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accommodates the fundamental vibrational bands of several interesting molecules. In this
www.rsc.org/ article, we review the progress of the most significant nonlinear optics instruments for widely
tunable, high-resolution mid-infrared spectroscopy: continuous-wave optical parametric
oscillators and difference frequency generators. We extend our discussion to mid-infrared
optical frequency combs, which are becoming increasingly important spectroscopic tools,
owing to their capability for highly sensitive and selective parallel detection of several
molecular species. To illustrate the potential and limitations of mid-infrared sources based on

nonlinear optics, we also review typical uses of these instruments in both applied and

fundamental spectroscopy.

1 Introduction

Besides fundamental research of physical chemistry, molecular
absorption spectroscopy has a number of applications in
detection and quantification of small traces of biomarkers,
toxics, or other interesting molecules in gaseous samples.
Examples of these application are atmospheric and
environmental monitoring [1], as well as real-time medical
diagnostics by analysis of exhaled breath [2]. Some of the key
parameters of trace gas detection and molecular fingerprinting
are sensitivity, speed, selectivity, and the capability of detecting
multiple species simultaneously.

From the technology point of view, the highest sensitivity,
i.e., the capability of detecting small concentrations can usually
be obtained by using laser spectroscopy. This results from the
high brightness and spatial coherence of lasers, which makes it
possible to reach high signal-to-noise ratios and long absorption
path lengths. The sensitivity can be further increased by using
multipass cells and enhancement cavities. The high brightness
also means that the high measurement sensitivity can be
obtained with a short averaging time, which leads to fast, in
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practice real-time measurements. Also the spectroscopic
selectivity, i.e., the capability of resolving one molecular
absorption line or species from another, is superior in laser
spectroscopy, as compared to more conventional methods. In
particular, the high spectral resolution and hence high
selectivity can be obtained by using single-mode continuous-
wave lasers — a typical single-mode continuous-wave (CW)
laser used for spectroscopy has a linewidth of the order of 10
MHz (~3x10~* cm™) or less, well sufficient to resolve Doppler-
broadened mid-infrared absorption lines that have linewidths of
the order of 100 MHz. For comparison, only the largest Fourier
transform infrared (FTIR) interferometers are capable of
yielding even comparable spectral resolution with conventional
incoherent light sources [3]. While the single-frequency CW
lasers are ideal for high-resolution spectroscopy, they cannot be
used to detect several molecular species simultaneously. The
optical frequency comb, which is a light source that combines
all the preferable characteristics of CW lasers with a broad
spectral bandwidth, has recently provided an elegant solution to
this problem [4,5,6,7].
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Figure 1. Absorption spectra of some important trace gases in the wavelength region between 3 and 5 um. The solid grey background shows the water vapour
absorption, which quickly increases outside of the atmospheric window. Note that the figure only shows the absorption line strengths per molecule, not taking into
account the abundances of the molecular species. The molecular line data are from the HITRAN 2012 database.

From the fundamental point of view, the detection
sensitivity can be optimised by doing spectroscopy in the mid-
infrared region, where many trace gas molecules have their
strongest absorption features. The definition of mid-infrared is
somewhat ambiguous and depends on the application. Here, we
define the mid-infrared region as 2.5-25 pm (or, 400-4000 cm™,
or 12-120 THz). Most molecules have their

fundamental rotational-vibrational bands in this region. These

trace gas

fundamental rovibrational bands are typically at least two
orders of magnitude stronger than the respective overtone
bands. So-called atmospheric window at 3-5pum (2000-
3300 cm™) is particularly important, as it occupies the strongest
absorption bands of the carbohydrates (CH stretch) and
molecules with NH or OH stretching vibration. It is also worth
noting that within the atmospheric window water vapour
This is useful in certain
atmospheric

absorption is relatively small.

applications, such as and environmental
monitoring, where the measurement of trace gas spectra is often
complicated by strong spectral features of the abundant water
molecule. Figure 1 shows the absorption spectra of some of the
most important trace gas molecules in the spectral region
between 3 and 5 um.

Mid-infrared molecular spectroscopy, in particular its
application to trace gas analysis, has progressed significantly
during the past two decades, owing to the development of
coherent mid-infrared sources, detectors, and methods. One of
the important enabling technological advances has been the
invention of room-temperature quantum cascade lasers and

interband cascade lasers, which have extended the operating
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range of tunable semiconductor lasers from the visible and
near-infrared to the mid-infrared. The present status of mid-
infrared quantum cascade laser is reviewed, e.g., in [8]. An
equally important step has been the development of quasi-
phase-matched (QPM) nonlinear crystals [9], a technology that
makes it possible to transfer the favorable characteristics of
near-infrared solid-state lasers with high efficiency to
practically any wavelength in the mid-infrared region. One of
the many benefits of the QPM frequency converters is the broad
which makes them ideal for
multispecies trace gas detection. The most important material
for QPM nonlinear mid-infrared frequency conversion is
periodically poled lithium niobate (PPLN). The transmission
range of PPLN extends up to ~5 pm [10], which makes it

suitable for accessing one of the important atmospheric

wavelength tuning range,

windows (Fig. 1).

The purpose of this article is to review the current state and
recent developments of coherent mid-infrared sources based on
optical parametric processes, i.e., on nonlinear optical
Good practical

fundamentals of various nonlinear optical phenomena can be

frequency conversion. introductions  to
found, for example, in references [11,12]. Here, we focus on
methods that can be used for high-resolution molecular
spectroscopy, since high spectral resolution is typically required
to acquire detailed information about molecular structure and to
perform selective multispecies trace gas analysis. This sets our
focus to continuous-wave optical parametric oscillators
(OPOs); the linewidth of pulsed (nanosecond and picosecond)

sources is typically too large for high-resolution applications.
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For the sake of completeness, we also discuss CW difference
frequency generation (DFG), a simple method which shares
many favorable properties of OPOs. While the mid-infrared
DFG sources can nowadays in many applications be replaced
by quantum cascade lasers and interband cascade lasers, they
can still offer certain benefits especially in laboratory
experiments. Also, understanding of the basics of DFG helps to
grasp the essentials of OPOs that still provide a unique
combination of high output power and broad wavelength
tunability in the mid-infrared region.

We extend our review to mid-infrared frequency combs,
which can be generated by nonlinear frequency conversion
methods, such as DFG and synchronously pumped OPOs.
These frequency combs are becoming increasingly important
for multispecies molecular fingerprinting, owing to the large
instantaneous mid-infrared bandwidth that can exceed a full
octave. Although a laser frequency comb is in general based on
a pulsed femtosecond source, it produces a spectrum that
consists of discrete peaks. This makes OFCs suitable for high-
resolution spectroscopic studies. In fact, in the frequency
domain, an OFC can be considered as a source that emits up to
a million CW laser frequencies simultaneously.

