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O ptical parametric oscillator
(OPO) and amplifier (OPA)
devices play a significant role as

nonlinear-optical sources of tunable co-
herent light for laser-based science and
technology. This article focuses on the
spectroscopic applications of OPOs in
the sensing of chemical processes, in in-
dustrial or environmental diagnostics,
and in basic optical physics. An OPO-
based apparatus configured for cavity
ringdown (CRD) spectroscopy is depict-
ed schematically on p.57, along with a
table listing some elements of OPO appli-
cations in the area of spectroscopy.

In this short article, we concentrate on
OPO applications of immediate interest
to our research group at Macquarie Uni-
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est and activity in tunable pulsed OPO
technology 4–9 was stimulated by the
availability of new nonlinear-optical ma-
terials10 such as BBO (�-barium borate)
and KTP (potassium titanyl phosphate),
high-performance pump lasers,11 and ad-
vanced tunable OPO system designs. Ad-
ditional impetus has come from quasi-
phase-matched (QPM) nonlinear-optical
media, such as periodically poled lithium
niobate (PPLN);12 these QPM media of-
fer compact, efficient, low-threshold al-
ternatives to conventional birefringently
phase-matched (BPM) media.10 The
availability of QPM media and of effi-
cient cw pump lasers has also enabled
high-performance cw OPOs to be devel-
oped as realistic spectroscopic sources.6, 7

versity, notably high-resolution spectro-
scopic measurements at infrared (IR)
wavelengths above ~0.8 �m, using tun-
able OPOs that are pulsed on time scales
of nanoseconds or more. We include
passing references to continuous-wave
(cw) OPOs, but disregard other key
growth areas such as ultrafast spec-
troscopy (with OPOs on picosecond or
femtosecond time scales) or OPO-based
spectroscopy in the visible and ultraviolet
regions.

The spectroscopic potential of tunable
pulsed OPOs was recognized more than
30 years ago,1,2 with notable early
progress using the pulsed lithium-nio-
bate (LN) OPO designs of Byer and col-
leagues at Stanford.2,3 Subsequent inter-
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put radiation suitable for low-resolution
or multiplex spectroscopy. Additional
OPO wavelength-control measures are
usually necessary for higher-resolution
spectroscopic applications.

At the other extreme of operational
complexity, intracavity wavelength-selec-
tive elements, such as gratings and/or
étalons, constitute the traditional way of
achieving narrowband OPO operation.
This approach was used in early pulsed LN
OPO designs2,3 that were continuously
tunable in the near IR with an optical
bandwidth of ~0.1 cm-1 (~3 GHz). How-
ever, these designs were often difficult to
operate and damage prone because intra-
cavity losses from gratings and étalons
caused the operating threshold to ap-
proach the damage threshold of materials
such as LN.

Continuous narrowband tunability,
preferably on a single-longitudinal-mode
(SLM) basis, is a desirable performance
characteristic of pulsed OPOs amenable 
to high-resolution spectroscopy. A com-
mercially viable approach to this ideal 
is Bosenberg and Guyer ’s14 advanced 
KTP OPO/OPA system (marketed by 
Continuum as Mirage 3000), which is
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Elements of OPO Applications to Spectroscopy

Key Properties Options Comments 

Wavelength range: • UV/visible (0.2 – 0.7 µm) Many nonlinear-optical OPO materials
what forms of spectra • Near infrared (0.7 – 4.0 µm) are available, but less well developed for
need to be measured? • Longwave infrared (>4.0 µm) longwave IR.The UV/visible region

(covered by lasers, etc.) is disregarded.

OPO phase matching: • Birefringent-phase matching BPM is well established and preferred
BPM or QPM? (BPM) for high-power operation.Various low-

• Quasi-phase matching (QPM) threshold QPM media are now available 
for both pulsed and cw OPOs.

Temporal: continuous- • Pulsed for power and timing Ultrafast (ps, fs) OPO output pulses are
wave (cw) or pulsed? • cw for narrowest bandwidth relatively broadband—disregarded here.
Optical bandwidth: • Broadband (free-running) The Fourier transform limit is 44 MHz
broad or narrow? • Single longitudinal mode (0.0015 cm-1) for an ideal 10-ns pulse;

cw OPOs offer even lower ��.

