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INTRODUCTION

Since the publication of an earlier review on optical parametric oscillators (OPOs) in 2000,' there
has been remarkable progress in the technological development and applications of OPO devices.
Once considered an impractical approach for the generation of coherent radiation, OPOs have now
been finally transformed into truly viable, state-of-the-art light sources capable of accessing difficult
spectral regions and addressing real applications beyond the reach of conventional lasers. While the
first experimental demonstration of an OPO was reported in 1965, for nearly two decades thereaf-
ter there was little or no progress in the practical development of OPO devices, owing to the absence
of suitable nonlinear materials and laser pump sources. With the advent of a new generation of bire-
fringent nonlinear crystals, most notably 8-BaB,O, (BBO), LiB,O, (LBO), and KTiOPO, (KTP), but
also KTiOAsO, (KTA) and RbTiOAsO, (RTA) in the mid-1980s, and advances in solid-state laser
technology, there began a resurgence of interest in OPOs as potential alternatives to conventional
lasers for the generation of coherent radiation in new spectral regions. The high optical damage
threshold, moderate optical nonlinearity, and favorable phase-matching properties of the newfound
materials led to important breakthroughs in OPO technology. In the years to follow, tremendous
progress was achieved in the development of OPO devices, particularly in the pulsed regime,
and a variety of OPO systems from the nanosecond to the ultrafast picosecond and femtosecond
timescales, and operating from the near-ultraviolet (near-UV) to the infrared (IR) were rapidly
developed. These developments led to the availability of a wide range of practical OPO devices and
their deployment in new applications, with some systems finding their way to the commercial market.
A decade later, in the mid-1990s, the emergence of quasi-phase-matched (QPM) ferroelectric
nonlinear crystals, particularly periodically poled LiNbO, (PPLN) stimulated new impetus for the
advancement of continuous-wave (cw) OPO devices, traditionally the most challenging regime for
OPO operation due to almost negligible nonlinear gains available under cw pumping. The flexibility
offered by grating-engineered QPM materials, allowing access to the highest nonlinear tensor coef-
ficients, combined with noncritical phase matching (NCPM) and long interaction lengths (>50 mm
in PPLN), enabled the low available nonlinear gains to be overcome, hence permitting the develop-
ment of practical cw OPOs in a variety of resonance configurations. As such, the advent of QPM

171



17.2

NONLINEAR OPTICS

materials, most notably PPLN, but also periodically poled KTP (PPKTP), RbTiOAsO, (PPRTA), and
LiTaO, (PPLT), has had an unparalleled impact on cw OPO technology. Combined with advances
in novel high-power solid-state crystalline, semiconductor, and fiber pump sources over the past
decade, these developments have led to the practical realization of a new class of cw OPOs with pre-
viously unattainable performance capabilities with regard to wavelength coverage, output power and
efficiency, frequency and power stability, spectral and spatial coherence, and fine frequency tuning.

With their exceptional spectral coverage and tuning versatility, temporal flexibility from the cw
to femtosecond timescales, practical performance parameters, and compact solid-state design, OPO
devices have now been firmly established as truly competitive alternatives to conventional lasers and
other technologies for the generation of widely tunable coherent radiation in difficult spectral and
temporal domains. In the current state of technology, OPO devices can provide spectral access from
~400 nm in the ultraviolet (UV) to ~12 wm in the mid-infrared (mid-IR), as well as the terahertz
(THz) spectral region. They can also provide temporal output from the cw and long-pulse micro-
second regime to nanosecond, picosecond, and ultrafast sub-20 fs timescales. Many of the developed
OPO systems are now routinely deployed in a variety of applications including spectroscopy, optical
microscopy, environmental trace gas detection and monitoring, life sciences, biomedicine, optical
frequency metrology and synthesis, and imaging.

The aim of this chapter is to provide an overview of the advances in OPO device technology and
applications since the publication of the earlier review in 2000.! The chapter is concerned only with
the developments after 2000, since many of the important advances in this area prior to that date
can already be found in the previous treatment! as well as other reviews on the subject.*~1% Because
of limited scope, and given that most of the important advances over the last decade have been in
the CW operating regime, the chapter is focused only on a discussion of cw OPOs. Reviews on
pulsed and ultrafast OPOs can be found elsewhere.>*%1% This chapter also does not include a
description of the fundamental concepts in nonlinear and crystal optics, parametric generation,
amplification and gain, or a comprehensive description of the design criteria and operating prin-
ciples of OPO devices, which have been the subject of several earlier treatments.!1-16
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Of the different types of OPO devices developed to date, advancement of practical OPOs in the cw
operating regime has been traditionally most difficult, since the substantially lower nonlinear gains
available under cw pumping necessitate the use of high-power cw pump laser or the deployment
of multiple-resonant cavities to reach operation threshold. As in a conventional laser oscillator,
the OPO is characterised by a threshold condition, defined by the pumping intensity at which the
growth of the parametric waves in one round-trip of the optical cavity just balances the total loss
in that round-trip. Once threshold has been surpassed, coherent light at macroscopic levels can
be extracted from the oscillator. In order to provide feedback in an OPO, a variety of resonance
schemes may be deployed by suitable choice of mirrors forming the optical cavity, as illustrated in
Fig. 1a to e. The mirrors may be highly reflecting at only one of the parametric waves (signal or idler,
but not both), as in Fig. 1a, in which case the device is known as a singly resonant oscillator (SRO).
This configuration is characterised by the highest cw operation threshold. In order to reduce thresh-
old, alternative resonator schemes may be employed where additional optical waves are resonated
in the optical cavity. These include the doubly resonant oscillator (DRO), Fig. 1b, in which both the
signal and idler waves are resonant in the optical cavity, and the pump-resonant or pump-enhanced
SRO, Fig. 1¢, where the pump as well as one of the generated waves (signal or idler) is resonated. In
an alternative scheme, Fig. 1d, the pump may be resonated together with both parametric waves, in
which case the device is known as a triply resonant oscillator (TRO). Such schemes can bring about
substantial reductions in threshold from the cw SRO configuration, with the TRO offering the low-
est operation threshold. In an alternative scheme, the external pump power threshold for a cw SRO
may also be substantially reduced by deploying internal pumping, where the OPO is placed inside
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FIGURE 1 Cavity resonance configurations for cw OPOs. The symbols p, s, and i denote
pump, signal, and idler, repectively.

a minimally output-coupled pump laser. A schematic of such an intracavity SRO (IC-SRO) is illus-
trated in Fig. le.

The comparison of steady-state threshold for conventional externally pumped cw OPOs under
different resonance schemes is shown in Fig. 2, where the calculated external pump power thresh-
old is plotted as a function of the effective nonlinear coefficient of several materials including LBO,
KTA, KTP, KNbOs, PPLN, and PPRTA. From the plot, it is clear that for the majority of birefringent
materials the attainment of cw SRO threshold requires pump powers on the order of tens of watts,
well outside the range of the most widely available cw laser sources. However, in the case of PPLN,
the cw SRO threshold is substantially reduced to acceptable levels below ~1 W, bringing operation
of cw SROs within the convenient range of widespread cw solid-state pump lasers. With the cw
PE-SRO, considerably lower thresholds can be achieved, from a few hundred milliwatts to ~1 W for
birefringent materials and below ~100 mW for PPLN. In the case of cw DRO, still lower thresholds
of the order of 100 mW are attainable with birefringent materials, with only a few milliwatts for
PPLN, whereas with the cw TRO, thresholds from below 1 mW to a few milliwatts can be obtained
in birefringent materials.

It is thus clear that practical operation of cw OPOs in SRO configurations is generally beyond
the reach of birefringent materials, but requires DRO, TRO, and PE-SRO cavities. On the other
hand, implementation of cw SROs necessitates the use of PPLN or similar QPM materials, offering
enhanced optical nonlinearities, and long interaction lengths under NCPM. However, the thresh-
old reduction from SRO to PE-SRO, DRO, and TRO cavity configurations is often achieved at the
expense of increased spectral and power instability in the OPO output arising from the difficulty in
maintaining resonance for more than one optical wave in a single optical cavity. For this reason, the
cw SRO offers the most direct route to the attainment of high output stability and spectral control
without stringent demands on the frequency stability of the laser pump source. On the other hand,
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FIGURE 2 Calculated minimum thresholds for different OPO resonance configura-
tions versus the effective nonlinear coefficients in various nonlinear materials. The calculation
assumes confocal focusing and loss values that are typically encountered in experimental cw
OPOs, the finesses representing round-trip power losses of approximately 2.0 percent. The
plots correspond to a pump wavelength of 800 nm, degenerate operation, a pump refractive
index of ~1.7, a crystal length of 20 mm, signal and idler cavity finesses of ~300, and a pump
enhancement factor of ~30. In the case of PE-SRO and TRO, the enhancement factor of 30 repre-
sents the maximum enhancement attainable with parasitic losses of ~3 percent at the pump.!”

practical implementation of cw PE-SRO, DRO, and TRO requires active stabilization techniques
to control output power and frequency stability, with the PE-SRO offering the most robust con-
figuration for active stabilization and TRO representing the most difficult in practice. In addition,
practical operation of OPOs in multiple resonant cavities can only be achieved using stable, single-
frequency pump lasers and such devices also require more complex protocols for frequency tuning
and control than the cw SRO. More detailed description of the different resonance and pumping
schemes for OPOs and analytical treatment of tuning mechanisms, spectral behavior, frequency
control, and stabilisation can be found in an earlier review.!

Singly Resonant Oscillators

By deploying the intracavity pumping scheme using a Ti:sapphire laser in combination with a 20-mm
PPKTP crystal, Edwards et al.'® reported a cw IC-SRO capable of providing up to 455 mW of non-
resonant infrared idler power at a down-conversion efficiency of 87 percent. Using a combination
of pump tuning at room temperature and crystal temperature tuning, idler (signal) coverage in the
2.23 t0 2.73 um (1.14 to 1.27 um) spectral ranges was demonstrated. By configuring the Ti:sapphire
pump laser and the SRO in ring cavity geometries and using intracavity etalons, 115 mW of uni-
directional, single-frequency idler power was generated at 2.35 um with mode-hop-free operating
time intervals of about 10 s under free-running conditions. The resonant signal was measured to
have a linewidth <15 MHz for a pump linewidth <25 MHz.