This paper is organized as follows: In Section 2, we review
the basics, instrumentation, as well as the recent developments
of CW difference-frequency generators, OPOs, and parametric
OFCs. The latter half of the paper, Section 3, is dedicated to the
use of these instruments both in trace gas analysis and
fundamental research. In order to give a comprehensive
overview of the possibilities and limitations of mid-infrared
parametric sources in high-resolution molecular spectroscopy,
we have selected examples that cover a wide variety of
different applications. We also briefly review some of the most
typical spectroscopic methods used in these applications.

2 Mid-infrared generation by parametric processes
2.1 Difference frequency generation

BAsIcSs

In difference frequency generation, two laser beams are
overlapped and focused into a nonlinear optical crystal (Fig. 2).
These beams are referred to as pump (p) and signal (s) beams.
The beam at the shorter wavelength is named, by convention,
the pump beam. If the pump-beam power is sufficiently high,
its energy is efficiently transferred to the signal beam while
propagating in the crystal. As a result, a third beam, so-called
idler (i) beam, is produced. The frequency v; of the idler beam
is given as a function of pump and signal frequencies, v, and vy,
respectively, by the law of energy conservation:

hv; = hv, — hvg, (1)

where /4 is Planck’s constant. The vacuum wavelengths of the
beams are A, = c/vy, where c is the speed of light in vacuum. A
typical example of mid-infrared generation by a DFG process is
the mixing of light from a high-power Nd:YAG laser (A, =

This journal is © The Royal Society of Chemistry 2012
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Figure 2. The principle of DFG. Left: The pump and signal beams are focused
into a nonlinear crystal, producing an output beam (idler), which fulfils Eq. (1).
Note that the beams need to overlap in the crystal in order to ensure efficient
flow of energy the idler beam. Right: the process can be illustrated by an
energy level diagram, where the dashed line indicates a virtual state.

1064 nm) with light of a tunable diode laser (A; ~ 1550 nm),
producing an idler beam at A; ~ 3400 nm.

In order DFG to be efficient, the process also has to
conserve momentum — this condition is often referred to as
phase-matching condition, which is

Ak = 0. (2)

For a process where all interacting beams propagate collinearly
the wavevector mismatch Ak is, in a general, defined as
Ak = ko - ks - ki, (3)
where k, = 2nn, /A, is the angular wavenumber, with n, being
the refractive index of the material at the respective wavelength
Ax-

At Ak ~ 0, the idler waves generated at different parts of the
crystal sum up coherently, so that the idler power increases
monotonically while propagating in the crystal. The phase-
matched idler power P;, = Pj(Ak=0) is proportional to the
product of the pump power (P,) and signal power (P;), and can
be calculated from [13,14,15,16]

p 32md2efL
Lo~ gocA?ni(Apns+asny)

By Psh(p, §p,¢s) (4)

where d.g is the effective second order nonlinear coefficient of
the crystal, g, is the vacuum permittivity, and L is the length of
the crystal. Function A(y, &, &) depends on the ratio of the
input wavenumbers u = kJ/k,, as well on the tightness of
focusing of the beams, &, = LA 2w n,, where wy is the 1/¢*-
intensity radius of the beam waist. As a general rule of thumb,
this function reaches the maximum value when the beams
overlap and &, ~ &; ~ 1, which corresponds to confocal focusing
[11,13,14,17]. Here, it is assumed that the interacting beams
have Gaussian intensity profiles, which is typical for lasers. As
an example, let us consider DFG between a A, = 1064 nm
Nd:YAG-laser and a A; = 1550 nm diode laser in a 50-mm long
PPLN crystal. Both input beams, pump and signal, are linearly
polarized with extraordinary (e) polarization, which in the case
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of PPLN maximizes the effective nonlinear coefficient d g ~
14 pm/V". The refractive indexes are ny, ~ ng ~ n; ~ 2 [10].
Confocal focusing, w, = 65 pm and wy = 95 um (§, = &= 1), is
assumed, which leads to A(p, &, &) ~ 0.3 [14]. With P, = 0.5
W and P,= 20 mW, we obtain P,° = 30 uW at 3.4 pm.

Difference frequency generation is a parametric process,
which means that there is no transfer of energy between the
optical field and the nonlinear crystal. Unlike a laser gain
material, the crystal does not store energy, which makes the
parametric processes fast — the response time of the electric
polarisation to an optical field is of the order of 107"° 5. Also, as
the process does not rely on transitions between the energy
levels of the crystal material, efficient frequency conversion is
possible within the entire transmission spectrum of the material,
as long as the energy-conservation and phase-matching
conditions (Eqgs. 1 and 2) can be met.

PHASE MATCHING

One possible method to achieve Ak ~ 0 is birefringent phase
matching, which relies on the anisotropy of certain nonlinear
crystals [11,12,16]. The refractive index depends on the
wavelength (dispersion), but also on the light polarization and
propagation direction relative to the crystal lattice. By choosing
the light propagation directions and polarizations in the crystal
properly, it is, in some cases, possible to obtain a situation
where the phase-matching condition is fulfilled. This method,
however, has limitations. First of all, the polarizations that
provide phase matching do not usually produce the highest
possible nonlinearity — the nonlinear coefficient is, in general, a
function of polarization and propagation direction. Secondly, as
the polarizations of the beams are different, their propagation
directions in the crystal often differ due to the Poynting-vector
walk-off, which leads to spatial separation of the beams, hence
limiting the interaction length and conversion efficiency.

The reduction of DFG conversion efficiency due to the
aforementioned reasons can be avoided by using quasi phase
matching [9,11,16]. In QPM, the crystal polarity is inverted
T/|AK|, i.e., at the
point where the generated field would otherwise come out of

every wave-mixing coherence-length /., =

phase compared to the previously generated field. This ensures
monotonic increase of the generated mid-infrared power, as is
illustrated in Fig. 3. The QPM period is usually denoted by
symbol A, and the phase-mismatch becomes
2T 2T
where Akgpy = 0 is trivially achieved if A = 2/,,. Note that we

use the term phase-matched for both birefringent phase
matching and quasi phase matching. Therefore, from now on,

Note that, in the case of quasi phase matching, such as PPLN, d.i=
(2/m)desr0, Where degr is the effective nonlinear coefficient of the bulk
material [9]. Also, the nonlinear coefficient is wavelength dependent,
which can be taken into account using Miller’s delta, which is an
empirical formula [9]).
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Figure 3. Parametrically generated mid-infrared power as a function of
propagation distance z in the nonlinear crystal. In a nonphase-matched case the
energy oscillates between the fundamental and parametrically generated fields
with a period of 2/,,. Monotonic growth of the parametrically generated power
is ensured by QPM, where the crystal polarity is inverted every lon. The inset
schematically shows examples of two different QPM crystals for mid-infrared
(MIR) generation: one with a uniform A and another with a fan-out structure.

we don’t explicitly refer to QPM with symbol Akgpy,. Instead,
we shall use the notation Ak = 0 to describe phase matching in
general, no matter how it’s in practice achieved.