Mode of recording of • Scan narrowband signal/idler Wavelength control yields continuously
spectra: continuous OPO output wavelength tuned narrowband spectra. Multiplex
tuning or multiplex? • Free-running OPOs operate spectra use dispersed detection or multi-

broadband in multiplex case wavelength spectroscopic tailoring.

Wavelength control: • Intracavity gratings or étalons Intracavity-element designs yield broad
intracavity elements • Injection-seeding of signal or tunability but can be complicated.
or injection-seeding? idler by a tunable low-power Injection-seeding facilitates narrowband,

coherent light source mode-hop-free spectra and tailored 
multiwavelength experiments.

Table 1.The options listed above determine ways to use OPOs for spectroscopic applications, such as:
linear absorption (e.g., with multipass cell); cavity ringdown (CRD) absorption spectra; high-resolution
spectra (�� » MHz or kHz); nonlinear optical (e.g., coherent Raman); atmospheric remote sensing (e.g.,
DIAL)· fast (µs, ns) and ultrafast (ps, fs) processes.

Operation and wavelength 
control of OPOs
OPOs usually involve coherent three-wave
nonlinear-optical processes in a non-cen-
trosymmetric solid-state medium inside a
resonant optical cavity.1–7 The single laser
input wave (“pump,” frequency �P) and
two output waves (“signal,” frequency �S;
“idler,” frequency �I; �S ≥ �I) obey both
energy conservation and phase-matching
conditions:

�P = �S + �I ; �k = kP – kS – kI (1)

Here, k j is a wave vector (with magnitude
k j = nj �j / c = 2� nj / �j , where nj is the re-
fractive index at vacuum wavelength �j

and c is the speed of light; j = P, S, or I) and
�k is the phase-mismatch between the
three interacting waves; �k must be mini-
mized to optimize OPO conversion effi-
ciency and thereby control the output sig-
nal and idler wavelengths, �S and �I. Equa-
tion (1) applies to the traditional BPM ap-
proach, in which phase matching is
achieved by adjusting the angle and/or
temperature of a birefringent nonlinear-
optical crystal via its ordinary- and ex-
traordinary-ray refractive indices.10 A
more recently implemented alternative is
to use QPM media, such as PPLN, tailored
for specific wavelengths by periodic opti-
cal structuring.12 Many of the nonlinear-
optical design characteristics of BPM and
QPM OPOs are accessible through the
SNLO software developed by Smith at
Sandia Laboratories in Albuquerque.13

A typical pulsed OPO is singly reso-
nant (SROPO); however, doubly resonant
(DROPO) and other cavity designs are 
often used for cw OPOs with their more
demanding pump-threshold require-
ments.6,7

The output radiation from a simple,
free-running OPO (with no wavelength-
selective elements) typically has a broad
optical bandwidth (~5 cm-1 or more), de-
pending on several factors: refractivity,
dispersion, and absorption of the OPO
medium; wavelengths �S, �I , and �P; type
of phase matching (BPM or QPM,
whether collinear or not); crystal dimen-
sions and orientation; cavity reflectivity
and effective number of passes of the res-
onated wave; optical bandwidth, diver-
gence, pulse duration and pulse energy of
the pump radiation. Free-running, pulsed
OPOs represent one extreme of opera-
tional simplicity, yielding broadband out-

Tunable coherent signal or idler
radiation generated by nonlinear
optical parametric oscillation in a
quasi-phase-matched medium can
be applied to various forms of
spectroscopy (e.g., cavity ring-
down, in which the rate of decay
of light in a high-finesse optical
cavity is transformed into 
spectra of absorbing 
molecules in the 
cavity, with high 
detection 
sensitivity).

