrum at degeneracy temperature of 78.5 °C with
center wavelength at 2128 nm and FWHM of ~3 nm.



away from degeneracy there are two distinct signal and idler peaks, while increasing the crystal
temperature the two peaks begin to merge, finally resulting in a composite spectrum

centered at the degenerate wavelength of 2128 nm. It is also evident from Fig. 5(a)-(e) that the
signal and idler peak wavelength separation gradually decreases from 4.2 nm at 71 °C to 1.8
nm at 77.5 °C. The peaks finally merge into a single spectrum at a crystal temperature of 78.5
°C at degeneracy with center wavelength at 2128 nm and FWHM bandwidth of ~3 nm, as
shown in Fig. 5(f).
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Fig. 6. Output power scaling of the prism-coupled MgO:PPLN OPO at various temperatures.

We studied power scaling of the prism-coupled OPO at various crystal temperatures, and
the corresponding signal wavelengths, by recording the total (signal plus idler) output power as
a function of input pump power. The results are shown in Fig. 6. The measurements were
performed for an available average pump power of 17.8 W at 80 kHz pulse repetition rate. For
each crystal temperature, we measured the slope efficiencies as well as pulse duration at
maximum output power. The measurements resulted in typical slope efficiencies of ~14% to
18% for crystal temperatures ranging from 32 °C to 72 °C, with the lowest slope efficiency of
~3% obtained at 78.5 °C. The corresponding maximum total average power and output signal
pulse duration at different wavelengths are shown in Fig. 7. The OPO average output power
varies from 1.45 W to 2.1 W over the signal wavelength range of 1880-2110 nm, with the power
remaining >1.5 W across nearly the full range and the highest power at 2034 nm.
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The FWHM output signal pulse duration, measured using a fast photodetector with a rise-time
<200 ps in the OPO wavelength range, was recorded to vary over ~14-18 ns over the same
wavelength range. At the degenerate wavelength of 2128 nm, the OPO delivers an average
power of 400 mW, with corresponding pulse duration of ~10 ns, as shown in the inset of Fig.
7. We attribute the shortening of the pulse duration at degeneracy to the increase in the OPO
buildup time due to the rise in threshold caused by spectral broadening, which is also

accompanied by the decline in output power, as described previously and observed in Fig. 2
and Fig. 7.
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Fig. 8. (a)-(d) Measurements of power stability for the OPO at different crystal temperatures,
corresponding to different output wavelengths, and (e) the pump beam over 1 hour.

We also performed measurements of output power stability from the prism-coupled OPO
at different MgO:PPLN crystal temperatures, corresponding to different wavelengths near 2
um. The output power was recorded over 1 hour, with the results shown in Fig. 8 (a)-(d). As
can be seen, the OPO exhibits a passive long-term power stability ranging 0.7% rms to 1.1%
rms over the crystal temperature range of 32 °C to 72 °C, with a stability of 2.2% rms at 78.5
°C. Figure 8 (e) shows the power stability of the Nd:YAG pump laser, measuring 0.2% rms
over the same period.
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We further recorded the spatial quality of the output beam from the prism-coupled OPO at
the degenerate wavelength of 2128 nm. Using a focusing lens of focal length, f=50 mm, and a
scanning beam profiler, we measured the M?-value of the output beam at 78.5 °C, resulting in
M2, <2.8 and M? <2.3, as shown in Fig. 9(a)-(b). The degenerate output beam was also
observed to exhibit high spatial quality with single-mode Gaussian distribution, as presented in
the inset of Fig. 9(c).

Finally, we performed a detailed comparison of performance of the prism-cavity OPO with
a standard free-running OPO without the prism, in a cavity formed by the same plane high
reflector and OC as in Fig. 1, separated by 78 mm, and operating under the same conditions.
Both the OPOs were optimized to generate maximum power together with narrow spectral
bandwidth. The spectrum of the standard nanosecond OPO using plane mirrors, operating close
to degeneracy, measured using a commercial spectrometer, together with the spectrum from
the nanosecond OPO with intracavity prism for spectral control is shown in Fig. 10. Due to the
limited resolution of the commercial spectrometer, we used a diffraction grating-based home-
made spectrometer to measure the spectrum from the prism-cavity nanosecond OPO. As
evident the spectral quality of the output is significantly improved with bandwidth reduced
from 50 nm (centered at 2092 nm) in the standard plane-mirror cavity to 3 nm (centered at 2128
nm) in the prism cavity.
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Fig. 10. Output spectrum from the nanosecond OPO using (a) conventional plane-mirror cavity
with no frequency selection elements, and (b) prism cavity