The QPM technique has advantages
birefringent phase matching: (1) the polarizations of the light
beams can be freely chosen so as to access the direction of
highest nonlinearity, (2) one can achieve so-called noncritical
phase matching, which means that all three waves (p, s, i)
propagate collinearly without spatial walk-off, (3) quasi phase
matching can also be used for non-birefringent materials, such
as GaAs, (4) it is possible to tailor phase matching for
practically any wavelength within the transparency range of the
crystal material by proper design of A.

several over

CRYSTAL MATERIALS

A typical nonlinear material for parametric generation of
coherent mid-infrared light is periodically-poled lithium niobate
(LiNbOs), PPLN, which is transparent between 0.4 and 5 um
[10,18]. Quasi phase matching in this case is achieved by
periodical poling of the crystal. This can be done by applying
an intense electric field between the crystal surfaces, using
electrodes that are patterned with the desired QPM structure
[9]. If the electric field is stronger than the internal (coercive)
field of the crystal (> 21 kV/mm for undoped congruent
LiNbOj; [9]), the crystal structure is permanently inverted. The
same method can also be used for other ferroelectric crystals.
The most common of these, after PPLN, are periodically-poled
lithium tantalite LiTaO3; (PPLT, transparent ca. 0.3 — 5.5 pm
[19]) and periodically-poled potassium titanyl phoshate
(PPKTP, transparent ca. 0.4 — 3.2 pm [20]). The LiNbO; and
LiTaOj; crystals are commonly doped with metal ions to reduce
photorefractive  damage, which can lead to
complications, including beam distortion and even permanent
damage of the crystal [21]. As an example, magnesium oxide

severe
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doped PPLN, MgO:PPLN, is the most commonly used material
in CW mid-infrared DFG. Photorefractive damage is a problem
especially with short (< 1 um) pump wavelengths and high
pump intensities. Lithium tantalite is known to be more
resistive to photorefractive damage than lithium niobate, and is
often better suited for applications where a short pump
wavelength, such as 532 nm, is used [22,23,24,25]. On the
other hand, the nonlinearity of PPLT is smaller than that of
PPLN [10].

While the ferroelectric crystals are transparent only up to
~4...5 um wavelengths, other crystal materials can be used for
mid-infrared generation at longer wavelengths. Birefringent
phase matching can be obtained, e.g., with AgGasS,, which is
transparent between 0.47 and 13 um [10]. Quasi phase
matching has been demonstrated with GaAs, which is
transparent between 0.9 and 17 um and has an extremely large
nonlinear d.i(GaAs) ~ 5xd.(LiNbO3) [26].
Comparisons of some of the most commonly used mid-infrared
nonlinear crystals are presented, for example, in Refs.
[16,27,28]. Detailed information of the properties of these and
many other nonlinear crystals can be found in D. N.

coefficient:

Nikogosyan’s book Nonlinear Optical Crystals: A Complete
Survey [10], as well as in the SNLO database [29].

WAVELENGTH TUNING

As is indicated by Eq. 3, the phase-mismatch Ak depends on
refractive indexes n,, ng, and n;. These refractive indexes can be
calculated using a Sellmeier equation, which is an empirical
formula typically of the form [30]

az+byfr
A2—(az+bsfT)?

n=a + blfT + a4+b4f2T - a612, (6)
A%2—as

where the Sellmeier coefficients, a;...as, and b,...b,, can be
experimentally determined. For example, the Sellmeier
coefficients of PPLN have been reported by, e.g., Jundt [30]
and Gayer et al. [31]. The temperature dependent parameter fr
can be taken into account using the definition given in [30]
together with the data of Paul et al. [32]. The power of the idler
beam as a function of phase-mismatch Ak approximately
follows a sinc*-curve [11,12]:

P; = P;ysinc*(AkL/2m) , (7)
where P;q is the phase-matched (Ak = 0) output power of the
idler beam as calculated from Eq. 4. This formula, together
with Eq. 3 (or Eq. 5 for QPM) and the refractive index data
calculated from Eq. 6, can be used to estimate the DFG gain
bandwidth and profile. An example of a typical DFG gain
profile is shown in Fig. 4. Note that the gain bandwidth is
inversely proportional to the crystal length. A large gain
bandwidth can thus be obtained by using a short crystal, albeit
at the cost of reduced conversion efficiency. The gain
bandwidth and profile can also be tailored using different QPM
structures, such as chirped or apodized poling [33,34].
According to Eq. (1), any change of the pump or signal
frequency is converted to an idler frequency change of equal

This journal is © The Royal Society of Chemistry 2012
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Figure 4. Calculated idler power vs. idler wavelength for a DFG process, where
Ap = 1064 nm pump laser beam is mixed with a tuneable signal laser beam (A,
~ 1.55 um). The full width at half maximum (FWHM) of the phase-matching
curve is 6 cm™ (180 GHz), which is obtained with a 5-cm long PPLN crystal.
Tuning of the idler wavelength across the phase-matching curve can be done
by tuning the signal laser wavelength. The PPLN temperature and poling
period used in the calculation are 325 K and 30.5 um, respectively.

magnitude. This relation can be utilized for fast scanning of the
idler frequency within the QPM gain bandwidth. For example,
fast scanning of the 1550 nm DFB diode laser in the case of
Fig. 4 can be used to tune the idler frequency over more than
180 GHz (6 cm™!), which is sufficient to scan over several
absorption lines of, e.g., nitrogen dioxide in this region. Larger
changes of the idler wavelength require tuning of the phase
matching. This can be done by varying the temperature and/or
angle of the crystal. With quasi phase matching, coarse tuning
is typically carried out by changing the QPM period. In
practice, this can be done by mechanical translation of the
crystal, which contains several parallel QPM periods or a “fan-
out” structure (see the inset of Fig. 3). Typical phase-matching
curves for 3 um DFG by mixing of 1064 nm pump laser light
and a wavelength-tuneable 1.5 pm laser are shown in Fig. 5.
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Figure 5. Calculated tuning of the phase-matched signal and idler wavelength
pairs by tuning temperature of the PPLN crystal. The pump wavelength is fixed
to A, = 1064 nm. The tuning curves are shown for three different QPM periods
A.
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SNLO software, which can be downloaded for free [29], is a
handy tool to compute phase-matching wavelengths and tuning
curves similar to those shown in Fig. 5. The program can be
used to calculate both birefringent and quasi phase matching for
the most commonly used nonlinear crystals. Several other
parameters, such as the parametric gain bandwidths can also be
estimated using SNLO.