�idler (absorbed 
by gas molecules in 
ring-down cavity)

�idler + �signal

�pump + �seed



continuously tunable under computer
control in the near IR (1.3–4 �m) with
narrow optical bandwidth (~0.02 cm-1 or
better). We note that Rakestraw and col-
leagues15,16 have used tunable SLM IR ra-
diation from such an OPO system to
record high-quality rovibrational CRD
spectra of molecules (e.g., in combustion
media16). CRD spectroscopy 17 uses the
temporal decay of light traversing a high-
finesse optical cavity to enhance resolu-
tion, sensitivity, and photometric preci-
sion. In another example, Yu and Kung18

have used a PPLN-based, grating-tuned
OPO to record photoacoustic absorption
(PA) spectra of methane (CH4) with a
spectral resolution of ~0.3 cm-1. Wave-
length control of other pulsed OPO sys-
tems by an intracavity grating or étalon
has been surveyed elsewhere.4,6,8 More
specialized cavity designs are generally
needed for cw tunable OPOs.6,7

An increasingly popular alternative ap-
proach to OPO wavelength control is in-
jection-seeding by a low-power, tunable,
coherent source; this approach has been
favored for OPO-based spectroscopy at
Macquarie University 4,8,19–23 (see Fig. 1)
and in other OPO systems used for atmos-
pheric sensing.24–28 A significant advan-
tage of injection-seeding is that OPO con-
struction is simplified by putting the
wavelength-control function into a mod-
ule that is effectively separate from the 
optical-generation and amplification
functions.

Optical parametric gain, oscillation,
and amplification are amenable to modu-

lar system design since they depend on
nonlinear-optical coefficients and phase-
matching conditions. Such nonlinear-op-
tical devices offer means of temporal and
wavelength control (and, consequently,
available spectroscopic detection schemes)
that are more flexible than those of lasers,
which usually depend on population in-
version, with associated optical lifetime
and saturation limitations.

Other OPO wavelength-control op-
tions abound. For example, OPO output
wavelengths are tunable electro-optically,
with a spectral range of >500 cm-1 (real-
ized in a BPM LN OPO 29) and ~9 cm-1

(realized in a PPLN OPO30). Dual-cavity
designs are useful for wavelength control
of both cw31 and pulsed32 DROPOs, as are
variants in which pump laser and OPO
share the same cavity.33

Another remarkable series of spectro-
scopic systems has been developed by Bis-
son, Powers, and colleagues.34–39 These in-
clude optical parametric generator (OPG)
devices (without an OPO cavity) pumped
by a 1-kHz SLM Nd:YAG laser and using
“fan” PPLN (with continuous transverse
variation of the QPM grating pitch) and a
high-finesse étalon to filter the broadly
tunable signal or idler output which seeds
an OPA stage for power conversion. Such a
system35,36 has been used to record nar-
rowband (<0.1-cm-1) CRD spectra of CH4

with ~10 �J of OPG/OPA idler radiation.
A similar approach37 uses a passively Q-
switched, 120-Hz SLM Nd:YAG micro-
laser as a 0.65-mJ pump source for a com-
pact, sensitive, tunable spectroscopic gas
sensor to record CRD spectra of water
(H2O) vapor and other trace species in air.
This group has also developed simple
pulsed34 and cw39 mode-hop-tuned PPLN
OPOs with a fan grating and tilted intra-
cavity étalon, yielding a spectral resolution

of ~0.1 cm-1 and used to record multipass
absorption spectra of carbon dioxide
(CO2) at ~1.6 �m34 and PA spectra of CH4

at ~3.3 �m.39 A higher-resolution pulsed
fan PPLN OPO38 with an intracavity air-
spaced étalon yields CRD spectra of low-
pressure CH4 at ~3.3 �m with ~0.01-cm-1

resolution and continuous tunability of
~10 cm-1.

We now look more closely at a few dis-
tinct design aspects of OPOs used by our
research group and how they can be im-
plemented spectroscopically.

Injection-seeded OPOs 
with actively controlled cavities
The relatively few demonstrations of in-
jection-seeded, nanosecond-pulsed OPO
systems used for high-resolution spec-
troscopy have been surveyed recently.23 To
achieve the necessary narrow optical
bandwidth (close to the Fourier-trans-
form limit), spatial beam quality, and con-
tinuously tunable SLM operation, the fol-
lowing three design features are generally
needed:

• a SLM pulsed pump laser (usually in-
jection-seeded and excited by flash-
lamp or diode-laser array);

• a low-power, tunable coherent light
source to injection-seed the OPO, typi-
cally a cw SLM tunable diode laser
(TDL);

• an OPO cavity, with moderate finesse
(typically 10–20) and active feedback
control of its length.