Table 1. Comparison of the performance characteristics of the plane mirror nanosecond OPO with prism

cavity.
Nanosecond 2.1 ym OPO Plane Mirror Prism Cavity
Parameter Cavity
Wavelength (nm) 2092 2128
Spectral bandwidth (nm) 50 3
Output power (W) 43 0.4
Slope efficiency (%) 39 31
Power stability over 1 0.61 22
hour (% rms)
Spatial mode TEMgo TEMgo
Beam quality M2<2.8

Repetition rate (kHz) 80 80




The main performance characteristics of the prism-cavity nanosecond OPO are compared
with that of the plane mirror cavity in Table 1. It is clear that the prism-cavity OPO surpasses
the performance of conventional plane-mirror OPO in most respects, except for output power
and efficiency. However, with further design improvements including the use of an AR-coated
prism as well as optimization of output coupling, we expect substantial enhancement in output
power and efficiency from the prism-cavity OPO.

3. High-average-power high-repetition-rate picosecond OPO near 2 um

We have also developed a stable high-average-power high-repetition-rate picosecond source at
~2.1 pm in linear polarization. This source is similarly based on a degenerate OPO in DRO
configuration, but deploys a diffraction grating as the frequency selective element for spectral
control and output power stabilization. The approach similarly overcomes the output power and
spectral instabilities typical of OPOs in DRO configuration. Using this technique, our ~2.1 um
picosecond source provides ~5.25 W of average power with high stability, at ~36% conversion
efficiency at ~80 MHz repetition rate. The output exhibits a long-term power stability better
than 1.3% rms over 2 hours, high spatial quality with M?<1.8, and narrow bandwidth of AA~2.9
nm. We further reduce the spectral bandwidth down to ~2.5 nm by using an intracavity
telescope in one arm of the OPO cavity.

The schematic of the experimental setup for the ~2.1 pm is shown in Fig. 11. The OPO is
pumped by an Yb-fiber laser delivering 15 W of average power at a central wavelength of 1064
nm with a FWHM spectral bandwidth of Ak,~1 nm, in pulses of ~20 ps duration at a ~80 MHz
repetition rate. A combination of a half-wave plate (HWP) and a polarizing beam-splitter (PBS)
is used for systematic control the laser pump power, while a second half-wave plate is used to
control the linear input polarization for optimum phase-matching in the nonlinear crystal. The
pump beam is focused to a waist radius of wop~130 pm, corresponding to a focusing parameter
of £&~0.23, in a 50-mm-long 5%MgO:PPLN crystal incorporating a single grating period of
A=32.16 pum for type-0 (ee—¢) quasi-phase-matching, identical to that used for the nanosecond
OPO in Section 2. The crystal end-faces are similarly AR-coated for high transmission
(R<0.5%) at 1064 nm and over 2050-2150 nm. The crystal is mounted in an oven providing
temperature control from 32 to 100 °C with a stability of 0.1 °C, thus covering OPO operation
through wavelength degeneracy. The OPO is configured in a standing-wave X-cavity formed
by two plano-concave mirrors, M1-M,, with radius of
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Fig. 11. Schematic of the experimental setup for the ~2.1 pm source pumped by a Yb-based
fiber laser at 1064 nm. FI, faraday isolator; HWP, half-waveplate; PBS, polarizing beam splitter;
BD, beam dumper; M, mirrors, L, lenses, IDG, intracavity diffraction grating, OC, output
coupler; F, filter.



curvature, r=200 mm, a plane mirror, M3, an output coupler (OC), and an aluminium intracavity
diffraction grating (IDG). All mirrors are highly transmitting (R<90%) for the pump at 1064
nm and highly reflecting (R>99%) over 1800-2150 nm, resulting in DRO operation close to
degeneracy. The plane OC has partial transmission (T~87%) at 2.1 pm. The total round-trip
optical length of the OPO cavity is ~3.78 m, corresponding to a repetition rate

of ~80 MHz, ensuring synchronization with the pump laser repetition rate. The IDG is
configured in a Littrow configuration, where the incident angle is equal to the diffracted angle,
and the beam is thus reflected back and can resonate in the cavity. A Ge filter (F) is used to
separate the OPO output beam at ~2.1 pm from residual pump after the OC.