TYPICAL IMPLEMENTATIONS

Mid-infrared generation by DFG can be realised using the
scheme outlined in Fig. 2. The two input beams, pump and
signal, are overlapped using a dichroic mirror and focused in
the nonlinear crystal such that the confocal focusing condition
is met, so as to maximize the A-term of Eq. (4) [13,14]. In
addition, the light polarizations need to be adjusted in order
maximize the nonlinear conversion efficiency and in some
cases to obtain phase matching (birefringent phase matching).
For instance, in the already discussed example of mixing 1064
nm and 1550 nm laser light, the most common solution is based
on the use of a PPLN crystal, in which case both laser beams
need to be linearly polarized with e-polarization. More details
of this type of single-pass DFG in a bulk crystal can be found,
e.g., in references [15,16,35].

The output power of the mid-infrared (idler) beam is
proportional to the product of the incident pump and signal
powers, see Eq. (4). Single-pass DFG using near-infrared diode
lasers and a bulk PPLN crystal typically produces a few tens of
microwatts in the mid-infrared region, as was shown in a
previous example. This is not sufficient for certain applications,
such as saturated absorption spectroscopy or photoacoustic
spectroscopy. Moreover, an output power of at least several
milliwatts is often needed for convenient use of mid-infrared
wavelength meters and other measurement instruments.

The development of high-power fibre-optic amplifiers
during the past two decades has provided a simple solution for
in mid-infrared DFG.
polarization maintaining Yb-fibre amplifiers at ~1064 nm and

power enhancement In particular,
Er-fibre amplifiers at ~1550 nm are readily available [35]. The
optical gain bandwidths of these amplifiers support mid-
infrared DFG over a large spectral range. As an example, more
than 1 mW of coherent CW mid-infrared light tunable from 2.9
to 3.5 um has been generated by mixing 550 mW of light from
an Yb-fibre amplifier with 3.9 W of Er-fibre amplified light in a
5-cm long PPLN crystal [15]. Similar performance can also be
achieved with high-power solid-state lasers [36]. For instance,
over 2 mW of mid-infrared power tunable between 2.66 and
4.77 um has been produced by mixing 1 W and 6 W of light
from a Ti:sapphire laser and a Nd:YAG laser, respectively [37].

Another approach to improve the DFG output power is to
increase the input power product either by placing the nonlinear
crystal inside of the pump or signal laser (laser-intracavity
DFG) or inside an external power build-up cavity (optical
resonator). To avoid excessive experimental complexity, the
build-up cavity is in practice designed for just one of the
incident beams, while the other one passes the nonlinear crystal
only once. Note that continuous build-up of the power in an

6 | J. Name., 2012, 00, 1-3

external cavity requires the laser frequency to be locked to a
cavity resonance, or vice versa, which increases the system
complexity. Locking and other practical aspects of build-up
cavities are discussed, e.g., in Refs. [38,39]. The power build-
up factor of an external cavity is typically of the order of 10,
which is sufficient to reach a mid-infrared output power of
about 10 mW when combined with optical amplifiers [39]. For
comparison, up to 30 mW of coherent, tunable continuous-
wave light at 4.5 pm has been produced by performing DFG
inside an injection-locked Ti:sapphire ring laser (~ 860 nm),
while using a high-power (10 W) laser at 1064 nm as a signal
source [40]. In a more recent work, several milliwatts of output
power with a tuning range of more than 100 nm at ~5.4 um was
generated by intracavity DFG in an AgGaS, crystal, which was
placed inside a dual-wavelength vertical external cavity surface
emitting laser [41]. Despite the apparent multimode operation
of the laser in the first demonstration, this compact scheme has
potential in the field applications of trace gas spectroscopy.
Enhancement of the mid-infrared output power in DFG by
use of optical amplifiers, build-up cavities, or laser intracavity
DFG typically increases the system cost and complexity, which
in field
spectroscopy. Difference-frequency generation in a quasi-

is disadvantageous applications of molecular
phase-matched waveguide nonlinear crystal, on the other hand,
is an elegant solution to increase the output power without
adding much to size, or complexity
[34,42,43,44,45].

concentrates the input laser fields in a small mode area of

system  cost,

A waveguide fabricated in the crystal
approximately 100 pm’. As a result, the DFG conversion
efficiency is improved by orders of magnitude as compared to
DFG in a bulk crystal, where the intensity rapidly decreases due
to divergence as the beams propagate in the crystal. As an
example, more than 60 mW of CW mid-infrared power at
3.4 pm has been obtained by single-pass DFG in a 38-mm long
Zn-doped PPLN waveguide using signal and pump powers of
558 mW and 444 mW, respectively [45]. Use of a chirped or
apodized QPM instead of a uniform QPM structure reduces the
output power by an order of magnitude, but provides a
wavelength tuning range of tens of nanometres with a single
waveguide, without the need to change the crystal temperature
[34]. The input beams can be coupled into the waveguide in
free space, by tightly focusing the beams into the input aperture
of the waveguide [44]. However, owing to the small size of the
aperture, fibre coupling is often a more convenient and reliable
solution, especially in field applications [34]. Fibre-coupled
waveguide crystals, as well as complete CW mid-infrared
generators based on DFG are commercially available.

The precision of mid-infrared frequency scanning is, in
addition to output power, a critical parameter of a DFG source
used for high-resolution spectroscopy. Standard diode lasers
and fibre laser, not to mention CW solid-state lasers, possess
sufficiently small linewidth (< 30 MHz, or 0.001 cm™) and high
frequency stability (< 300 MHz/min, or 0.01 cm'/min) for
applications like trace gas detection. Certain applications in
frequency metrology or fundamental research of molecules, for
instance, require much better precision. Especially the long-
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term stability of the mid-infrared frequency can be improved by
several orders of magnitude by locking the near-infrared pump
and signal laser frequencies to a stabilized optical frequency
comb. Moreover, this approach makes it possible to control the
mid-infrared frequency scans with an extremely high resolution
and accuracy, even down to the kHz-level [46]. Optical
frequency comb referenced DFG sources are discussed in more
detail in Section 3.