Our high-performance, tunable PPLN
OPO spectroscopic system21–23 has a mod-
ular design that relies on all three features
listed above. It is pumped at 1.064 �m by a
SLM nanosecond-pulsed Nd:YAG laser
and injection-seeded by a SLM cw tunable
diode laser. The OPO’s actively controlled
ring cavity has a finesse of ~15 and is
singly resonant for the signal wave, with a
multi-grating QPM gain medium that is
temperature-adjustable up to 250°C. The
resonance properties of the actively con-
trolled, TDL-seeded OPO ring cavity con-
strain the resonated wave (in this case, the
signal wave) to a single longitudinal mode
of the OPO cavity so that it can be tuned
continuously without mode hops. Our fa-
vored “intensity-dip” control scheme21–22

(see Fig. 1) is more straightforward than
conventional methods of optical-feedback
cavity control.
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Figure 1. Schematic of an injection-seeded tunable
PPLN OPO system with active cavity control;8,22–23

PD = photodetector, PZT = piezoelectric transla-
tor,TDL = tunable diode laser, M1-3 = cavity reflec-
tors; inset: QPM grating structure of PPLN.
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This PPLN OPO generates coherent
narrowband infrared signal and idler out-
puts that are continuously tunable over
ranges of ~250 cm-1 around wavelengths
of 1.5 �m and 3.5 �m, respectively. The
signal output from this continuously 
tunable OPO has good beam quality 
(M2 ≈ 1.2) and a scanned optical band-
width of <120 MHz (<0.004 cm-1),21–23

approaching the 55-MHz Fourier-trans-
form limit for its 8-ns pulses. The PPLN
OPO can itself generate only a moderate
output pulse energy (~0.1 mJ, approxi-
mately 70% of which is signal radiation),
since the 1.064-�m Nd:YAG pump laser
pulse energy is limited to ~1 mJ to avoid
the optical damage threshold of the PPLN
crystal. For higher-power applications, a
further portion of the Nd:YAG laser ener-
gy (~200 mJ/pulse) can be used to pump
an OPA stage based on BPM LN, thereby
generating SLM signal and idler output
pulse energies of ~1.3 mJ and ~0.7 mJ,
respectively.

A less elaborate PPLN OPO, using a
cheap, compact multimode (MM) pump
laser,8,23 (as in Fig. 1) dispenses with the
need for a SLM pulsed pump laser. How-
ever, its resonated (signal) wave still has
optical bandwidth and beam quality com-
parable to those of the SLM-pumped
OPO, as shown in Fig. 2. The non-resonat-
ed (idler) wave carries the broadband
character of the MM pump radiation.

We are thus able to use a broadband
(MM) pump laser and still attain narrow-
band (SLM) tunability of signal (or idler, if
that happens to be the resonated wave)
output radiation. However, the broad op-
tical bandwidth of the pump laser pre-
cludes the use of an OPA stage for higher-
power SLM applications.

High-resolution IR cavity ringdown
(CRD) absorption spectra recorded by
tuning signal output radiation from the
two varieties (MM- or SLM-pumped) of
pulsed, TDL-seeded PPLN OPO system23

are shown in Fig. 2. This demonstrates
that such spectra can be recorded in con-
tinuous, mode-hop-free scans over a wide
spectral range (>100 cm-1). It also con-
firms earlier claims concerning the narrow
optical bandwidth of such OPOs as practi-
cal spectroscopic tools.