The advent of PPLN with large effective nonlinearity (d,; ~15 pm/V) and long interaction
lengths (currently up to 80 mm) under NCPM has enabled the development of cw SROs in conventional
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external pumping configurations using more commonly available, moderate- to high-power solid-
date pump sources. By deploying a fixed-frequency, cw, single-mode Nd:YVO, pump laser at 1.064 tum,
Bisson et al.’ developed a portable source for mid-IR photoacoustic spectroscopy based on a
PPLN cw SRO by using discrete mode-hop tuning of the idler. The SRO, based on a 50-mm PPLN
crystal with fanned grating (A = 29.3 to 30.1 pm), was configured in a ring cavity, and frequency
selection and fine tuning was implemented using solid or air-spaced intracavity etalons. With an
uncoated, 400-um-thick, solid Nd:YAG etalon, a total mode-hop-tuning range of ~4 cm™ for the
idler in discrete steps of 0.02 to 0.1 cm™' was achieved by rotation of the etalon. The SRO could
deliver a maximum idler power of ~120 mW at a pump depletion of 40 to 50 percent for 6 W of
pump power. Using the mode-hop-tuned idler output near 3.3 wm, photoacoustic spectroscopy of
the methane Q branch was performed at atmospheric pressure by simultaneous tuning of the PPLN
crystal combined with etalon rotation. A total of four etalon scans covering ~10 cm™! was necessary
to trace the Q branch spectrum. In an effort to achieve a constant tuning rate as well as minimize
insertion loss due to etalon rotation, which in turn leads to mode hops arising from variable heat-
ing of the PPLN crystal due to the changes in intracavity power, an alternative air-spaced fused silica
etalon with ~0.5 to 1.5 mm spacing and ~5 percent reflectivity at the signal (~1.57 um) was also
employed in the present device. While resulting in a higher oscillation threshold (~4 W) and lower
idler output (~80 mW), the combination of PPLN tuning and piezoelectric scan of the etalon over a
distance of 3 wm (at 1.5 mm separation) yielded a total mode-hop tuning range of ~14 cm™ for the
idler at a constant tuning rate and in discrete steps of 0.1 cm™', providing sufficient resolution for
atmospheric sensing and pressure-broadened spectroscopy. The measured linewidth of the idler was
<10 MHz with a passive stability of ~50 MHz over 30 s.

By using a 10-W cw single-frequency diode-pumped Nd:YAG laser at 1.064 um, Van Herpen
et al.? demonstrated a cw SRO based on PPLN with a mid-IR idler tuning range of 3.0 to 3.8 pum.
The SRO, configured in a ring cavity and using a crystal with fanned grating (L = 50 mm, A =
29.3 to 30.1 um) exhibited a pump power threshold of ~3 W and could provide a maximum idler
output power of 1.5 W at 3.3 um for 9 W of pump power. The combination of the single-mode
pump laser, a ring cavity for the SRO, and the inclusion of an intracavity air-spaced etalon enabled
mode-hop-free tuning of the idler over 12 GHz by tuning the pump frequency over 24 GHz, with
the idler mode-hop tuning range limited by mode hopping in the pump laser. Under this condi-
tion, 700 mW of single-frequency, smoothly tunable idler power could be provided by the SRO. In a
later experiment,?! using the same PPLN crystal and identical cavity design for the SRO, the authors
were able to improve the idler output power in the 3.0 to 3.8 um range by increasing the available
Nd:YAG pump power to 15 W and by optimizing pump focusing and the SRO cavity length. The
SRO similarly exhibited a cw power threshold of ~3 W, but could provide 2.2 W of idler power for
10.5 W of input pump power. The coarse and fine tuning properties of this SRO were similar to the
earlier device. For fine tuning, an intracavity air-spaced etalon with variable spacing of 0.2 to 3 mm
(FSR = 50 to 750 GHz) was used. Continuous scanning of etalon spacing resulted in discrete mode-
hop tuning of the idler over 100 GHz. With a 400-pum uncoated solid YAG etalon (FSR = 207 GHz),
an idler mode-hop tuning range of 10 cm™ in steps of 0.02 to 0.1 cm™ (0.6 to 3 GHz) could be
obtained by rotation of the etalon. Subsequently, using the same pump laser, the authors reported a
cw SRO based on a multigrating PPLN crystal (A = 25.9 to 28.7 um) and providing extended idler
coverage into the 3.7 to 4.7 um spectral range in the mid-IR.* The ring-cavity SRO exhibited an
oscillation threshold of between 5 and 7.5 W over this spectral range and for an input pump power
of 11 W could provide a maximum idler output of 1.2 W at 3.9 um, decreasing to 120 mW at 4.7 um.
The increase in SRO threshold and corresponding decrease in output power were attributed to the
increasing idler absorption in PPLN at longer wavelengths toward 5 um. With the inclusion of the
same 400-um uncoated YAG etalon to stabilize the resonant signal frequency, continuous mode-
hop free tuning of the idler was achieved by tuning the pump frequency over 24 GHz, but with a
reduction in idler power by as much as 50 percent. Discontinuous mode-hop tuning of the idler
output could also be obtained through rotation of the intracavity etalon. In a later report, the use of
a tunable high-power (>20 W) diode-pumped Yb:YAG laser in combination with two PPLN crystals
with fanned gratings (A = 28.5 to 29.9 um) and two sets of OPO mirrors enabled the generation of
widely tunable idler radiation with a total tuning range of 2.6 to 4.66 um, and at increased
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FIGURE 3 Experimental setup of the cw SRO. The pump wavelength
varies from 1024 to 1034 nm and the idler wavelength from 2.6 to 4.7 pm.
A pump rejecter mirror separates the pump light from the idler and signal
beams, after which the idler beam is reflected toward the wavemeter and
photoacoustic cell. The signal wavelength can be measured with the same
wavemeter by replacing the idler reflector with a signal reflector.”

cw power levels up to 3 W.2 For frequency stability, a 400-um uncoated YAG etalon (FSR = 207 GHz)
was similarly used internal to the SRO cavity (Fig. 3). The SRO had a threshold of 8 W and, with
nonoptimized mirror and crystal coatings, could provide 3.0 W of mid-IR idler output at 2.954 um
for 18 W of pump power. The SRO could provide an idler mode-hop tuning range of 25 GHz in
steps of 100 MHz (FSR of the pump laser cavity) by tuning the intracavity pump etalon. Combined
with the tuning of the Lyot filter within the pump laser, a total mode-hop tuning range of 190 GHz
could be scanned, limited by a mode hop in signal frequency of 207 GHz corresponding to the
FSR of the YAG etalon within the SRO cavity. By recording the photoacoustic signal in ethane, the
authors characterized the frequency stability of the SRO. Due to unoptimized coatings, the idler
exhibited frequency instabilities of 90 MHz/s, while temperature fluctuations in the PPLN crystal
resulted in an idler frequency drift of 250 MHz over 200 s. In the same report, the authors demon-
strated extension of the idler wavelength to 3.3 to 4.66 [lm using the broad tuning of the pump laser
(1.024 to 1.034 um) in combination with grating tuning of the PPLN crystal, providing 200 mW of
idler power at 4.235 um, corresponding to the strongest CO, absorption line.

Subsequently, Ngai et al.? reported a cw SRO with automatic tuning control based on a mul-
tigrating MgO:PPLN (L = 50 mm, A = 29.0 to 31.5 um). A schematic of the experimental setup
is shown in Fig. 4. The SRO was pumped by a master oscillator-power amplifier (MOPA) laser at 1064
nm, providing 11.5 W of single-frequency output with a linewidth of 5 kHz (over 1 ms), frequency
stability of 50 MHz/h, and continuous tuning over 48 GHz. The combination of temperature and
grating tuning in the MgO:PPLN crystal provided coarse coverage over 2.75 to 3.83 um in the idler
and 1.47 to 1.73 pm in the signal, with a maximum idler power of 2.75 W. By using a ring SRO cav-
ity containing a 400-um-thick uncoated solid YAG etalon (FSR = 207 GHz), a short-term frequency
stability of 4.5 MHz over 1 s was attainable in the absence of active stabilization. Fine wavelength
scanning of the idler output was achieved through a combination of pump tuning, etalon rota-
tion, and temperature tuning using an automated process with computer control. First, by con-
tinuous tuning of the pump frequency over 48 GHz at a fixed etalon angle, the idler could be tuned
over 12 GHz before the occurrence of a mode hop in the pump laser (Fig. 5). The total idler tuning
range attainable in this way was 207 GHz, limited by an etalon mode hop. Then, by rotation of the



CONTINUOUS-WAVE OPTICAL PARAMETRIC OSCILLATORS 17.7

D
=/
| Function
Delay/pulse Photo- generator
gene}ator detector PZT
[ \
N
| L

Idler
—@— Wavemeter Mode-——

matching
Solid YAG lenses —L—
etalon P
ower
meter ——

Pump | AOM

- _D mA ~ 7| A
1.064 pm |_| \ POAED TN 4/ U y Idler

HWP FBS  Lens crystal Lens
f=10cm f=10cm
Laser Etalon | Crystal temperature

Control and data analysis

Wavelength scan control
computer

Waveform digitizer

FIGURE 4 Experimental setup of automatically tunable cw SRO combined with continuous-wave cavity
leak-out spectroscopy. The OPO cavity is resonant for the signal wavelength. The idler beam is sent to a cw leak-
out cavity and to a wavemeter.*

etalon to a new angle, the pump was again scanned until a new total tuning range of 207 GHz was
covered, and process was repeated. Finally, changing the crystal temperature by 2 to 5°C, and repeat-
ing the entire process, wavelength scans of up to 450 cm™ with a resolution of <5 x 10~ cm™ could
be obtained with a single grating period. Using this automated tuning process, the utility of the cw
SRO for sensitive detection of CO,, methane, and ethane was demonstrated with photoacoustic and
cavity leak-out spectroscopy, and analysis of human breath was performed by recording the absorp-
tion spectra of methane, ethane, and water in two test persons using photoacoustic spectroscopy.
With the continued advances in pump laser technology, the development of cw SROs based on
high-power diode-pumped fiber lasers and amplifiers has also become a reality. Fiber lasers are
attractive alternatives as pump sources for cw SROs, because they combine the high-power proper-
ties of crystalline solid-state laser materials with significant wavelength tuning and excellent spatial
beam quality in compact and portable design. The pump tuning capability allows rapid and wide
tuning of the SRO output without recourse to temperature or grating period variation, while the
high available powers and excellent beam quality allow access to SRO threshold and enable the gen-
eration of practical output powers. The use of fiber pump lasers can thus provide a versatile class
of cw SROs for the mid-IR that offer the advantages of simplicity, compact all-solid-state design,
portability, reduced cost, improved functionality, and high output power and efficiency. Operation
of a cw SRO pumped by a fiber laser was first reported by Gross et al.?® using a tunable Yb-doped
fiber laser. The laser delivered more than 8 W of cw output power in excellent spatial beam quality
and was tunable over the wavelength range of 1031 to 1100 nm. With the use of a 40-mm-long multi-
grating PPLN crystal and a ring cavity for the SRO, a cw idler output power of 1.9 W was generated
at a wavelength of 3.2 um in the mid-IR for 8.3 W of fiber pump power, with a corresponding SRO
power threshold of 3.5 W. Idler wavelength tuning over 3.057 to 3.574 um could be accomplished
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FIGURE 5 Combined pump-etalon scan. By scanning the pump laser () and stepping the
etalon angle after each pump laser scan (b), a continuous wavelength coverage over 207 GHz can
be realized (c). The resolution of the idler frequency is limited by the resolution of the wavemeter
[inset in (c)].2*

by varying the crystal temperature or changing the grating period. However, wider and more con-
venient wavelength tuning was also available by exploiting the tuning capability of the fiber pump
laser, where an idler tuning range of more than 700 nm over 2.980 to 3.700 um was obtained by
varying the pump wavelength between 1.032 and 1.095 um. In a subsequent experiment, Klein
et al.”® demonstrated rapid wavelength tuning of a similar cw SRO by using electronic wavelength
control of the Yb-doped fiber pump laser with an acousto-optic tunable filter. The SRO, based on a
40-mm-long single-grating PPLN crystal, was arranged in a similar ring cavity and, at a fixed crystal
temperature and grating period, could be rapidly tuned over 3.160 to 3.500 pum in the idler wave-
length by electronically tuning the fiber pump laser from 1060 to 1094 nm. The 340-nm idler tuning
could be achieved within a time interval of 330 Us, representing a frequency tuning rate of 28 THz/
ms. The overall electronic tuning range of the fiber pump laser over 1.057 to 1.100 um resulted in an
SRO idler tuning range of 437 nm in the mid-IR, from 3.132 to 3.569 um. For the maximum fiber
pump power of 6.6 W at 1.074 um, the SRO generated an idler output power of 1.13 W at 3.200 um.