In order to generate an output wavelength at ~2.1 um using a pump source at 1064 nm, the
temperature of the MgO:PPLN crystal with a grating period of A=32.16 pum has to be set to
T~72 °C, to allow phase-matching near degeneracy. Under this condition, both signal and idler
waves can oscillate in the DRO cavity, which combined with increased parametric gain close
to degeneracy, result in major increase in intracavity power, and thus substantially lower
threshold compared to singly-resonant oscillator configuration [26]. Therefore, significantly
lower peak pump intensities can be used to drive the DRO, and thus in our experiment the beam
waist in the center of the crystal was increased up to wo~130 um. The high nonlinearity of
MgO:PPLN, together with the long interaction length and the high peak powers in picosecond
regime, enable high conversion efficiencies together with high output power from the
picosecond OPO, even in the presence of large output coupling losses. As such, an output
coupling as large as T~87% was used for the DRO to maximize the generated average power
and extraction efficiency. In addition, operating close to degeneracy, the OPO provides large
parametric gain with broad bandwidth and low temporal walk-off [26]. For a 50-mm-long
MgO:PPLN crystal with a grating period of A=32.16 um at a temperature of T~72 °C, the
parametric gain bandwidth at ~2.1 pum is calculated to be AA~144 nm for pumping at 1064 nm,
as shown in Fig. 12(a). The group velocity mismatch (GVM) between the pump and signal, and
the corresponding group velocity dispersion (GVD), as a function of the signal wavelength is
also shown in Fig. 12(b). At the degenerate wavelength of 2128 nm, the GVM is calculated to
be ~113 fs/mm, whereas GVD is approximately —68 fs2/mm.
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Fig. 12. (a) Parametric gain bandwidth of the OPO at degeneracy. (b) GVM between the pump
and the signal and the corresponding GVD as a function of the signal wavelength.

We first performed spectral characterization of the OPO output at a crystal temperature of
T=71 °C using a 400 lines/mm IDG at a blaze angle of 25.2°. The result is shown in Fig. 13(a)
where a central wavelength at A=2128 nm with a FWHM spectral bandwidth of AA~2.9 nm was
recorded. The measurement was performed using a home-made spectrometer. The spectral
bandwidth of the output from the OPO incorporating the IDG is given by [27]



/ A2
Aestimated :& (3)
nwotan(6)

where wg is the beam radius on the IDG and 6 is the incidence angle of the resonant beam on
the IDG in Littrow configuration, which depends on the wavelength and the grove spacing.

The calculated FWHM spectral bandwidth as a function of the beam diameter on the IDG with
400 lines/mm is shown in Fig. 13(b), indicating a FWHM spectral bandwidth of AA~2.3 nm
and AA~1.15 nm for a beam diameter of 2wg~2.2 mm and 2wo~4.4 mm, respectively on the
IDG. Also shown in the inset of Fig. 13(b) is the experimentally measured beam diameter of 2
mm at the position of the IDG, resulting in a calculated beam diamter of 2wy~2.2 mm on the
surface of the IDG.
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Fig. 13. (a) Spectral characterization of the output beam from the OPO using a 400 lines/mm
IDG at blaze angle of 25.2°. (b) Calculated FWHM spectral bandwidth as a function of the beam
diameter on the IDG with 400 lines/mm. Inset: Measured beam profile in the diffraction grating.

To further reduce the output spectral bandwidth at the degenerate wavelength of 2128 nm,
we increased the beam diamter to 2wo~4.4 mm on the grating by using a telescope with
magnification of 2 in one of the arms of the OPO cavity. However, the FWHM spectral
bandwidth of the output from the OPO is measured to be >2.5 nm, still limited by the resolution
of the spectrometer. Hence, using a spectrometer with higher resolution, narrower spectral
bandwidth is expected. Considering 20 ps output pulses from the OPO with a expected FWHM
bandwidth of AA~1.15 nm, we obtain a time-bandwidth product of Az4v~1.52 in the absence of
dispersion compesation, This indicates operation of the ~2.1 um picoscoend OPO near the
transform limit (4z4v~0.44), despite the large time-bandwidth product of Az4v~5.3 for the
pump laser.