2.2. Optical parametric oscillators

Basics
In DFG, the signal beam is amplified at the expense of the
pump beam, according to the law of energy conservation (Eq.1)
— annihilation of a pump photon leads to generation of one
signal photon and one idler photon. This parametric
amplification is the key to optical parametric oscillator (OPO),
which is schematically pictured in Fig. 6. Unlike in DFG, the
OPO has just one input beam. An optical resonator, or cavity, is
built around the nonlinear crystal in order to amplify the signal
beam, which initially arises from quantum noise [11]. The
parametric oscillation starts if the pump power is sufficiently
high, so that the parametric gain at the signal wavelength
exceeds the round-trip losses of the resonator. This threshold
pump power is of the order of 1 W for an optimized CW singly-
resonant OPO (SRO) [47]. Here, the term singly-resonant refers
to the case where only one of the beams, typically the signal
beam, resonates in the OPO cavity. The threshold power, and
hence the power requirement for the pump laser, can be
significantly reduced by designing the cavity such that two
waves (s and i) are resonant (doubly-resonant OPO, DRO) or
three waves (p, s, i) are resonant (triply-resonant OPO, TRO)
[11,48]. However, continuous wavelength tuning of DROs and
TROs is complex compared to SROs [49], which is why SRO is
by far the most widely used solution in molecular spectroscopy.
Another solution, which has to some extent been used for
molecular spectroscopy, is pump-enhanced SRO [50]. As the
name implies, this is an SRO but the pump power is enhanced
by a resonator, which can be either the same as the signal-wave
resonator or a separate pump power build-up resonator.

An example of how the idler output power of a CW mid-
infrared SRO depends on the pump power is shown in Fig. 7.

Etalon
(optional) A S e EE
hy,
hv,
hv,
Crystal
Vp =V, + Vi

Figure 6. The principle of the singly-resonant OPO. The pump beam is focused
into a nonlinear crystal, which is placed in a cavity formed by mirrors that are
highly reflective for the signal beam. One signal and one idler photon is
created when a pump photon is annihilated. An optional optical etalon can be
used in the OPO cavity to enhance wavelength stability and tuning (see text
for details).
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The efficiency of the process can be really high: the pump
depletion can exceed 90%, indicating that almost all pump
photons are consumed [51,52]. This is one of the advantages of
the SRO — the mid-infrared output power can be up to several
watts, compared to a maximum of a few tens of milliwatts that
can be obtained by DFG with high-power pump lasers.

In general, the OPO is in many ways similar to DFG. Both
processes fulfil the same basic conditions, the law of energy
conservation and the phase matching condition (Egs. 1 and 2,
respectively). Also the phase matching techniques and crystal
materials are the same. The main difference in the practical
implementation of these two methods is that the OPO requires
an optical resonator. The resonator design typically starts by
finding the optimum focusing, which follows the same rule as
in DFG: The pump and signal beams should overlap in the
nonlinear crystal, and have the same focusing of approximately
£ =
determined by the pump focusing optics outside the OPO

1. The size of the pump beam focus in the crystal is

resonator. The signal spot size in the crystal, on the other hand,
is given by the resonator. The most common SRO resonator
design is a folded (bow-tie) ring resonator [51], which is
depicted in Fig. 6. The bow-tie resonator comprises two plane
mirrors and two concave mirrors. The resonator design process
is reviewed briefly in [52] and discussed in more detail, e.g., in
[11,53]. In the case of an SRO, the resonator mirrors are highly
reflective (R > 99.5%) for the signal wavelength, but transmit
the pump and idler wavelengths. The end facets of the
nonlinear crystal should have good antireflection coatings for
the resonant wavelength (residual reflectivity R < 0.5% or so)
in order to minimize the optical losses that would lead to an
unintentionally high oscillation threshold. In practice, a
threshold of ~1 W can be obtained with total round-trip losses
of about 2% using a 5-cm long MgO:PPLN crystal [48].
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Figure 7. Mid-infrared output power as a function of pump power for three
different CW SRO cavity configurations [58]. The pump wavelength is 1064 nm
and the mid-infrared idler wavelength is 3100 nm. The pump power was
measured before the SRO cavity. The output powers were measured after
dichroic optics that separates the mid-infrared beam from the pump and signal
beams.
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WAVELENGTH STABILITY

In the case of DFG, the stability of the mid-infrared idler
wavelength is fully determined by the stability of the pump and
signal laser (Eq. 1). In OPOs, the wavelength stability is
significantly affected by the OPO cavity, in which the signal
beam resonates. As already discussed in the context of DFG,
the parametric gain profile of, e.g., PPLN in mid-infrared
generation is typically broad, up to several hundred GHz (Fig.
4). As a result, the CW OPOs are prone to mode hops: The
resonant signal frequency can jump from one longitudinal mode
of the resonator to another, because the mode spacing (free
spectral range, FSR) of the resonator is typically small
compared to the width of the parametric gain profile [52]. This
is exemplified in Fig. 8. Recall that any jump in the signal
frequency is immediately seen as a jump in the mid-infrared
idler frequency, according to Eq. 1.

The probability of mode hopping is increased by
environmental disturbances, such as air flows, mechanical
vibrations, and temperature variations [52,54]. C.R. Phillips and
M. Fejer have also that modulation instability plays an
important role in CW SROs [55]. One of the findings of their
research is that there is a maximum power level at which the
SRO can remain stable — above the instability threshold mode
hops and multimode oscillation are expected. Moreover, this
instability threshold, and hence the maximum output power of
stable SRO operation, depends on the wavelength. This is
illustrated in Fig. 9 for the most commonly used mid-infrared
CW SRO - the one that is pumped at 1064 nm and uses a
MgO:PPLN crystal as the nonlinear material. At high
intracavity power levels of several hundred watts, stable single-
mode operation of an SRO can also be compromised by other
effects, such as stimulated Raman oscillation and secondary
(cascaded) optical parametric oscillation [52,56,57].
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Figure 8. Wavelength selection in a mid-infrared singly-resonant OPO. The
FWHM of the parametric gain profile is typically ~10 cm™ (300 GHz), depending
on the wavelength and the crystal material. The cavity mode spacing is much
smaller, of the order of 0.01 cm™ (300 MHz). Hops between the cavity modes
can be suppressed by using, e.g., an intracavity etalon as a frequency selective
element (see text for details).

Below the instability threshold (Fig. 9), stable mode-hop-
free operation for several hours can be achieved by mechanical
vibration isolation (optical table), by good control of the
SRO/crystal temperature, and by covering the SRO cavity so
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that it is not exposed to air flows [50,58,59], see Fig. 10. In
particular, good stabilization of the temperature of the nonlinear
crystal (with a precision of ~10 mK) is essential for stable
mode-hop-free operation [52,54]. It has also been shown that
the photorefractive effect, as well as heating of the crystal due
to residual absorption of the resonant beam can have a
significant effect on the SRO stability, although quantified
information on the role of these effects is scarce [52,60,61].
Thermal load in the nonlinear crystal can be alleviated by
reducing the intracavity power, in practice by using a partially
reflective cavity mirror or another component that couples out a
few percent of the resonating beam [51,56,62,63]. Such output
coupling also increases the SRO instability threshold, which
makes it possible to reach very high single-mode output powers
if only a high power pump laser is available [55,64,65,66]. The
reduction of thermal load and other effects arising from high
intracavity power is also usually beneficial for the output beam
quality [62], although thermal waveguiding due to strong
thermal lensing in the crystal can also lead to a high beam
quality if the cavity dimensions are chosen properly [67].
Spatial distortion of the output beam can also be caused by the
photorefractive effect. The photorefractive effect can be
reduced by using, e.g., an MgO-doped PPLN crystal and by
keeping the crystal temperature constant [68].