More recently, operation of a low-threshold mid-IR cw SRO was reported by Henderson and
Stafford?” using MgO:PPLN and an all-fiber laser pump source. A schematic of the experimental
setup is shown in Fig. 6. The cw single-frequency pump at 1083 nm was configured in a MOPA
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FIGURE 6 Schematic of experimental configuration for the fiber-pumped
cw SRO.#7

arrangement using a 20-mW distributed feedback (DFB) fiber laser with 50-kHz linewidth as the
seed and a polarization-maintaining fiber as the amplifier. The use of fiber connection between
the two stages ensured an all-fiber configuration with no free-space components, alignment-free
injection, and minimum long-term cavity misalignment. The MOPA could provide up to 3.5 W of
amplified single-mode pump power for 20 mW of input seed power. Using multigrating and fanned
crystals (A = 31.3 to 32.5 um) of 80-mm interaction length and operating the SRO just above room
temperature (30°C), oscillation thresholds as low as 780 mW were obtained, with up to 750 mW of
idler power generated for 2.8 W of fiber pump power. The idler output was tunable over 2650 to
3200 nm with a near-diffraction-limited spatial mode up to 500 mW and beam quality factor M? = 1.04.
By exploiting the tunability of the pump laser through application of a voltage to the piezoelectric
transducer attached to the fiber (rapid) and temperature variation of the seed source (slow), contin-
uous mode-hop-free tuning of the idler over more than 120 GHz was demonstrated (Fig. 7). Using a
Fabry-Perot interferometer, the idler linewidth was measured to be 1.1 MHz at 3.17 pum. The narrow
linewidth, broad coarse wavelength coverage, and rapid mode-hop-free tuning of the idler through
piezoelectric tuning of the pump enabled high-resolution spectroscopy in a variety of mid-IR gases
including water vapor, CO,, and methane.

The development of PPLN has also led to substantial reductions in cw SRO power threshold,
compatible with the direct use of semiconductor diode lasers as pumps for cw SROs. In addition to
a compact design, an important advantage of this approach is the tunability of diode laser, which
allows rapid and continuous tuning of SRO output at a fixed temperature and grating period
through pump tuning. However, to provide the sufficiently high cw pump powers (typically >1 W)
and the highest beam quality to attain SRO threshold, it has been necessary to boost the available
power from single-mode diode lasers using amplification schemes. By employing a grating stabi-
lized, extended-cavity single-stripe InGaAs semiconductor diode laser at 924 nm as a master oscil-
lator and a single-pass tapered amplifier, Klein et al.?® demonstrated operation of a cw SRO based
on a 38-mm-long PPLN crystal with a pump power threshold of 1.9 W. For 2.25 W of diode pump
power, 200 mW of single-frequency idler radiation was generated at 2.11 pm. Wavelength tuning
was achieved by electronic control of the master oscillator cavity, providing continuous mode-
hop-free tuning of the diode pump radiation over 60 GHz from the power amplifier with a corre-
sponding linewidth of <4 MHz. By using an intracavity etalon to fix the resonant signal frequency,
a continuous mode-hop-free idler tuning of 56 GHz was obtained at 2.11 um by tuning the pump
wavelength. In an alternative scheme, using a distributed Bragg reflector (DBR) diode laser at 1082 nm,
which was amplified in an Yb-doped fiber, Lindsay et al.” achieved rapid mode-hop-free tuning of
amid-IR cw SRO. A schematic of the experimental configuration is shown in Fig. 8, and the SRO idler
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FIGURE 8 Schematic of experimental arrangement for the cw SRO pumped by a fiber-amplified
DBR diode laser.?

output power and tuning range are shown in Fig. 9. The SRO was based on a 40-mm PPLN crys-
tal and could provide rapid continuous tuning over 110 GHz in 29 ms. Coarse and discontinuous
wavelength tuning of the idler wave was also obtained over 20 nm by tuning the DBR diode laser,
and more than 1 W of idler output power was generated across the 3.405 to 3425 um range for 6.9 W
of input pump power. An overall idler tuning range of 300 nm in the 3 to 3.5 um band in the mid-IR
was also available by varying the temperature of the PPLN crystal.
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FIGURE 9 Variation of OPO output wavelengths (lower plot), and cor-
responding idler output power (upper plot), during pump tuning by seed
laser DBR section alone. PPLN grating period was 29.75 pm and tempera-
ture was 180.5°C. Solid lines are calculated tuning range.?

The availability of increasingly powerful pump sources such as cw fiber lasers, together with the
high nonlinear coefficient (d,; ~17 pm/V) and long interaction lengths (50 to 80 mm) in PPLN,
can now readily permit practical operation of cw SROs many times above operation threshold,
providing multiwatt idler output powers. At the same time, the presence of high optical powers
can lead to additional linear and nonlinear optical effects which can modify SRO output charac-
teristics. These include thermal loading of the crystal due to linear absorption, which can result
in thermal lensing, thermal phase mismatching and output beam quality degradation, or spectral
generation and broadening due to higher-order nonlinear optical effects. As such, optimum per-
formance of cw SROs at high pump powers requires strategies to combat such effects in order to
achieve maximum conversion efficiency and output extraction at full pump power, while maintain-
ing the highest spectral and spatial beam quality, power, and frequency stability. The performance
characteristics of cw SROs at high pump powers many times threshold have been studied by
Henderson and Stafford.*® By deploying a 15-W cw single-frequency Yb fiber laser at 1064 nm
as the pump and 50-mm MgO:PPLN crystals with multiple (A = 31.5 to 32.1 um) and fanned
(A =30.8 to 31.65 um) gratings, they investigated the effects of pump power on crystal heating,
wavelength tuning, beam quality, and optimum output power and extraction efficiency. With
the high beam quality of the fiber laser (M? ~ 1.06), and using a ring cavity with mirrors of
highest reflectivity at the signal (R ~ 99.9 percent) and optimum mode-matching, they achieved
a threshold as low as 1.0 W, enabling SRO operation at up to 15 times threshold. With the multi-
grating crystal, the SRO reached a pump depletion of 91 percent at 2.5 times threshold, remaining
constant to within ~10 percent up to the maximum pump power at 15 times above threshold. The
idler output, measured at 2610 nm, exhibited a linear increase with input pump power, reach-
ing 4.5 W at 15 W of pump, with a corresponding external photon conversion efficiency of ~74
percent. However, operation of SRO at increasing levels of pump power was found to result in a
passive increase in crystal temperature and thus a shift in the output wavelength. At the highest
pump power the rise in crystal temperature was as much as 23°C, leading to a significant shift in
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signal (26 nm) and idler (57 nm) wavelengths compared to operation at low pump power. Given
the minimal absorption of the MgO:PPLN crystal at idler wavelengths of 2 to 3 um in this SRO,
the self-heating effect was attributed to the finite absorption of the intracavity signal power. To
confirm this, the authors deployed output coupling of the signal by replacing one of the high reflec-
tors with a 4.2 percent output coupler. By operating the SRO at an ambient temperature of 26°C,
they observed a 22°C rise in crystal temperature to 47°C under minimum output coupling at the
maximum pump power. However, when using the 4.2 percent output coupler, the corresponding
temperature rise was only 2.5°C, from 26°C to 28.5°C. Using measurements of signal output power,
they estimated the circulating signal power to be as high as ~1.4 kW at the maximum pump power
under minimum output coupling, decreasing to ~100 W with the 4.2 percent output coupler. By
estimating the total absorption in the 50-mm crystal as 0.4 percent (0.08 percent/cm), they were
able to conclude that an absorbed signal power of 5 W was responsible for the 22°C rise in crystal
temperature. These measurements clearly confirmed the role of the intracavity signal power in heating
of the MgO:PPLN crystal and its influence on spectral shifting of SRO output. The rise in crystal tem-
perature was also observed to have a significant influence on the degradation of spatial quality of the idler
beam by inducing thermal lensing effects within the crystal. From measurement of idler beam quality
at the same output power level of 3.2 W, they were able to deduce a quality factor of M? ~ 1.35 under
minimum output coupling compared to M? ~ 1.0 when using the 4.2 percent output coupler, hence
confirming the deleterious effects of high circulating signal power on SRO beam quality and thus the
need for optimization of output coupling at a given pump power to achieve the highest beam quality while
maintaining maximum extraction efficiency. To this end, the authors also investigated the optimization of
SRO output power and extraction efficiency at the maximum pump power by using variable output cou-
pling (0 to 5 percent) for the signal across a limited tuning range. Using the fanned crystal, they found the
optimum output coupling value to be 3.0 percent, resulting in the simultaneous extraction of 3.0 W of
idler and 4.2 W of signal at an overall extraction efficiency of 48 percent. Under this condition, the pump
depletion was 78 percent and SRO threshold was 5.8 W, corresponding to the optimum pumping ratio of
~2.5 for maximum power extraction. The effect of use of signal output coupling as a means of optimiz-
ing the performance of cw SROs was also later investigated in a separate experiment by Samanta and
Ebrahim-Zadeh.*! Using a cw SRO based on MgO:sPPLT pumped at 532 nm, the authors demonstrated
improvements of 1.08 W in total output power, 10 percent in total extraction efficiency, and a 130-nm
extension in the useful tuning range, while maintaining pump depletions of 70 percent, idler output powers
of 2.59 W, and a minimal increase in oscillation threshold of 24 percent. The output-coupled cw SRO could
deliver a total power of up to 3.6 W at 40 percent extraction efficiency across 848 to 1427 nm. The single-
frequency resonant signal also exhibited a higher spectral purity than the nonresonant idler output.