Injection-seeded OPOs 
with passive, misaligned cavities
An alternative approach to injection-seed-
ed tuning of nanosecond-pulsed OPOs

(used extensively by our group in the con-
text of BPM media such as BBO 4,8,19,20 and
LN8,20) entails passive control of the OPO
cavity by slightly misaligning one of its re-
flectors. This facilitates continuous tuning
of the injection-seeded OPO signal and
idler outputs by decreasing the effective fi-
nesse of the OPO cavity, so that it is not
necessary to lock the OPO cavity length to
the seed wavelength. This mode of opera-
tion is simpler optically and electronically
because it dispenses with the need for ac-
tive feedback control of the OPO cavity
length. The method depends on the OPO
cavity having a high Fresnel number, so
that a series of high-order transverse
modes can smooth out the sharp, widely
separated resonances that occur when the
cavity is well aligned. A disadvantage is
that the multiple transverse modes tend to
cause some degradation of output beam
quality. Nevertheless, this approach has
proved useful for many applications of
tunable OPOs, with seeding by either
pulsed dye lasers or SLM TDLs.4,8

Injection-seeded OPOs for 
multiplex spectroscopic tailoring
Our passive, misaligned-cavity approach
to injection-seeding of nanosecond-
pulsed BPM OPOs is particularly well

suited for spectroscopic applications re-
quiring a coherent source that simultane-
ously generates two or more adjustable
output wavelengths. This has previously
been verified by OPO CARS (coherent
anti-Stokes Raman spectroscopy) experi-
ments in our laboratory.19 Dual-wave-
length, pulsed OPO signal output at 
~607 nm was generated by a passive-cavi-
ty BBO OPO, pumped at 355 nm by a
pulsed, SLM Nd:YAG laser and injection-
seeded at two separate 855-nm idler wave-
lengths by a pair of single-mode TDLs.
The 607-nm signal output served as the
Raman Stokes beams in a nonlinear-opti-
cal CARS process, with monochromatic
532-nm radiation (from the same SLM
Nd:YAG laser) serving as the Raman
pump beam. In this way, single-shot co-
herent-Raman thermometric spectra were
recorded for nitrogen (N2) in furnace air,19

by tuning the two signal/Stokes wave-
lengths to different rotational-state fea-
tures in the Q-branch of the Raman spec-
trum. This is an example of so-called spec-
troscopic tailoring of OPO output radia-
tion to match spectral features of interest.
By turning the injection-seeding off, mul-
tiplex broadband OPO CARS measure-
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Figure 2. Rovibrational cavity ringdown (CRD)
absorption spectra recorded by tuning IR signal
output radiation from a pulsed,TDL-seeded PPLN
OPO, either MM- or SLM-pumped.8,23 (a) Rovibra-
tional spectra of combination and hot bands at
~6500 cm-1 (1.54 �m) for CO2 gas (T = 296 K,
P = 1 bar).The upper two panels are continuous,
mode-hop-free scans, spanning >100 cm-1 of the
signal output wavelength range.The lowest panel is
a simulation with appropriate pressure-broadened
line shapes. (b) Sub-Doppler spectra of jet-cooled
acetylene (C2H2) molecules, comprising the
6544.442-cm-1 P(5) line in the (�1 + �3) combina-
tion band.Allowing for residual Doppler broaden-
ing in the fitted line profiles, we infer that the opti-
cal bandwidth for signal output of each OPO is
<120 MHz (<0.004 cm-1).

-400 -200 0 200 400

Frequency (MHz)

110 MHz

SLM-Pumped
PPLN OPO

-400 -200 0 200 400

Frequency (MHz)

125 MHz

MM-Pumped
PPLN OPO

(a)

(b)



ments were also made19 of a portion of the
same Raman spectrum, but these were less
sensitive than the “dual-line” Raman spec-
tra recorded with the dual-wavelength in-
jection-seeded OPO.

Dual-wavelength injection-seeding of
OPOs is particularly relevant to atmos-
pheric remote sensing techniques such as
DIAL (differential absorption lidar).27

This has been borne out in two OPO-
based IR DIAL demonstrations.24–26 In
one case,24 narrowband TDL-seeded OPO
output was switched between on- and off-
resonance wavelengths on alternate shots
of the pump laser, to make range-resolved
measurements of atmospheric CH4. Alter-
natively, in a system designed for airborne
H2O-vapor DIAL,25,26 the OPO output is
switched rapidly from narrowband, TDL-
seeded, on-resonance to broadband, un-
seeded, (predominantly) off-resonance.