In order to characterize the output power characteristics of the ~2.1 um picosecond OPO,
we performed power scaling measurements at crystal temperature of 71 °C, corresponding to a
signal wavelength of 2128 nm, and with the OC extracting ~87% of the intracavity power. The
result is shown in Fig. 14(a), where it can be seen that up to 5.25 W of average power was
generated for an input pump power of 15 W, without considering the transmission loss of the
Ge filter estimated as ~8% at 2.1 um. It can be also seen that the generated power increase
linearly with input power at a slope efficiency of ~43%, with a maximum extraction efficiency



of ~36% and external photon conversion efficiency of ~60% at full pump power of 15 W. The
pump depletion is ~60% near the maximum input power, while the OPO threshold is measured
to be ~2.6 W. We also recorded the long-term stability of output power, with OPO generating
an average power of ~5 W at 2.1 um. The result is presented in Fig. 14(b),
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Fig. 14. (a) Simultaneously measured output power and pump depletion as a function of the pump
power for the picosecond OPO, and (b) long-term power stability of the output from the degenerate
OPO operating at 2.1 pum. Inset: spatial beam distribution of the OPO output at 2128 nm.

where a passive power stability of 1.3% rms over 2 hours. The stability of the pump laser was
recorded to be <0.3% rms over the same period of time. The spatial profile of the output beam
measured at a distance of ~75 mm from the cavity is shown in the inset of Fig. 14(b) exhibiting
single-peak Gaussian spatial intensity distribution with TEMgo, mode profile with circularity

~90%.
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Fig. 15. M? measurement of the output beam at degeneracy along (a) X-axis and (b) Y-axis.

We performed further measurements of spatial beam quality at the degenerate wavelength
of 2128 nm, with the OPO delivering output power ~4.5 W. Using a lens with focal length,



f=50 mm, and a scanning beam profiler, we recorded the beam radius across the Rayleigh range
and estimated the M? values, resulting in M,?<1.73 and M,?<1.77, as shown in Fig. 15 (a-b).

We also investigated cavity-delay tuning of the OPO for an input pump power of 13 W, at
a temperature of ~71 °C, corresponding to the degenerate wavelength of 2128 nm. The output
power as a function of cavity detuning is shown in Fig. 16. The cavity detuning is normalized
to zero for the maximum power at the center of the detuning range. As the cavity length
detuning is adjusted from —4.5 mm to +4.9 mm, the output power remains well above 3 W over
the entire range with multiple peaks and a maximum of 4.6 W at zero detuning. This tolerance
of the OPO operation, inspite of the large cavity detuning of ~10 mm is enabled by the low
GVM at degeneracy, resulting in a temporal walk-off of ~5.6 ps, which is ~4 times lower than
the ~20 ps pump and signal pulse durations. Further, the temporal walk-off-limited intraction
length is estimated to be ~177 mm, which is ~3.5 times greater than the length of the
MgO:PPLN crystal used in this experiment. The power peaks at —-3.4 mm and +3.3 mm
correspond to signal beams at slightly different wavelengths withinin the selectivity band of the
diffraction grating that have better temporal overlap with the pump pulses. However, we could
not measure this wavelength shift, due to the limited resolution of our spectrometer. If we do
not consider these two peaks, a slightly asymmetric power behaviour is observed with more
sensitivity in the positive detuning, as also observed previously [27]. In our case, we do not
have a large asymmetry because of the similar group velocity of the pump and the resonant
signal in the cavity, vgs~1.38x108 and vg,~1.36x108, which mitigates the nonlinear pulse-
shaping effects.
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Fig. 16. Cavity-delay tuning of the OPO for an input pump power of 13 W at degeneracy.

We futher studied the wavelength tunability of the picosceond OPO around the ~2.1 um
output by rotating the IDG with 400 lines/mm. When operating in Littrow configuration, for an
incidence angle of 6 on the IDG, only the associated wavelength, A, is exactly reflected on
itself, allowing the OPO oscillation according to equation

A=2d sin (6) @)

where A is the reflected wavelength at the angle 6=o0=f, and d is the spacing between two
adjacent grooves. The measured spectra at different IDG angles, expressed as angle deviation
with respect to the blaze angle of 25.2° of the IDG, are shown in Fig. 17. By decreasing the
angle deviation, the resonant central wavelength in the cavity is also reduced. Using this
method, we were able to tune the OPO near ~2.1 um, generating different spectra for different
IDG angles. The output spectra, measured using a commercial spectrometer (StellarNet RED-
Wave NIRX-SR-100 T2 BW) with resolution ~15 nm, are shown in Fig. 17(a). The spectrum



with central wavelength at 2128 nm was obtained for a blaze angle at 25.2° or blaze angle
deviation of 0°. However, with progressive decrease in the IDG angle, the resonant wavelength
in the OPO cavity drops, reaching a minimum wavelength of 2030 nm for an IDG angle at —
1.2° deviation from the blaze angle.
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Fig. 17. Spectrum of the resonating signal from the picosecond OPO at different IDG angles.
and, (b) estimated spectral bandwidth selectivity as a function of the blaze angle deviation.