The high nonlinear gain coefficient of PPLN combined with the large optical powers present in
cw SROs has also been observed to give rise to higher-order nonlinear effects in addition to the second-
order parametric process. In a recent example of such an effect,’? operation of a cw SRO based on
MgO:PPLN was reported together with simultaneous Raman action driven by the high intracavity
signal intensity. The SRO, based on a multigrating MgO:PPLN crystal (L = 50 mm, A = 28.5 to
31.5 um), was configured in a linear standing-wave cavity and pumped by a 10-W Yb fiber laser at
1070 nm. Two sets of cavity mirrors were used for the SRO, providing different reflectivities for the
signal over 1500 to 1700 nm. With the low-Q cavity (R = 98.2 to 99 percent; Q ~ 10%), normal cw SRO
operation with the expected signal and idler spectra was achieved with a 3.3-W threshold, and 1.6 W
of idler power was generated at 3620 nm for 8 W of pump at an optical efficiency of 20 percent and
slope efficiency of 35 percent. With the high-Q SRO cavity (R = 99.4 to 99.8 percent; Q ~ 10°), stimu-
lated Raman action with characteristic spectra was simultaneously observed in the vicinity of signal
spectrum, driven by the tenfold increase in intracavity signal power to ~100 W. The cw SRO threshold
in this case was reduced to 0.5 W, with a corresponding reduction in optical efficiency to 16 percent
and slope efficiency to 15 percent. The pump power threshold for Raman conversion was 1.9 W. While
stimulated by intracavity signal power, Raman action was present only for grating periods and mirror
reflectivities with lowest loss at the corresponding wavelengths, confirming the resonant nature of the
observed effect. It was also observed that the presence of Raman oscillation with the high-Q SRO cav-
ity resulted in improved idler RMS power stability of 1.46 percent compared to a 4.1 percent variation
with the low-Q cavity, suggesting power limiting of intracavity signal by the Raman conversion.
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In a subsequent experiment, Henderson and Stafford®® also observed stimulated Raman oscil-
lation in a high-power cw SRO based on MgO:PPLN. Using a 14.5-W cw single-frequency Yb fiber
laser at 1064 nm and the same SRO arrangement as in Ref. 30, they observed Raman conversion
of the intracavity signal under minimum output coupling and at pump powers more than 2 times
above threshold, corresponding to circulating signal powers in excess of 230 W. Because of the
increasing loss of SRO cavity across an extended tuning range, only two components of the Raman
spectrum could be observed. However, under conditions of output coupling no Raman generation
was observed up to the maximum available pump corresponding to 170 W of intracavity signal
power. In the same cw SRO, the authors also observed spectral broadening of the resonant signal
wave at high pump powers. Using highly reflecting mirrors to minimize threshold to 1.5 W, they
were able to investigate the evolution of signal spectrum with pump power above threshold. It was
observed that while at pump powers up to 3 times above threshold, the signal spectrum remained
single-frequency, at pumping ratios between 3 to 4.7 the spectrum exhibited broadening with a
symmetric pattern of side modes. The side modes were separated by between 0.2 and 0.5 nm, with
their number and intensity increasing with pump power. Above a pumping ratio of 4.7, the signal
spectrum was observed to become continuous with a FWHM bandwidth of ~2 nm. These observa-
tions, which were found to be in qualitative agreement with predicted theory, confirm that the oper-
ation of cw SROs at high pump powers and under the conditions of minimum signal coupling must
be limited below a critical pumping ratio of ~4.5, if single-frequency oscillation is to be maintained.
Since the maximum conversion in the same experiments was found to be attainable at a pumping
ratio of 2.5, by choosing an optimum output coupling of 3.0 percent, the authors increased the
SRO threshold to 5.1 W and so were able to maintain single-frequency operation up to the full avail-
able pump power of 14.5 W by remaining above the optimum pumping ratio (~2.5) for optimum
conversion, but below the critical ratio (~4.5) for spectral broadening and multimode operation.
Under this condition, 5.1 W of single-mode signal and 3.5 W of single-mode idler were simultane-
ously generated for 14.5 W of pump at an overall extraction efficiency of nearly 60 percent, with a
measured idler bandwidth of 30 kHz over 500 .

The advent of QPM nonlinear materials has had a profound impact on cw SROs, with the vast
majority of devices developed to date based on PPLN as the nonlinear material. When pumped near
~1 pum by solid-state, amplified semiconductor, or fiber lasers, they can provide potential coverage
from above ~1.3 um up to the absorption edge of the material near ~5 um. For wavelength genera-
tion below ~1.3 pm, the use of PPLN is generally precluded by photorefractive damage induced by
visible pump or signal radiation. As such, the development of practical cw OPOs for visible and
near-IR at wavelength below ~1.3 um has remained difficult, particularly in high-power SRO con-
figuration where strong visible pump and signal radiation are present. This has thus necessitated the
use of additional frequency conversion schemes or deployment of alternative QPM materials such as
PPKTP and, more recently, MgO-doped periodically poled stoichiometric LiTaO, (MgO:sPPLT). To
extend the tunable range of cw SROs to the visible range, Strossner et al.** used an approach based
on second harmonic generation (SHG) of the idler output from a cw SRO in an external enhance-
ment cavity. By deploying a 10-W, single-frequency, cw pump laser at 532 nm in combination with
multigrating PPKTP (L = 24 mm, A = 8.96 to 12.194 um) and PPLN (L = 25 mm, A = 6.51 to 9.59 um)
crystals as the OPO gain medium, and PPLN (L = 43 mm, A = 6.51 to 20.93 um) for SHG, a vis-
ible green-to-red tuning range of 550 to 770 nm in the frequency-doubled idler was demonstrated.
Together with direct signal (656 to 1035 nm) and idler (1096 to 2830 nm) tuning, this resulted in a
total system tuning range of 550 to 2830 nm, with a tuning gap of ~60 nm over 1035 to 1096 nm.
The output power, limited by photorefractive damage to the PPLN crystal, and optical damage to the
PPKTP crystal and coatings induced by input pump, was 60 mW (signal), 800 mW (idler), and 70 mW
(visible frequency-doubled idler) for up to 3.3 W of pump. The output signal from the free-running
SRO exhibited a short-term linewidth of 20 kHz over 50 us, with a jitter of 300 kHz over 5 ms, and
5 MHz over 1 s. By frequency locking the SRO to a monolithic Nd:YAG laser, a jitter-free line-
width of 20 kHz was measured at a signal wavelength of 946 nm. In the absence of pump tuning,
mode-hop-free tuning of SRO output was obtained by adjustment of the cavity length using piezo
control and synchronous rotation of the etalon using a feedback loop, resulting in 38 GHz of fine
tuning in the signal for PPKTP and 5 to 16 GHz for PPLN, limited by photorefractive effects. The



17.14

NONLINEAR OPTICS

free-running SRO exhibited a mode hop over a free-spectral range (680 MHz) every 10 min, but
locking the SRO cavity to the 532-nm pump ensured a long-term frequency drift of <50 MHz/h in
the signal and idler, accompanied by a reduction in output power by ~10 percent.

More recently, the development of MgO:sPPLT has brought about new opportunities for the
advancement of practical cw SROs for the visible and near-IR at wavelength below ~1.3 um with
the direct use of high-power solid-state laser sources in the green. By deploying a 10-W, single-
frequency, cw, frequency-doubled Nd:YVO , pump laser at 532 nm, MgO:sPPLT (L = 30.14 mm, A =
7.97 um) as the nonlinear crystal and temperature tuning, Samanta et al.>> demonstrated a cw SRO
with a tunable range of 848 to 1430 nm. Using a linear standing-wave cavity and double-pass pump-
ing, the cw SRO had an oscillation threshold of 2.88 W, and could provide >1.51 W of single-pass
idler power for 6 W of pump at an extraction efficiency of >25 percent and photon conversion effi-
ciency of >56 percent. The maximum idler power and conversion efficiency in this SRO was limited
by thermal lensing effects, attributed to the finite liner absorption of the green pump light in the
MgO:sPPLT crystal. Despite this, the SRO could deliver >500 mW of single-pass power across the
entire idler tuning range of 1104 to 1430 nm, and in a Gaussian profile, confirming the absence of
photorefractive damage as is present in PPLN. With a standing-wave SRO cavity and in the absence
of intracavity frequency selection, the output frequency in both signal and idler was characterized
by mode hops. Soon after, by deploying a compact ring cavity with a 500-um intracavity etalon, the
authors demonstrated single-frequency operation of the cw SRO.* Using the same pump laser and
MgO:sPPLT crystal in a single-pass pumping arrangement, the SRO had a pump power threshold of
2.84 W and could deliver 1.59 W of single-mode idler power over 1140 to 1417 nm for 7.8 W of pump
at >20 percent extraction efficiency. The total SRO tuning range was 852 to 1417 nm, obtained for a
variation in crystal temperature from 61 to 236°C. Under free-running conditions, the idler had an
instantaneous linewidth of ~7 MHz and exhibited a peak-to-peak power stability of 16 percent over
5 hours. Measurements of idler power at different crystal temperatures revealed stronger thermal
lensing at higher temperatures. In a separate experiment, operation of a similar cw SRO based on
MgO:sPPLT and pumped by a Nd:YVO, laser at 532 nm was reported by Melkonian et al.,’” pro-
viding tunable signal over 619 to 640 nm in the red. Using a ring cavity for the SRO containing a
30-mm multigrating crystal (A = 11.55 to 12.95 um) and a 2-mm-thick intracavity silica etalon, the
SRO could provide ~100 mW of nonresonant idler power. The resonant signal was extracted using a
1.7 percent output coupler, providing 100 mW of single-frequency red radiation for 10 W of input
pump power. The cw SRO threshold varied from 3.6 W in the absence of the intracavity etalon up
to 6.6 W with signal output coupling, and rising to 6.8 W depending on the exact signal wavelength.
The maximum pump depletion was 15 percent, limited by thermal effects attributed to pump and
signal absorption. The output signal frequency could be mode-hop-tuned over a total range of 27
GHz by rotation of the intracavity etalon, in steps of 255 MHz corresponding to free-spectral-range
of the SRO cavity. With active stabilization of SRO cavity length, a frequency stability of 20 MHz over
3 min was obtained for the signal.

The development of practical, high-power, single-frequency cw SROs based on MgO:sPPLT
pumped in the green and operating below 1 um?®-%" has also provided new motivation for spectral
extension to shorter wavelengths. By using internal SHG of the resonant near-IR signal in a cw SRO
based on MgO:sPPLT, Samanta and Ebrahim-Zadeh® demonstrated the first cw SRO tunable in the
blue. A schematic of the SRO configuration is shown in Fig. 10. The device was based on similar
experimental design as in Ref. 36, except for the exclusion of the intracavity etalon and inclusion of a
5-mm BiB,O, (BIBO) crystal at the secondary waist of the bow-tie SRO ring resonator to frequency
double the circulating signal radiation in a single direction. By varying the temperature of the MgO:
sPPLT crystal to tune the signal over 850 to 978 nm, and simultaneous rotation of the BIBO phase-
matching angle, a wavelength range of 425 to 489 nm in the blue was accessed. The generated blue
power varied from 45 to 448 mW across the tuning range, with the variation arising from the non-
optimum reflectivity of the blue coupling mirror over the signal wavelength range. The output power
behavior and pump depletion of the SRO with pump power is shown in Fig. 11. The frequency-dou-
bled SRO had a threshold of 4 W (2.4 W without the BIBO crystal), and exhibited a pump depletion
of up to ~73 percent under blue generation. In addition to the blue, the device could provide in excess
of 100 mW of signal and as much as 2.6 W of idler output power. Without an intracavity etalon, the
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single-mode nature of the pump and resonant signal resulted in single-frequency blue generation
and a measured instantaneous linewidth of ~8.5 MHz in the absence of active stabilization. The blue
output beam also exhibited a gaussian spatial profile. In the meantime, operation of a intracavity
frequency-doubled cw SRO based on MgO:sPPLT was also reported by My et al.,* providing tunable
output in the orange-red. By resonating the idler wave in the 1170 to 1355 nm range in a ring resonator
and employing a 10-mm intracavity 3-BaB,O, (BBO) crystal for doubling, tuning output over 585 to
678 nm was generated. With a 30-mm MgO:sPPLT crystal (A = 7.97 wm), up to 485 mW of visible radia-
tion was internally generated for 7.6 W of pump, with 170 mW extracted as useful output. The device
could also provide up to 3 W of nonresonant infrared signal power. The power threshold for the cw
SRO was 4.5 W (4 W without the BBO crystal) and pump depletions of ~80 percent were measured
for input powers >6 W. Without active stabilization, the visible SHG output was single mode with a
frequency stability of 12 MHz over 12 min, and mode-hop-free operation could be maintained over
several minutes.