We have proposed27 that the spectro-
scopic tailoring concept is capable of ex-
tension from dual- to multiwavelength re-
mote sensing applications. This requires a
source of coherent, pulsed radiation to si-
multaneously generate a structured set of
discrete wavelengths, each of which is set
to be on- or off-resonance with character-
istic features in spectra of molecular target
species of interest. Such remote sensing
can, for example, be by DIAL or long-path
absorption. Figure 3 portrays a multiplex
system of this type that employs a set of
single-mode TDLs and a fiber-optic
switch (all computer-controllable) to in-
jection-seed a multi-wavelength passive-
cavity pulsed OPO. Suitable modulation

and demodulation sequences can then de-
code the resulting spectroscopic signals,
with a multiplex advantage for sensitivity
and specificity; Hadamard transform de-
coding is expected to enhance the
throughput of radiation received at the 
detector.

Multiwavelength spectroscopic tailor-
ing of OPO output by injection-seeding is
most readily implemented with a BPM
medium in a passive cavity,19,27 but a simi-
lar approach is also possible in QPM me-
dia with grating channels wide enough to
allow different non-collinear phase-
matching angles for each of the OPO out-
put wavelengths.40,41 Such an approach has
been used by Yang and Velsko28 in a wave-
length-agile PPLN OPO DIAL sensing sys-
tem, pumped by a 1-kHz pulsed Nd:YAG
laser and injection-seeded by two 1.5-�m
TDLs; its 3-�m idler output is rapidly tun-
able over 400 cm-1 by using an acousto-op-
tic deflector to vary the pump-beam angle.

New frontiers for 
OPO spectroscopy
Because of their narrow optical bandwidth
and compactness, cw OPOs6,7 have great
spectroscopic potential. Recent progress
has centered on two technical themes:

• Low-threshold QPM OPO gain media
with efficient, wavelength-selective cav-
ity designs;

• All-solid-state cw pump lasers (e.g.,
MOPA diode systems or diode-
pumped crystal lasers).

These themes—evident in the early cw
PPLN DROPO42 and SROPO43 designs of
Bosenberg, Byer, and colleagues—are now
being pursued in many laboratories. For
instance, a MOPA diode-pumped cw
PPLN SROPO has been used at Kaiser-
slautern44 to record idler-wave rovibra-
tional spectra of N2O gas at ~2.1 �m. At
Konstanz,45 a narrowband (100 kHz), con-
tinuously tunable cw PPLN SROPO (with
an étalon-tuned extended cavity and a res-
onated pump wave from a Nd:YAG ring
laser) has yielded Doppler-free spectra of
CH4 at 3.39 �m. Pump-enhanced, dual-
cavity cw PPLN OPO designs have also
been used at St. Andrews,31,46 as have BPM
and QPM intracavity cw SROPOs.33

Finally, we consider briefly another sig-
nificant frontier for OPO spectroscopy:
extending the spectral output range of
narrowband pulsed OPOs beyond the
readily attainable near-IR limit of ~4 �m,
yielding high-performance tunable coher-
ent sources at longwave-IR wavelengths to
access many of the strongest molecular
fundamental absorption bands. OPOs that
“target the longwave infrared” depend on
availability of suitable NLO materials and
coherent pump sources at sufficiently long
wavelengths (typically >2 �m).9 One of
the most promising longwave-IR OPO
materials is zinc germanium phosphide
(ZGP), pumped at 2–3 �m by solid-state
crystal lasers11 such as those based on
holmium47 or erbium.48 An étalon-tuned
narrowband (~0.1 cm-1) ZGP OPO,
pumped at 2.55 µm by a broadband 
(~15 cm-1) Nd:YAG-pumped LN OPO,
can cover the 3.7–8 �m wavelength range
and has been used to record spectra of
H2O vapor in the 6.2-�m region.49 OPOs
based on gallium arsenide (GaAs) also
have great spectroscopic potential; they
can be pumped at wavelengths as short as
1 �m and offer (so far unrealized) tunabil-
ity out to ~16 �m.9 Despite its cubic struc-
ture and lack of birefringence, GaAs can
be used as a QPM NLO medium in the
form of orientation-patterned films.50
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