10 : : :
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Figure 9. Calculated instability threshold Ny, versus the resonant (signal)
wavelength for an SRO pumped at 1064 nm [55]. The nonlinear gain material
is @ 5 cm long PPLN crystal, and the round-trip power loss of the resonant
wave is 1%. N, is defined as the lowest pump power for which the SRO
becomes unstable, divided by the oscillation threshold power. Reproduced
with permission from [55].

Several methods have been developed to suppress mode
hops even when operating the instrument in more challenging
conditions, outside of research laboratories. The most common
of these methods is to use an intracavity etalon, which produces
periodic wavelength-dependent losses, hence reducing the
probability of mode-hops to nearby cavity modes [51,54,60].
The principle of this method is illustrated in Fig. 8. The etalon
mode spacing should be chosen so that modulation instability
peaks are properly suppressed [55]. Otherwise so-called etalon
mode hops, i.e. hops to the adjacent etalon transmission modes,
can occur [69]. In addition to etalons, also other frequency

This journal is © The Royal Society of Chemistry 2015
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selective optical elements can be used to suppress mode hops.
The main challenge is to keep the losses for the resonant mode
low enough, typically below a few %, in order to avoid the
increase of pump threshold impractically high [69]. This
requirement can be met with high-efficiency diffraction
gratings [70,71] or Bragg gratings [66,71,72]. The advantage of
using a grating instead of an etalon is that the grating only has
one maximum, which avoids the problem of etalon mode hops.
This feature is particularly important if the SRO needs to be
operated close to the signal-idler degeneracy wavelength, where
the bandwidth of parametric gain, and hence the mode-hop
probability, becomes exceptionally large [73,74].

In addition to the passive SRO stabilization and control
methods (temperature stabilization, etalons, gratings), also
active methods have been used. In practice, this means that the
frequency of the SRO signal or idler beam is locked to an
external reference, which can be an atomic or molecular
absorption line [25,59], a stable high-finesse cavity
[75,76,77,78], an optical frequency standard [79], or an optical
frequency comb [59,80,81,82,83]. With these methods, it is
possible to stabilize and control the SRO frequency at the MHz
level or better, although at the cost of increased system
complexity. The linewidth of the SRO can be narrowed down
to the kHz level relative to the reference [76,78,79].
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Figure 10. The black solid line shows mode-hop-free idler frequency drift of a
free-running SRO over an hour. The SRO was pumped with an amplified Yb-
fibre laser at 1.064 um, and the idler wavelength was 3.39 um [59]. The
contributions of pump and signal drifts are also shown, with an offset of
40 MHz that has been added for clarity. The SRO was operated in a
temperature stabilized laboratory [73]. Temperature of the PPLN crystal was
stabilized with a precision better than 10 mK. If the SRO cavity is exposed to air
flows, or if the temperature instability of the PPLN crystal is > 100 mK, the
signal (and idler) frequency fluctuations typically exceed 100 MHz, and mode
hops appear frequently (see, e.g., [54]).

WAVELENGTH TUNING
The coarse wavelength tuning range of an OPO is practically
independent of the pump laser tuning range. The idler

wavelength can be calculated from the phase-matching
condition just like in the case of DFG (Fig. 5), but now the
signal wavelength generated in the OPO automatically adjusts

This journal is © The Royal Society of Chemistry 2012
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so that the phase-matching condition Ak = 0 is fulfilled. This
means that coarse wavelength tuning can be done simply by
varying the crystal temperature and/or QPM period, as is
exemplified in Fig. 5 — the pump wavelength can be fixed. The
wavelength tuning range is often limited by the range of the
OPO cavity mirrors, but a tuning range of several hundred
nanometres can be achieved around 3 pm without replacing the
mirrors or other components [57,60,84]. In practice, such
coarse tuning is not continuous, but the OPO signal frequency
hops from one cavity mode to another [69], leading to equally
large jumps in the idler frequency. The magnitude of a mode
hop is typically several GHz, which makes this tuning method
unsuitable for high-resolution spectroscopy. This problem can
be avoided by using a continuously tuneable pump laser: Just
like in the case of DFG, any change in the pump frequency is
completely transferred to tuning of the idler frequency if the
signal frequency remains fixed. This works as long as the pump
tuning range is small compared to the parametric gain
bandwidth.

The use of an intracavity etalon or grating gives an
additional tool for wavelength control: the frequency of highest
overall gain can be varied by varying the etalon (or grating)
angle. Tuning by these two methods is exemplified in Fig. 11.
In brief, a CW SRO of this type is used for molecular
spectroscopy as follows:

(1) The SRO wavelength is first coarsely set to the desired
range by adjusting the temperature and/or QPM period
of the crystal.

(2) The etalon (or grating) is subsequently used to set the
oscillation wavelength with a typical precision of 10 to

100 GHz.
3)

Finally, fine scanning over the molecular absorption
lines is done by scanning the pump laser.

This wavelength scanning procedure can be automatized, as
demonstrated in Refs. [60,85].

112 200

* Grating
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Figure 11. Wavelength tuning of an SRO by intracavity etalon, as well as by
grating, which replaces one of the cavity mirrors [70]. Tuning with two
different etalons, one 0.4 mm thick and another 1 mm thick, is shown. Both
etalons are solid YAG plates. Etalon rotation eventually leads to an etalon
mode hop, while the grating allows monotonic tuning within the parametric
gain curve.
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The mode-hop-free tuning range of a modern SRO pump
laser can be from a few GHz up to several THz, so etalon angle
tuning is not necessarily needed in the scanning process. In fact,
wavelength tuning can be entirely done using the pump tuning,
in case a broadly tuneable pump laser is available. Such pump
scanning over hundreds of nanometres is illustrated in Fig. 12.
A CW Ti:sapphire laser was used as a pump laser, and the
scanning was done by adjusting the pump laser wavelength
while keeping all other parameters, including crystal
temperature and QPM period, constant [84]. This tuning
method is simple and fast, but requires a widely tuneable high-
power pump laser. Note that the mode-hop-free scan range of
the OPO is the same as that of the pump laser (40 GHz). For
large scans, the signal wavelength of the OPO follows the
pump wavelength scanning so that the phase-matching
condition remains fulfilled (Fig. 12).
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Figure 12. Lower panel: Idler wavelength tuning of a mid-infrared SRO by tuning
the pump laser (Ti:sapphire laser) wavelength. The tuning is shown for two
different QPM periods of the PPLN crystal, which was used as the nonlinear
material. The crystal temperature was fixed to 320 K. The upper panel shows
how the resonant signal wavelength follows the tuning according to Eq. 1.
Reproduced with permission from [84].
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TYPICAL IMPLEMENTATIONS

The first singly resonant CW mid-infrared OPO based on PPLN
was demonstrated by Bosenberg ef al. in 1996 [51]. The OPO
was pumped with a multimode 13.5 W Nd:YAG laser at
1064 nm, the signal wave resonated at ~1.5 um, and the mid-
infrared output was provided at > 3 pm wavelength. The OPO
cavity design was the same as shown in Fig. 6, and an
intracavity etalon was used to reduce the number of mode hops
and to facilitate frequency tuning. This same CW SRO design
is still used in most implementations designed for molecular
spectroscopy, including the most common commercially
available instruments. Also, the figures of merit of the first
instrument, the maximum mid-infrared output power (3.55 W),
pump depletion (93%), and wavelength tuning range (3.3 to
3.9 um), are comparable to what is obtained with a typical
instrument of today.