In a departure from conventional cw OPOs based on bulk materials, the use of guided-wave
nonlinear structures can also in principle offer an attractive approach to the realization of OPO
sources in miniature integrated formats. The tight confinement of optical waves in a waveguide can
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provide substantial enhancement in nonlinear gain per input pump power compared with the bulk
materials, but a major drawback of the approach is the unacceptably high input and output cou-
pling losses in the waveguide, hindering OPO operation. The problem is further exacerbated in the
cw regime, and in the SRO configuration, which is characterized by the highest oscillation threshold.
In an effort to overcome this difficulty, Langrock et al.** deployed the technique of fiber-feedback
to achieve operation of a cw SRO based on a reverse-proton-exchanged (RPE) PPLN waveguide.
In this approach, the SRO cavity was formed in a ring using a single-mode optical fiber pigtailed to
both ends of the waveguide, providing feedback at the resonant signal wave. The pump was similarly
coupled into the PPLN waveguide using a separate fiber and, together with the nonresonant idler,
exited the waveguide in a single pass. The configuration resulted in minimum coupling losses of 0.7 dB
(signal input) and 0.6 dB (signal output), and alignment-free operation. Using a 67-mm RPE PPLN
waveguide containing a 49-mm grating (A = 16.1 um), and a tunable external cavity diode laser at
779 nm as the pump, cw SRO threshold was reached at ~200 mW of coupled pump power. The waveguide
cw SRO exhibited gain bandwidths in excess of 60 nm. Ultimately, however, practical realization of such
waveguide cw SROs offering significant output will require further optimization of waveguide fabrication
process to minimize propagation losses (o = 0.2 dB/cm) and loop losses (1.5 dB) in the present device, as
well as further reductions in the waveguide-to-fiber coupling losses.

Multiple-Resonant Oscillators

Because the high pump power requirement for cw SROs can be prohibitive for many practical
applications, extensive efforts have been directed to the development of cw OPOs in alternative
resonance configurations, from the traditional DRO to the more recently devised PE-SRO and TRO,
with the goal minimizing the pump power thresholds. These efforts have brought the operation of
cw OPOs within the reach of more commonly available low- to moderate-power cw laser sources,
albeit at the expense of added system complexity arising from the need for more elaborate cavity
designs, more complex tuning protocols and the imperative requirement for active stabilization and
control. In particular, the use of DRO and PE-SRO resonance schemes in combination with novel
cavity designs have led to the practical generation of cw mid-IR radiation with the highest degree of
frequency stability, and continuous mode-hop-free tuning capability over extended frequency spans
at practical powers. These efforts have led to the realization of novel cw OPO systems in PE-SRO,
DRO, and TRO configurations pumped by a variety of laser sources. These sources offer practical
cw output powers in the mW to 100s mW range, high frequency stability, significant mode-hop-free
tuning capability and extended wavelength coverage in the 1 to 5 pm spectral range.

Doubly Resonant Oscillators The use of DRO configurations in combination with PPLN has per-
mitted substantial reductions in cw pump power threshold in cw OPOs, to levels compatible with
the direct use single-mode semiconductor diode lasers, without the need for power amplification.
The smooth wavelength tuning capability of the diode laser pump can then be similarly exploited to
achieve continuous mode-hop-free tuning of the DRO output. In an example of such an approach,
Henderson et al.*! demonstrated a PPLN cw DRO pumped directly with a 150-mW, single-mode,
single-stripe, DBR diode laser at 852 nm. Configured in a single, linear, standing-wave resonator and
using a 19-mm-long multigrating crystal (A = 23.0 to 23.45 wm), the DRO exhibited a pump power
threshold of ~17 mW, with thresholds as low as 5 mW under optimum alignment and minimum
output coupling. Using three DRO mirror sets, a signal (idler) wavelength range of 1.1 to 1.4 um (2.2 to
3.7 um) was accessed by temperature tuning the PPLN crystal. The DRO generated a total signal and
idler power of 18 mW at 1.3 and 2.3 pum, respectively, for 89 mW of input diode pump power, with
4 mW of output in the idler beam. Continuous mode-hop-free tuning of the signal (idler) at 1.3 um
(2.3 um) could be obtained over 12 GHz (7 GHz) by smooth tuning the frequency diode laser using
temperature variation and over 17 GHz (10 GHz) using current control in combination with active
servo control of the DRO cavity length to follow the pump frequency scan. The continuous mode-
hop-free tuning ranges were limited by the restrictions on DRO cavity length variation imposed by the
piezoelectric transducer. With a pump linewidth of <3 MHz, the signal wave was measured to have
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a linewidth of <7 MHz and a free-running frequency stability of ~20 MHz over 10 s without active
stabilization. To demonstrate the utility of the diode-pumped cw DRO, continuous tuning of the
idler was used in single-pass absorption spectroscopy of R6 line in CO gas at 2.3 um.

In an effort to extend the wavelength coverage of cw OPOs to the visible spectrum, Petelski et al.*?
demonstrated a DRO tunable in the yellow, using a cascaded frequency scheme comprising three
resonators including two external enhancement cavities, and a cw single-frequency monolithic ring
Nd:YAG laser as the primary pump source. The pump light at 1.064 um was frequency doubled in
an external enhancement cavity using MgO:LiNbO, as the nonlinear crystal, to provide the input
radiation for the cw DRO based on an identical crystal. With a threshold of 15 mW, the DRO deliv-
ered 95 mW of idler power for 450 mW of input at 532 nm, with the idler tunable over 1.130 to
1.190 um by changing the temperature of the MgO:LiNbO, crystal. The generated idler output was
then frequency doubled in an external enhancement cavity based on a 16-mm PPLN crystal (A =
8.0 to 8.6 um) to provide tunable radiation across the 565 to 590 nm range. For 1.05 W of primary
pump power at 1.064 m, an output power of 3.8 mW was obtained at 580 nm, with active sta-
bilization of the DRO and enhancement cavities providing single-mode output with a 3 percent
intensity noise and stable operation over 10 hours. Fine tuning of the yellow output was obtained
by smooth tuning of the Nd:YAG pump source, as well as mode-hop tuning of the DRO by scan-
ning the cavity length. By tuning the pump frequency over 10 GHz, the yellow output at 580 nm
was tuned continuously over 18 GHz, while mode-hop tuning could provide 160 GHz of step tun-
ing across 20 mode pairs.

Pump-Enhanced Singly Resonant Oscillators In separate experiments, using a single-mode,
single-stripe, grating-stabilized AlGaAs diode lasers at ~810 nm in both solitary and external-cavity
configurations, Lindsay et al.** demonstrated a PPLN c¢cw OPO in pump-enhanced configuration.
Using a single, linear, standing-wave cavity for the OPO and a 50-mm, multigrating (A = 21.0 to
22.4 um) crystal, a typical pump power threshold of 25 to 30 mW over a signal (idler) tuning range
of 1.06 to 1.19 um (2.58 to 3.44 wm) was demonstrated, with ~4 mW of single-mode idler power
available for 62 mW of pump. Wavelength tuning could be achieved by the variation of pump wave-
length, PPLN crystal temperature, or grating period. In the external cavity configuration, locking
of the OPO cavity length to the pump laser frequency using the Pound-Drever technique enabled
stabilized single-mode operation with a signal (idler) intensity fluctuation of £3.5 percent (2.6 percent)
at 0.5 mW (4 mW) power level over 1 hour. Over this period, pump frequency fluctuations of £125 MHz
resulted in £100 MHz variation in signal frequency. However, mode-hop-free operation was main-
tained throughout the entire period. By continuous tuning of the external cavity diode laser over
510 MHz, a mode-hop-free tuning range of 377 MHz for the signal and 133 MHz for the idler was
obtained, limited by the relative tuning rate of parametric gain curve and resonant signal modes
with frequency tuning of the pump in the common-cavity PE-SRO, and so could be extended using
a dual-cavity arrangement for the OPO.

By deploying a single-frequency cw Ti:sapphire pump laser, Turnbull et al.** demonstrated a cw
PE-SRO based on a multigrating PPLN crystal (L = 19 mm, A = 21.0 to 22.4 pm) with an extended
mid-IR idler coverage to 5.26 um, well into the strong absorption region of the material beyond
~4.5 um. The PE-SRO could provide idler tuning in two regions from 2.71 to 3.26 um and from
4.07 to 5.26 um, using a combination of temperature tuning and grating period variation. The oscil-
lator exhibited a typical cw pump power threshold of 100 mW, increasing to more than 500 mW
near 5 um. For 750 mW of input pump power, the PE-SRO could typically provide a maximum
one-way cw idler power of 16 mW. By employing a dual-cavity arrangement for the PE-SRO and a
solid etalon in one arm of the resonant signal cavity, the authors were able to demonstrate mode-
hop-free tuning of the idler over 10.8 GHz by smoothly tuning the pump laser over 12.3 GHz. In
a further experiment, Stothard et al.** extended operation of the same PE-SRO to a single-cavity,
traveling-wave ring geometry with the aim of extending the total fine-tuning performance of the
oscillator and improving the idler output power. By using a low-finesse intracavity etalon to control the
resonant signal frequency, the authors were able to achieve discontinuous mode-hop tuning of the idler
frequency across the entire free spectral range of the etalon, corresponding to 83 GHz. The PE-SRO
exhibited an oscillation threshold of 250 mW and could generate 35 mW of cw single-frequency mid-IR
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idler radiation in the 2.8 to 3-pum spectral range for 600 mW of input Ti:sapphire pump power. In a
separate experiment, Lindsay et al.*® reported the operation of a cw PE-SRO based on PPRTA
(L =20 mm, A = 39.6 um) as the nonlinear crystal. The PE-SRO was pumped by a diode-pumped
cw single-frequency Nd:YVO, laser at 1.064 m and was configured in a linear standing-wave reso-
nator with the nonresonant idler double-passed through the cavity. With the 20-mm crystal length,
the oscillator had an external pump power threshold of 250 mW and could deliver 87 mW of cw
mid-IR idler output for 900 mW of input pump power. Coarse tuning of the idler over the wave-
length range of 3.245 to 3.520 um was achieved by temperature tuning the single-grating PPRTA
crystal. Continuous mode-hop-free tuning of the PE-SRO over 0.7 GHz was also demonstrated by
fine tuning the Nd:YVO, pump laser frequency.