We also calculated the FWHM spectral bandwidth of the output spectra as a function of
the resonant wavelength in the cavity and the corresponding IDG angle, as shown in Fig. 17(b).
The result confirms that in the case of the double-peak spectrum generated for an angle
deviation of —0.42°, the idler wavelength cannot be resonant in the cavity when we operate
away from degeneracy because it is out from the spectral selectivity band imposed by the IDG.
Hence, this second peak is the residual idler generated from the resonating signal and the pump
beam that has not been completely extracted from the cavity.

Similarly, we performed detailed comparison of performance of the synchronously-
pumped picosecond OPO operating near degeneracy using intracavity IDG with an OPO using
a conventional plane mirror. The spectral characteristics for the two OPOs are presented in Fig.
18, where the measured output spectra in both cases are compared. Again, it is clear that
substantial bandwidth reduction from 115 nm (centred at ~2040 nm) in the case of standard
plane-mirror OPO to 2.9 nm (centred at 2128 nm) in the OPO with IDG is obtained.
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Fig. 18. Output spectrum from the synchronously-pumped picosecond OPO using (a) plane
mirror cavity and (b) intracavity diffraction grating in Littrow configuration for spectral
control.

The main performance characteristics of the picosecond OPO in both configurations are
presented in Table. 2. As can be seen, the picosecond synchronously-pumped OPO with IDG



for spectral control delivers superior performance to standard OPO using plane mirror in almost
all respects, providing stable, high power, linearly polarized 2.1 um picosecond pulses at 80
MHz repetition rate, with well-controlled spectrum and high spatial beam quality.

Table 2. Comparison of the performance characteristics of the plane mirror picosecond OPO with IDG cavity.

Picosecond 2.1 ym OPO Plane Mirror IDG Cavity
Parameter Cavity
Wavelength (nm) ~2040 ~2128
Spectral bandwidth (nm) ~115 29
Output power (W) 43 5.25
Power stability over 2 ~1 1.3
hours (% rms)
Pulse-to-pulse stability 2.6 34
over 2 ps (%rms)
Round-trip cavity delay 24 10
tolerance (mm)
Spatial mode TEMoo TEMoo
Beam quality M?2<2.3 M2<1.8
Repetition rate (MHz) 80 80

4. Conclusions

In conclusion, we have demonstrated stable and practical operation of pulsed nanosecond and
picosecond OPOs near 2 um by exploiting Nd/Yb solid-state and fiber lasers at 1064 nm as the
pump source and a 50-mm-long MgO:PPLN crystal incorporating a single grating period of
A=32.16 um as the nonlinear gain material. Operating the OPOs in DRO configuration close
to degeneracy, and deploying an intracavity prism and a diffraction grating for spectral and
bandwidth control, we have generated high-average-power high-repetition-rate radiation
tunable across the 1880-2451 nm spectral range. In both operating domains, the use of
intracavity wavelength selection elements has enabled high spectral quality with narrow
bandwidth together with high spatial quality and excellent output stability. In nanosecond
operation, we have generated up to 2.1 W of average power in pulses of 10-20 ns duration at
80 kHz repetition rate with a FWHM spectral bandwidth down to ~3 nm, in high beam quality
with M?<2.8, with passive power stability as high as 0.7% rms over 1 hour. In picosecond
operation, we have achieved up to 5.25 W of average power at 80 MHz repetition rate in ~20
ps pulses with a FWHM spectral bandwidth down to 2.5 nm, in high beam quality with M?<1.8,
with passive power stability as high as 1.3% rms over 2 hours. With further design
improvements, substantial enhancements in OPO efficiency, output power, and tunability, and
potential for power scaling are also expected. The demonstrated OPO sources combine the
widely established, reliable and cost-effective Nd/Yb-doped solid-state and fiber laser
technology as the pump source with readily available MgO:PPLN as the nonlinear crystal, thus
paving the way for the realization of a new class of practical high-average-power pulsed laser
sources for wavelength generation near 2 pum, which will find practical utility for many
applications, including pumping of long-wavelengths OPOs into the mid-IR.
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