The main technological advance related to CW SROs since
1996 has been the development of high-power (multiwatt)
narrow-linewidth (single longitudinal mode) CW pump laser
systems based on solid-state lasers [60,86], as well as on Yb-
doped fibre amplifiers [47,87]. In practice, the maximum mid-
infrared output power of a CW SRO based on MgO:PPLN is
limited to approximately 10 W by the damage threshold of the
crystal [66]. The high available pump power has also made it
possible to operate MgO:PPLN-based CW SROs at
wavelengths as long as 5.4 pm, although the output power
drops to a few milliwatts due to the strong absorption in lithium
niobate at wavelengths longer than ~5 pm [57,86].

The Yb-fibre amplifier is usually seeded either with an Yb-
fibre laser or a semiconductor diode laser that operates at
approximately 1.06 pm. A fibre laser has a narrow
instantaneous linewidth (<100 kHz), good frequency stability
(drift <100 MHz/h), and can be tuned up to ~100 GHz without
mode hops by stretching the fibre with a piezoelectric actuator
or a heater. A diode laser, which is typically a distributed-
feedback (DFB) laser, a distributed-Bragg-reflector (DBR)
laser, or an external-cavity diode laser (ECDL) often possess a
larger linewidth (1 MHz) than the fibre lasers. On the other
hand, the diode laser frequency can be modulated at several
hundred MHz, which is useful in certain spectroscopy methods,
such as frequency-modulation spectroscopy. The mode-hop-
free tuning range of the DFB and DBR diode lasers is typically
a few tens of GHz, but an ECDL can be scanned up to several
THz, which has proven useful in molecular spectroscopy

[77,88,89]. Mode-hop-free SRO scanning speeds of several
THz/s have been reported with both DBR lasers [90,91,92] and
ECDLs [88].

Another improvement since the first demonstration of a CW
SRO is that MgO:PPLN crystals have replaced undoped PPLN
as the standard nonlinear gain material. This has made it
possible to operate the crystal even at room temperature, while
undoped PPLN needs to be heated to > 370 K in order to avoid
photorefractive damage [60]. Also, fan-out crystals are
available, making coarse wavelength tuning easier and faster,
since the tuning can be done by mechanical translation of the
crystal, while keeping the temperature constant [93]. Note that

This journal is © The Royal Society of Chemistry 2015
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the temperature tuning method is slow, since a couple of
minutes are typically required for the OPO to stabilize after
stepping the crystal temperature [52].

EMERGING TECHNOLOGIES

The development of high-power (several watts) CW pump
lasers during the past decade has been a key factor to the
development of the CW SROs that are suitable for high-
resolution spectroscopy in the mid-infrared region. While these
instruments are excellent for laboratory use, the relatively high
power consumption can be an issue in field applications. As
mentioned before, the pump power requirement can be
somewhat reduced by using a pump-enhancement cavity [50].
Even lower threshold powers can be achieved with DROs and
TROs. However, continuous wavelength tuning of these OPOs
is challenging [49], which has precluded their use in molecular
spectroscopy, apart from some demonstrations in the near-
infrared region [80].

Recently, so-called hybrid OPOs with significantly reduced
threshold powers have been reported. In a hybrid OPO, the
threshold is reduced by providing additional optical gain to the
resonating signal beam by an additional laser gain element,
which can be a doped crystal [94] or a semiconductor gain
mirror [95]. These hybrid OPOs are presumably suitable for
spectroscopic applications, although experimental proofs of the
applicability have not been reported yet.

Another recently developed CW mid-infrared OPO is based
on a whispering gallery mode resonator, which is fabricated
from a nonlinear crystal material, such as lithium niobate [48].
Either birefringent phase matching or quasi-phase matching can
be used, and the oscillation threshold can be as low as a few
microwatts. The problem is that these OPOs are triply resonant,
which together with thermal issues makes large continuous
spectroscopy,
challenging [96]. One of the benefits of the whispering-gallery-

wavelength tuning, and hence trace gas
mode resonators is compactness — the resonator diameter is
typically a few millimetres, while a conventional bulk OPO has
a size of a shoebox. On the other hand, a monolithic CW-
pumped high-power SRO has also been demonstrated. The
SRO cavity was formed in a 5-cm long PPLN bulk by applying
a spherical polish and a highly reflective coating to two of the
facets of the crystal and using total internal reflection on one
side of the crystal [97].

Finally, a promising route towards inexpensive, robust, and
field-applicable mid-infrared parametric generation is to build a
CW OPO around a waveguide crystal [98,99].

wave operation of an idler-resonant mid-infrared SRO with

Continuous-

near-subharmonic 1560-nm pumping has already been
demonstrated with a low-loss Ti:PPLN waveguide [98]. The
authors reported a low threshold power of 275 mW, as well as a
total output power (signal + idler) of 300 mW with 1.25 W
pump power. The total wavelength tuning range (signal + idler)
of the device extends from 2.8 to 3.5 pm. Interestingly, the
tuning can be done simply by changing the pump laser
wavelength, which also allows for continuous scanning of the

This journal is © The Royal Society of Chemistry 2012
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non-resonant signal frequency over several GHz, making the
device potentially useful for molecular spectroscopy.