In subsequent experiments, Muller et al.’ investigated long-term frequency stability and line-
width properties of cw PE-SROs in common-cavity and dual-cavity configurations. Using multi-
grating PPLN crystals (L = 50 mm, A = 28.64 to 30.16 um), a 2.5 W cw Nd:YAG pump laser (line-
width ~1 kHz/100 ms, frequency drift ~1 MHz/min) at 1064 nm, and linear standing-wave cavity
arrangements for both configurations, they studied frequency stability and linewidth of the idler
output tunable in the 3.1 to 3.9 um spectral range. Schematics of the experimental setups for both
cavity configurations are shown in Figs. 12 and 13. In the common-cavity PE-SRO (Fig. 12) with
the pump and signal resonant in the same cavity, the OPO was locked to the pump laser using the
Pound-Drever-Hall (PDH) technique, and the oscillator exhibited a threshold of 280 mW. In dual-
cavity arrangement (Fig. 13), the pump and signal were resonated in separate linear cavities, with
an intracavity 500-um-thick Nd:YAG etalon inserted into the signal cavity for improved frequency
control. The pump cavity was locked to the pump laser using the PDH method, while the signal
cavity was locked to the point of maximum idler power using an intensity lock without an external
reference. The use of dual-cavity configuration increased the threshold to 380 mW, but resulted in
stable, mode-hop-free operation over 30 min. While an intrinsic advantage of the common-cavity
PE-SRO is direct stabilization of the signal frequency to pump, it is more sensitive to mechanical
perturbations, leading to mode hops. Moreover, reliable mode-hop-free operation and continuous
frequency tuning by tuning the pump laser are more difficult due to the simultaneous resonance of
two different wavelengths within a single cavity. On the other hand, the dual-cavity approach can over-
come spontaneous mode hops and continuous tuning limitations of common-cavity PE-SROs, and
can also offer several tuning methods combining etalon, signal cavity and pump frequency tuning. The
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FIGURE 12 Common-cavity cw PE-SRO setup; M = mirror,
DM = dichroic mirror, FI = Faraday isolator, L = lens, p = pump, s =
signal, i = idler.*”
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results of the investigations revealed long-term frequency stability better than + 30 MHz over more
than 30 min for both configurations (Figs. 14 and 15), limited by the resolution of the wavemeter.
The short-term frequency jitter was 56 kHz over 1.8 s for the common-cavity PE-SRO and 13.5 MHz
over 1.5 s for the dual-cavity PE-SRO. The short-term linewidths, measured using the cavity leak-out
technique in external high-finesse cavities, were (9 £ 2) kHz for the common-cavity and (6 + 1) kHz
for the dual-cavity over 20 us. The difference in frequency stability and linewidth of the two configura-
tions is a result of the stabilization methods used. In the common-cavity PE-SRO, direct locking of
the cavity to the pump laser provides a strong stabilization of the signal to pump frequency. In the
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FIGURE 14 Long-term frequency stability (digital wavemeter
read-out in 30 MHz steps and running average over 20 points) of the
common-cavity cw PE-SRO.¥
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FIGURE 15 Long-term frequency stability (digital wavemeter
read-out in 30 MHz steps and running average over 20 points) of the
dual-cavity cw PE-SRO.*

dual-cavity PE-SRO, the signal cavity is locked to the maximum idler output power and so the idler
frequency is coupled to the maximum of the phase-matching gain curve. Any shifts in the gain curve
in time will also result in corresponding variations in the signal and idler frequencies. However, the
reported results confirm that despite this limitation, the dual-cavity PE-SRO provides the required
frequency stability and linewidths as well as continuous mode-hop-free tuning necessary for high-
resolution spectroscopy.

Triply Resonant Oscillators Characterized by the lowest oscillation threshold, the TRO represents
the least demanding configuration for cw OPOs with regard to pump power. However, practi-
cal operation of such oscillators requires active cavity length control to maintain simultaneous
resonance of the pump, signal and idler within the OPO resonator. In an example of such a device,
Gross et al.® reported a TRO based on a 58-mm PPLN crystal using only 14 mW of pump power
from a grating-stabilized, single-frequency, extended-cavity diode laser at 805 nm. By deploying a
linear two-mirror cavity, highly reflecting mirrors, optimum mode-matching and active stabiliza-
tion, they achieved a threshold pump power as low as 600 uW at resonance, with a maximum total
(signal and idler) output power of 47 um generated for 13.5 mW of pump. With mirrors of higher
transmission (4 percent) at the signal and idler, a total output power of 2.1 mW was generated for
13.8 mW of pump, but at the expense of an increase in pump power threshold to 4.5 mW. Using a
segmented design for the PPLN crystal consisting of two 19-mm outer sections poled with multiple
grating of identical periods (A = 20.2 to 20.8 pm) at 50 percent duty cycle and a single-domain
section of length 20 mm at the centre, they demonstrated electro-optic tuning of the TRO output
wavelengths at a fixed temperature, grating period, and pump wavelength. By applying an electric
voltage of up to +1230 V across the single-domain section, wavelength tuning of the signal and idler
over 1560 to 1660 nm could be obtained through modification of the phase-matching gain spectrum
induced by the electro-optic effect. By applying a voltage modulation of amplitude 513 V at 0.11 Hz,
signal (idler) tuning over 9.7 nm (10.8 nm) was demonstrated over 4.6 s, limited by the bandwidth
of servo electronics.

Because of their phase coherent properties and the ability to generate exactly correlated frequencies,
cw OPOs are also uniquely versatile sources for applications in optical frequency synthesis and metrol-
ogy. Combined with compact solid-state semiconductor, or fiber pump lasers, they can offer practical
tools for precision frequency generation, measurement, and control across extended regions spanning
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FIGURE 16 Schematic of the cw TRO for 3/2 frequency multiplier, converting a cw
single-frequency radiation at 1006.5 nm into 671 nm. The wedged surfaces of the crystals are
cut at an angle of 100 mrad with respect to the crystal axis. The input (output) facet of the OPO
(SFG) crystal is at normal incidence. The two inclined surfaces facing each other are parallel.
The transverse displacement of the nonlinear crystals provides an independent control over the
cavity dispersion, ensuring simultaneous resonance of the two infrared fields.*

the optical spectrum. In a report, Ferrari*” demonstrated a particular architecture for optical frequency
synthesis based on a cw OPO in TRO configuration. By taking advantage of the lowest oscillation
threshold offered by the TRO, the author developed a 3/2 pump frequency multiplier from the near-IR
to visible using a 400-mW), single-mode semiconductor MOPA device at 1006.5 nm as the pump source
(Fig. 16). The TRO, based on PPKTP as the nonlinear crystal (L = 20 mm, A = 38 um), was operated at
degeneracy to provide identical signal and idler frequencies at half the pump frequency. A second intra-
cavity PPKTP crystal (L = 20 mm, A = 19.8 pum) was then used to sum the pump with the degenerate
frequency, resulting in 3/2 frequency multiplication of the pump, corresponding to a wavelength of
671 nm in the red. To provide stable operation, the TRO cavity length was locked using the pump reso-
nance, and independent control of the degenerate signal and idler oscillating modes was obtained by
using wedged crystals. Fine tuning of the TRO cavity modes could be obtained while maintaining pump
resonance by lateral translation of the wedged crystals to alter in the optical path lengths within the crys-
tals, thus enabling single-frequency operation to be achieved at degeneracy. The TRO had a threshold of
<50 mW and could provide 40 mW of single-mode output at degeneracy in a near-gaussian spatial
mode with an RMS amplitude noise of 1.4 percent (50 kHz bandwidth) over 3 min at full power.

17.3 APPLICATIONS

The important advances in cw OPOs over the last decade have led to the realization of a new gen-
eration of practical coherent light sources in new spectral regions from the visible to the near- and
mid-IR offering unprecedented optical powers, high frequency stability and narrow linewidth,
excellent beam quality, and extended fine and coarse tuning. These capabilities have paved the way
for the deployment of cw OPOs in new application areas, in particular spectroscopy. Most notably,
cw OPOs based on PPLN have found important applications in sensitive detection and analysis of
trace gases in mid-IR, where a variety of important molecular finger prints exist. A wide range of
experiments, from simple single-pass absorption to high-resolution Doppler-free and cavity leak-
out spectroscopy have been successfully performed by deploying cw OPOs based mainly on PPLN
and operating in different resonance configurations of SRO, PE-SRO, or DRO. The higher cw output
powers available to SROs and PE-SROs have also enabled detection of trace gases in the mid-IR with
unprecedented sensitivity using photoacoustic spectroscopy.
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FIGURE 17 100-GHz-wide mode-hop scan of 10 ppm ethane in
nitrogen was made around 2996.9 cm™. The solid line at the bottom shows
the photoacoustic signal, the dashed line the idler power and the solid line
at the top the fringes from a 7.5-GHz external Fabry-Perot etalon.?!

By exploiting fine frequency tuning in a diode-pumped PPLN cw SRO, Klein et al.?® performed
single-pass absorption spectroscopy of rovibrational transitions in N,O gas near 2.1 um. The wide
and continuous mode-hop-free tuning of the idler over 56 GHz enabled monitoring of three molec-
ular lines separated by ~20 GHz within a single frequency scan.

Using a cw SRO based on PPLN, providing 700 mW of idler power and a total single-frequency
fine tuning range of 24 GHz, Van Herpen et al.” recorded absorption line of ethane in nitrogen
using the photoacoustic spectroscopy technique. In a later experiment,?! by deploying a more pow-
erful pump laser and a similar SRO configuration, photoacoustic spectroscopy of ethane in nitrogen
was demonstrated with a detection sensitivity of 10 parts per trillion (ppt) (Figs. 17 and 18). The
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FIGURE 18 Pump-scan around 2996.° cm™ of 0.4-ppb
ethane in nitrogen at atmospheric pressure. A lorentzian fit with
linearly decreasing background has been plotted through the data
(dashed line). The linearly decreasing background is also shown
separately with a dotted line. The bottom of the picture shows the
residual if the fit is subtracted from the data.?!
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FIGURE 19 The high resolution performance and the wave-
length stability of the SRO are demonstrated by recording the photo
acoustic signal from the half maximum of a 77 mbar pressure broad-
ened absorption line of 20 ppm of ethane in nitrogen at 2996.9 cm™'.
When not tuning the pump frequency, the photoacoustic signal shows
random oscillations at a rather high frequency (90 MHz/s), combined

with an oscillation at a lower frequency (250 MHz in 200 s).%

extension of operation of the SRO to the 3.7 to 4.7-um spectral range enabled photoacoustic detec-
tion of the CO, absorption line in nitrogen near 4.235 um using 24-GHz continuous scan of the idler
frequency.?? By using a high-power cw SRO based on PPLN operating in the 2.6 to 4.7 um in the mid-IR,
photoacoustic spectroscopy of a mixture of 20-ppm ethane in nitrogen was performed near 3.33 um.?
The SRO was pumped by a 20-W, cw single-frequency Yb:YAG laser (tunable over 1.024 to 1.034 pm)
and could deliver 3 W of idler power at 2.954 pm (Fig. 3). By step-tuning the pump frequency using
a combination of intracavity etalon and a Lyot filter, mode-hop-tuning of the idler over 190 GHz
could be achieved, enabling coverage of several absorption lines of ethane. With 2.15 W of idler
power available at 3.33 um, a photoacoustic detection sensitivity of 0.005 ppb was deduced. By
monitoring the photoacoustic signal corresponding to the strongest absorption peak in the same
20-ppm mixture of ethane in nitrogen at low pressure (77 mbar) as a function of time (Fig. 19), a
slow idler frequency drift of 250 MHz over 200 s was measured, which was attributed to the
fluctuations in the PPLN crystal temperature and lack of thermal isolation of the SRO from the
environment. The idler frequency also exhibited fast frequency fluctuations of 90 MHz/s, attributed
to the nonoptimized coatings of the PPLN crystal and cavity mirrors, which resulted in unwanted
etalon and resonance effects in the SRO cavity. In a later report, Ngai et al.?* performed photoacous-
tic and cavity leak-out spectroscopy of several trace gases including CO, and multicomponent gas
mixtures of methane, ethane, and water in human breath using an automatically tunable cw SRO based
on a multigrating MgO:PPLN crystal (Figs. 4 and 5). By deploying a ring SRO cavity with an uncoated
intracavity YAG etalon and using a combination of pump tuning and etalon rotation, step-tuning of
the idler over 207 GHz could be achieved. Adjustment of the crystal temperature could further be
used to repeat this process, to provide wavelength scans of up to 450 cm™ with a single grating
period at high resolution (<5 x 10~ cm™). By translating the crystal to other grating periods, an
extended idler wavelength range of 2.75 to 3.83 um could be accessed. Using the wide wavelength
scanning capability, extended wavelength coverage, and automatic tuning capability of this source,
photacoustic spectroscopy of strong CO, combination bands in laboratory air (460 ppmv) extend-
ing over 14 nm (from 2788 to 2802 nm) was recorded by a combination of pump tuning, etalon
rotation and crystal temperature tuning with a spectral resolution of 0.01 nm and a recording time
of 1 hour. The recorded spectra were corrected for the water-vapor contribution to reveal the true
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FIGURE 20 (a) Photoacoustic spectra measured from the breath of two different test persons.
The recorded spectra reveal a higher methane concentration in the breath of person 1, indicating the
presence of methanogenic flora. (b) Calculated absorption spectra based on the HITRAN database for
methane, ethane, and water.?*

CO, spectra, with the results in excellent agreement with calculations. Similarly, using the same
automatic tuning protocol, photoacoustic spectroscopy of methane, ethane, and water vapor in
human breath were simultaneously recorded by scanning the idler wavelength in the 3344 to 3349
spectral range (Fig. 20). Concentrations of 21 ppmv and 13 ppbv were calculated for methane and
ethane, respectively, in the first sample, and 4.5 ppmv and 13 ppbv in the second sample. Using the
same cw SRO, cavity leak-out spectroscopy was performed for gas mixtures containing methane
(at 3.221 um) and ethane (at 3.337 um) in N, at 100 mbar pressure. In the case of methane, the
absorption peak was scanned over 200 s with a spectral resolution of 0.001 cm™, resulting in a
background methane concentration of 31 ppbv in N,, a noise-equivalent detection limit of 0.16 ppbv, and
a minimum detectable absorption coefficient of 2.0 X 10~ cm™. For ethane, the idler was scanned
over 60 s with a lower resolution of 0.01 cm™, resulting in concentrations from 5 to 100 ppbv, a
noise-equivalent detection limit of 0.07 ppbv, and a minimum detectable absorption coefficient of
1.4 x 10 cm™. The cw SRO was also used to record the spectrum of '>CH, and "*CH, isotopes of
methane in laboratory air with cavity leak-out spectroscopy. Scanning the idler wavelength from
3210 to 3211.5 nm revealed the absorption features corresponding to the two isotopes as well as
water vapor, with the measured data in good agreement with calculated spectra.

The rapid and continuous mode-hop-free idler tuning over 110 GHz in a PPLN ¢w SRO pumped
by a fiber-amplified DBR diode laser® has been used to perform real-time single-pass absorption
spectroscopy of methane near 3.39 um with a refresh period of 29 ms and a corresponding refresh
rate of 34 Hz, demonstrating the suitability of the system for rapid spectroscopic measurements
(Fig. 21). In a subsequent experiment,*® by taking advantage of frequency modulation capabilities
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FIGURE 21 Rapid mode-hop-free tuning of a cw SRO pumped by a fiber-amplified DBR diode laser,
and application absorption spectroscopy of CH,.”

of the idler output from a similar fiber-amplified DBR diode-pumped cw SRO, sensitive detection
of multicomponent trace gas mixtures was performed using quartz-enhanced photoacoustic spec-
troscopy (QEPAS). The SRO, based on a multigrating MgO:PPLN crystal (L = 50 mm, A = 28.5 to
31.5 um), was similarly configured in a ring cavity with a 400-pum-thick uncoated intracavity YAG
etalon to provide enhanced frequency selection and stability (Fig. 22). The pump laser delivered
7.9 W of single-frequency power at 1082 nm with a linewidth of ~100 MHz. The idler wavelength
was tuned coarsely over 3 to 4 pm by a combination of grating and temperature tuning, in discrete
steps of 1 to 4 cm™ due to the combination of SRO cavity modes, etalon mode selection and phase-
matching bandwidth of the crystal. Pump tuning was then used to provide fine wavelength control
and mode-hop-free tuning of the idler over 5.2 cm™!, which could be shifted within a total range
of 16.5 cm™ by current control of the DBR diode laser. By monitoring the idler wavelength with a
wavemeter, and using a computer-controlled feedback loop to adjust the phase and current to the
DBR, locking of idler frequency at 2990.076 cm™! could be achieved with a stability of 1.7 X 102 cm™!
over 30 min. With the programmed tuning, idler wavenumbers from 2987 to 2994 cm™' could be
accessed in 1-cm™! steps within the pump tuning range, with any desired wavelength reached within
~20 s of tuning the pump. Using this source, QEPAS spectral data of 2-ppmv ethane in nitrogen
were successfully recorded at 2990.1 cm™, as well as isolated 1.2 percent water vapor at 2994.4 cm™!
(Fig. 23). By locking the pump laser frequency to the maximum ethane absorption peak at 2990.08 cm™
and measuring concentrations from 20 ppmv down to 100 ppbv, a QEPAS detection limit of
25 ppbv was deduced. By keeping the idler wavelength fixed at the same absorption peak with a 2 ppmv
methane concentration, a linear dependence of QEPAS signal on input power was verified, confirm-
ing the advantage of higher powers for improved detection sensitivity. To further demonstrate the
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unique advantages offered by the wide tuning coverage of the cw SRO, QEPAS data corresponding
to a multiple gas mixture containing 2.2 ppmv ethane, 1.1 percent water, and 1.5 ppmv methane
were successfully recorded by pump-tuning the idler from 2979.4 to 2994.6 cm™, with the obtained
spectra in good agreement with calculations. From the obtained data, it was also possible to deduce
an improved QEPAS detection limit of 13 ppbv for the stronger methane absorption line at 2983.3 cm™

Wavelength
meter

PP-MgO-LN

Fiber

Diode

sop e 150 2
amplifier

FIGURE 22 Schematic of the cw SRO experimental setup
for quartz-enhanced photoacoustic spectroscopy.”
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FIGURE 23 Example of a QEPAS scan over a 2 ppmv eth-
ane peak at 2990.08 cm™ (open circles) in 200 mbar nitrogen gas.
QEPAS signal detected from pure nitrogen in the same spectral
range is also shown, revealing a flat background signal (filled
circles). Another example of a QEPAS scan is given in the inset for
1.2 percent water at 2994.4 cm™1.>

and 6.8 ppmv for water at 2994.4 cm™..

By deploying an all-fiber-pumped PPLN cw SRO,% single-pass absorption spectroscopy of sev-
eral gases over the wavelength range of 2700 to 3200 nm was performed by continuous scanning
of the idler frequency with a linewidth of ~1 MHz. Using piezoelectric tuning of the fiber pump
laser allowed mode-hop-free tuning of the idler frequency up to 60 GHz, enabling high-resolution
spectroscopy of various absorption features in water vapor (2709 nm), carbon dioxide (2810 nm),

nitrous oxide (2879 nm), ammonia (2897 nm), and methane (3167 nm).
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In a separate experiment, using a PPLN cw DRO pumped directly by a 150-mW DBR diode
laser and delivering 4 mW of idler output with a mode-hop-free tuning range of 10 GHz, simple
single-pass absorption spectroscopy of CO molecule at 2.3 um was demonstrated.*! Spectroscopic
applications of cw OPOs in the visible spectral range has also been performed by external frequency
doubling of the idler output from a cw DRO in an external enhancement cavity to generate yel-
low radiation in the 565 to 590 nm region.*> The DRO was pumped by a cw, monolithic ring Nd:
YAG laser at 1064 nm and by tuning the pump frequency over 10 GHz, the yellow output at 580 nm
could be tuned smoothly over 18 GHz, while mode-hop tuning could provide 160 GHz of step-tuning
across 20 mode pairs. This tuning capability enabled spectroscopy of the °D; — ’F, transition in
Eu3*:Y,SiO; at 4 K, which is of interest because it exhibits the lowest known homogeneous line-
width for an optical transition in a solid. The step-tuning capability enabled the full spectrum of
the transition containing two absorption peaks at 580.070 and 580.224 nm to be scanned, while the
fine mode-hop-free tuning enabled continuous scan of each inhomogeneously broadened absorp-
tion peak, resulting in linewidths of Av = 3 GHz and Av = 2.5 GHz, respectively. Persistent spectral
hole-burning was also observed by continuous tuning of the pump, and linewidths <1 MHz were
recorded after 40 min of burning. By monitoring the hole spectrum every few hours, it was possible
to follow the hole decay as long as 15 hours, demonstrating the repeatability of frequency tuning
and stability of the cw DRO over many hours.

By deploying a cw PE-SRO based on a 19-mm-long PPLN crystal, Kovalchuk et al.>! performed
high-resolution Doppler-free spectroscopy of rovibrational transition of methane molecule at 3.39 um.
The PE-SRO, configured in semi-monolithic cavity design and containing an intracavity etalon,
was pumped by a cw single-mode Nd:YAG ring laser with a linewidth of ~5 kHz. It could provide
single-frequency idler output with a linewidth of ~100 kHz and a mode-hop-free tuning range of
1 GHz, obtained by smooth tuning of the pump laser. The PE-SRO had a minimum oscillation
threshold of 305 mW and generated a total two-way idler power of 58 mW at 3.39 um for 808 mW
of input pump power. With this set-up, Doppler-free resonances with a resolution of ~500 kHz
were recorded in methane, limited by the frequency jitter of the PE-SRO idler output and pressure
broadening. Subsequently, Muller et al.>* reported a transportable, all-solid-state photoacoustic
spectrometer based on a cw PE-SRO using an alternative dual-cavity semi-monolithic cavity design.
The PE-SRO used a 19-mm-long multigrating PPLN crystal and was pumped by a 2.5-W cw single-
frequency Nd:YAG laser at 1.064 um. The oscillator was characterized by a pump power threshold
of 380 mW and could generate a total two-way idler power of 200 mW. Using active signal cavity
length stabilization, an idler frequency stability better than +30 MHz was obtained. Coarse tun-
ing of the idler wavelength over 3.1 to 3.9 um was performed by a combination of temperature
and grating period variation, while the use of an etalon inside the signal cavity enabled continuous
mode-hop-free tuning of the idler over 1.5 GHz by tuning the pump laser. Mode-hop tuning of the
idler frequency in steps of 450 MHz could also be achieved over 52 GHz by rotation of the intracav-
ity etalon. Using this mode-hop tuning method and with 70 mW of available idler power, photo-
acoustic spectroscopy of ethane was performed with a detection sensitivity of 110 ppt. By deploying
the same dual-cavity cw PE-SRO in combination with cavity leak-out spectroscopy, substantial
improvement in detection sensitivity of ethane down to 0.5 ppt was demonstrated near 3 um,* and
by exploiting the frequency tuning capability of the PE-SRO, simultaneous monitoring of ethane,
methane, and water vapor in human breath could be performed, without significant interference
from other gases.

In a further application, Stothard et al.>* demonstrated the use of a cw PE-SRO for hyperspec-
tral imaging of gases in the mid-IR. Based on a 20-mm-long, single-grating crystal of PPRTA and
pumped by a 1-W diode-pumped Nd:YVO, laser, the PE-SRO could provide ~50 mW of idler
output power and coverage in the 3.18 to 3.50-um spectral range by temperature tuning the crystal.
The use of a three-mirror standing-wave PE-SRO cavity and an intracavity etalon at the signal
wavelength-enabled mode-hop tuning of the idler frequency over ~30 GHz, in steps of 1.4 to 2 GHz,
by rotation of the etalon. This frequency resolution was sufficient compared to the typical linewidth
of ~5 GHz for pressure-broadened transitions in gases under atmospheric pressure, thus enabling the
deployment of the cw PE-SRO for imaging of methane gas in the atmosphere. By tuning the cw PE-SRO
idler frequency to the strong methane absorption lines near 3.27 and 3.35 um, gas concentrations of
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the order of 30 ppm-m could be detected and significant target areas (~4 m? at 3 m) could be effec-
tively imaged with the subsecond acquisition times.

As well as versatile spectroscopic tools, cw OPOs offer unique sources of correlated twin beams
and nonclassical states of light for applications in quantum optics and quantum information pro-
cessing. When pumped by cw all-solid-state lasers, they can provide compact twin-beam optical
sources for quantum cryptography and sub-shot-noise measurement. In one configuration of such
a device, a cw TRO based on a 10-mm KTP crystal and using a linear semi-monolithic resonator to
separate the pump and parametric wave cavities, was reported by Hayasaka et al.®> The TRO was
pumped at 540 nm by the second harmonic of an extended-cavity single-stripe cw diode laser and
was operated close to degeneracy. The use of this pump wavelength permitted type I NCPM in KTP,
resulting in a TRO pump power threshold as low as 2.5 mW near degeneracy and providing 5.1 mW
of cw output power for 16 mW of pump power. By recording the noise spectrum of the twin-beam
intensities, 4.3 dB of intensity-difference squeezing was observed at ~3 MHz. In a subsequent exper-
iment, Su et al.’® demonstrated quantum entanglement between the signal and idler twin beams
in a nondegenerate cw DRO above threshold. The DRO, based on a 10-mm PPKTP crystal cut for
type II nondegenerate phase matching, was configured in a linear semi-monolithic cavity and was
pumped by the stabilized cw single-mode output of a frequency-doubled Nd:YAP laser at 540 nm.
Using a pair of unbalanced Mach-Zender interferometers with unequal arm lengths, the amplitude
and phase noise of the signal and idler beams above threshold were recorded at 20 MHz, enabling
quantum correlations to be deduced from the noise levels of the intensity difference and phase sum
of the photocurrents measured by the unbalanced interferometers. Using this method, the authors
were able to deduce correlations of amplitude and phase quadratures of signal and idler below the
shot-noise-limit, amounting to ~2.58 and ~1.05 dB, respectively, and from the sum of the amplitude
and phase correlation variances, demonstrate quantum entanglement of the twin beams below
the shot-noise-limit. For 230 mW of input pump power, nearly twice the 120-mW DRO threshold,
the output power in the correlated twin beams was 22 mW. The nondegenerate signal and idler twin
beams were at wavelengths of 1079.130 and 1080.215 nm, respectively, separated by 1.085 nm. In
another experiment, Tanimura et al.’” deployed a cw DRO below threshold to generate squeezed
vacuum on resonance with the rubidium D line at 795 nm. The DRO, based on a 10-mm crystal of
PPKTP, was configured in a ring cavity and pumped at 397.5 nm by the second harmonic of a cw
single-frequency Ti:sapphire laser to provide near-degenerate signal and idler frequencies at 795 nm
(Fig. 24). Operating the cw DRO below threshold and using homodyne detection, the authors were
able to measure strongly squeezed vacuum at the OPO output. With the DRO operated at 61 mW of
input pump power, below a calculated threshold of 150 mW, a squeezing level of —2.75 dB below the
shot-noise-limit and anti-squeezing level of +7.00 dB above the shot-noise-limit was observed (Fig. 25).
Such a system could find useful applications for ultraprecise measurements of atomic spins as well
as quantum information processing by mapping squeezed vacuum onto an atomic ensemble.

Because of their phase coherent properties and the ability to lock correlated frequencies to stable
optical references, cw OPOs also represent highly promising light sources for applications in optical
frequency synthesis and metrology. In an example of such application, a novel approach based on
the combination of a cw OPO with a femtosecond Ti:sapphire frequency comb was used to provide
a phase-coherent bridge from the visible to mid-IR spectral regions.®® The cw PE-SRO, based on a
19-mm PPLN crystal and deploying a similar configuration to that in Ref. 51 was pumped by a cw
single-frequency Nd:YAG laser. The oscillator provided idler emission in the 2.4 to 3.7-um spectral
range, with 50 mW of idler power and an instantaneous linewidth of ~10 kHz at 3.39 um. The
technique takes advantage of the fact that in a PPLN cw PE-SRO, in addition to the phase-matched
signal and idler, there are also non-phase-matched frequencies generated by mixing of the resonant
pump and signal waves. This process provides a range of visible frequencies within the emission
bandwidth of a femtosecond Ti:sapphire laser, which can be used for frequency comparison with the
nearest comb lines. By forming suitable differences of the heterodyne beat frequencies between the
visible frequency components from the cw OPO and adjacent comb lines in the femtosecond laser,
mutual phase locking of OPO optical frequencies, Ti:sapphire repetition frequency and carrier-
envelope offset frequency could be obtained. Using this method, the authors performed direct fre-
quency comparison between an iodine-stabilized Nd:YAG laser at 1.064 um and a mid-IR methane
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FIGURE 24 Experimental setup for PPKTP cw DRO for the generation of
squeezed vacuum. ISO, optical isolator; EOM, electro-optic modulator; OPO,
subthreshold degenerate optical parametric oscillator; HBS, half-beam splitter;
PT, partial transmittance mirror; HD, balanced homodyne detector; PD, photodi-
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optical frequency standard at 3.39 um. Subsequent demonstrations, taking advantage of the unique
coherence properties of cw OPOs for frequency synthesis, include the development of a precise 3/2
frequency multiplier from a near-IR pump to the visible using a cw TRO.*

17.4 SUMMARY

This chapter has provided an overview of the latest advances in cw OPOs and their applications
over the past decade. The advent of QPM nonlinear materials has had an unprecedented impact
on cw OPO technology which, combined with major advances in solid-state laser technology and
innovative design architectures, has led to the realization of a new generation of truly practical cw
OPOs with performance capabilities surpassing conventional lasers. The mature technology and
ready availability of PPLN has enabled the development of near- and mid-IR cw OPOs for the 1 to
5 um spectral range in various resonance configurations, from TROs offering minimal oscillation
threshold and lowest output power to cw SROs with highest threshold and watt-level output power,
previously unattainable with birefringent nonlinear materials, and using a variety of pump sources
from miniature semiconductor diode lasers to high-power solid-state and fiber lasers. The applica-
tion of novel cavity designs and resonance schemes including pump enhancement, dual cavities and
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FIGURE 25 Measured quantum noise levels in cw DRO base
on PPKTP. (a) Local oscillator beam phase was scanned. (b) Shot-
noise level. Noise levels are displayed as the relative power compared
to the shotnoise level (0 dB). The settings of the spectrum analyzer
were zero-span mode at 1 MHz, resolution bandwidth = 100 kHz,
and video bandwidth = 30 Hz.>”

intracavity pumping, together with innovative tuning and stabilization techniques have enabled the
generation of coherent output with excellent power and frequency stability and short-term line-
widths down to a few kHz, long-term stability of a few MHz, and smooth mode-hop-free tuning
of more than 100 GHz from cw OPOs. With the continuing advances in QPM material technology,
reliable fabrication of MgO-doped PPLN has led to significant reductions in photorefractive dam-
age, enabling its use at lower temperatures and higher powers with reduced output beam degrada-
tion. By deploying high-power fiber pump lasers in combination with MgO:PPLN, output powers in
excess of 10 W have now been realized in cw SROs and power scaling to several tens of watts appears
a clear possibility.

While photorefractive damage has placed limitations on the use of (MgO:)PPLN under visible
pumping and confined operation of cw OPOs to near- and mid-IR above ~1 um, advances in QPM
material technology have enabled reliable fabrication of alternative QPM crystals with short grat-
ing periods, long interaction lengths, and immunity to photorefraction. This has paved the way
for spectral extension of cw OPOs to the wavelengths below 1 um by exploiting QPM materials
including MgO:sPPLT and PPKTP and using direct pumping in the visible followed by additional
frequency upconversion steps internal or external to the OPO cavity. By exploiting such techniques,
spectral regions in orange and red have been successfully accessed and wavelengths down to 425 nm
in the blue have been generated at several hundred milliwatts of output power in single-frequency
spectrum and high beam quality. These developments have opened up new opportunities for the
realization of practical solid-state sources with wide tunability across the visible and into the UV,
where there is a severe shortage of conventional laser sources or other solid-state technologies.

The rapid advances in cw OPOs over the past decade have paved the way for the routine
deployment of practical devices in a wide range of applications, from spectroscopy and imaging
to frequency metrology and quantum optics. The unique capabilities of cw OPOs with regard to
spectral versatility, output power, frequency and power stability, and compact solid-state design
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open up new avenues for the ultimate development of these devices in real applications including
portable gas detectors, mobile breath analyzers, handheld imaging systems or transportable opti-
cal frequency meters. At the same time, significant challenges and opportunities remain for further
advancement of cw OPOs. In particular, wavelength extension of these devices into the mid-IR
wavelength regions beyond 5 um remains difficult because of the absorption of oxide-based QPM
nonlinear materials, the key building blocks for the successful development of cw OPOs. The 5 to
12-um spectral range is a particularly important and interesting region because of the presence of
several atmospheric windows as well as many molecular absorption finger prints, including volatile
substances in exhaled breath. The development of cw OPOs for this wavelength range will thus be
of significant interest for spectroscopy, gas sensing, biomedicine, and atmospheric transmission.
Progress toward the development of cw OPOs in this spectral range will require the deployment of
alternative mid-IR birefringent nonlinear materials such as ZnGeP,, or the more recently developed
nonlinear crystals such as CdSiP, and orientation-patterned GaAs, together with suitable near- to
mid-IR laser pump sources and cascaded two-step pumping schemes. On the other hand, advance-
ment of cw OPOs toward shorter UV wavelengths below the current 425-nm limit will be feasible
with the use of recently demonstrated frequency upconversion techniques internal to cw SROs by
exploiting existing birefringent crystals such as BBO, BIBO, and LBO. With the rapid advances in cw
fiber laser technology and the potential for wavelength extension toward the extremes of the optical
spectrum, the realization of compact, high-power and practical coherent solid-state light sources
across the entire 300 to 12000 nm range based on cw OPOs appears a clear possibility in not too
distant a future.
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