2.3. Mid-infrared frequency combs

An optical frequency comb (OFC), or a laser frequency comb,
has a broadband spectrum that consists of a large number of
discrete, equidistant lines [100]. An example of an OFC
spectrum is schematically shown in Fig. 13. The frequency of
each line, or tooth, can be written as

fm = feeo + Mfr, (8)

where f.., < f; is the carrier-envelope offset frequency, and f; is
the repetition frequency, i.e., the mode spacing of the comb in
the frequency domain. Mode number is denoted by the integer
m. The repetition frequency of an OFC useful for high-
resolution molecular spectroscopy is typically of the order of
100 MHz. (The repetition frequency is determined by the
round-trip length L, of the laser cavity: f, = c¢/L,). The
frequency comb is fully stabilized if both f.., and f; are locked
to an accurate frequency reference, such as an atomic clock.
The stabilization of f; is relatively simple, because the
~100 MHz beat-note frequency between adjacent comb teeth
can easily be measured, and the repetition frequency can be
controlled by adjusting the cavity length of the comb generator.
The most common method for f., stabilization relies on so-
called f-2f interferometer, which requires an octave-spanning
comb — in other words a comb whose mode at the low-
frequency end of the spectrum can be directly compared with a
mode at the high-frequency end after optical frequency
doubling. The principle of this method is depicted in Fig. 13.

The most widely used method for OFC generation is based
on mode-locked femtosecond lasers. The relationship between
the time- and frequency domain representations of a mode-
locked laser output is given by the Fourier transform (Fig. 13).
In the time domain, a mode-locked laser produces short pulses
at a repetition rate that equals to the comb mode spacing — the
repetition frequency — in the frequency domain. The carrier-
envelop offset frequency arises, as the name implies, because in
general the relative phases of the pulse carrier and envelope
change from pulse to pulse.

The fully-stabilised OFC based on mode-locked laser was
discovered in 1999 and has since been used, among other
applications, for direct frequency comb spectroscopy [100].
The power of this method can be intuitively understood by
noticing that an OFC spectrum essentially corresponds to a
large number of parallel continuous-wave laser spectra. The
number of these modes can be up to a million; therefore a large
number of molecular absorption lines and species can be
spectroscopically measured simultaneously. Unfortunately, the
extension of the frequency comb technology to the mid-infrared
fingerprint region has proven difficult — direct OFC generation
with mode-locked lasers at wavelengths longer than ~2.5 um is
yet to be demonstrated [101]. This problem can be solved by
transferring an OFC from the near-infrared to the mid-infrared
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Figure 13. Upper panel: Schematic representation of the spectrum of an optical
frequency comb. The comb mode spacing is exaggerated for clarity — a typical
mode spacing, or repetition frequency, is 100 MHz, while the comb can exceed
over 100 THz, hence consisting of approximately a million modes. The principle
of feeo counting is also shown. Lower panel: Time domain representation of a
mode-locked laser frequency comb.

by nonlinear optics, using either an OPO or DFG, as is
explained in the following.

SYNCHRONOUSLY PUMPED PARAMETRIC OSCILLATORS
The basic principle of a synchronously pumped OPO (SP-OPO)
is the same as that of a CW OPO (Fig. 6). The main difference
is that the synchronously pumped OPO is pumped by short (<
500 fs) pulses produced by a mode-locked near-infrared laser.
Due to the shortness of these pulses, the SP-OPO cavity length
needs to be matched (synchronized) with that of the mode-
locked pump laser — otherwise the subsequent pump pulses
would not overlap in the nonlinear crystal with the
parametrically generated pulses propagating in the SP-OPO
cavity [102,103,104]. A typical 30-fs pulse from a mode-locked
Ti:sapphire laser has a spatial length of ~9 um in air (¢x30 fs),
which gives an idea of the required level of synchronization. If
the pump spectrum is a frequency comb, the signal and idler
spectra are also combs, according to the law of energy
conservation (Eq. 1). The repetition frequency is typically the
same as that of the pump laser, although a fractional- or
multiple-length cavity can be used to multiply the repetition
frequency of the pump [105,106].

A good introduction to general aspects and recent
developments of frequency combs based on SP-OPOs can be
found in Ref. [107]. Here, we focus on features relevant for
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high-resolution spectroscopy applications. As mentioned,
doubly-resonant continuous-wave OPOs are not usually used in
spectroscopy, because of the difficulties with frequency
stabilization and tuning. With synchronously pumped OPOs,
however, the doubly-resonant scheme is particularly
favourable: In the special case of a degenerate SP-OPO, the
signal and idler spectra overlap. The modes of the two lock to
each other via mutual injection locking, producing a stable,
phase-locked output where the signal and idler spectra are
indistinguishable, as has been demonstrated by Vodopyanov
and co-workers [103,108]. In this case, the offset frequency f.,
of the signal/idler comb automatically locks to that of the pump
comb, while in a singly-resonant SP-OPO the f., of the mid-
infrared comb needs to be stabilized separately [102,109]. An
additional advantage of the degenerate, doubly-resonant SP-
OPO scheme is that at degeneracy the phase-matching
bandwidth is broad. The gain bandwidth is further broadened
by the possibility of using a short nonlinear crystal (1 mm or
less), owing to the low threshold power of a doubly resonant
OPO. In practice, an octave-spanning optical output spectrum —
much wider than the pump spectrum — can be obtained with a
short nonlinear crystal, see Fig. 14 [110]. The degenerate
(subharmonic) synchronously pumped DROs have so far been
used to produce broadband mid-infrared combs at 2.5 to 3.8 pm
(Er-fibre laser pumping at 1560 nm, 200-pm-long MgO:PPLN
crystal) [103], at ~4.4-5.4 um (Cr*":ZnSe- or Cr*":ZnS-laser
pumping at ~2.4 pm, 500-um-long orientation patterned GaAs
crystal) [111,112], and at 2.6 to 6.1 um (Tm-fibre laser
pumping at 2050 nm, 500-um-long orientation patterned GaAs
crystal) [110]. The need for a pump laser at the second
harmonic of the intended mid-infrared centre frequency can be
alleviated by using cascaded pumping. As an example, Marandi
et al. have demonstrated broadband comb operation at ~4 pm
starting from a commercially available 1 pm femtosecond
pump laser [113]. Typical mid-infrared output powers of the
comb generators based on synchronously-pumped degenerate
DROs are a few tens of milliwatts, which is sufficient for most
spectroscopy applications.

Mid-infrared OFC sources based on singly-resonant SP-
OPOs have also been reported. These SP-SROs can produce
watt-level output powers [102] but the instantaneous spectral
width is smaller than that of synchronously pumped DROs,
typically ~10% of the comb centre wavelength [102,104]. On
the other hand, the centre wavelength of a SP-SRO can be
scanned the same way as that of a CW SRO - typically by
varying the QPM period [102], the SP-SRO cavity length
[104,114], or pump wavelength [115]. As an example, a phase-
stabilized comb tunable from 2.8 to 4.8 um has been
demonstrated by Ye’s group with a 7-mm long MgO:PPLN
fan-out crystal and Yb-fibre laser pumping at 1070 nm [102].
Phase stabilization was in this case realized by utilizing
parasitic mixing of the pump, signal, and idler beams in the
nonlinear crystal, such that the signal and idler combs could be
referenced to the pump comb. In a recent experiment of Reid’s
group, the nonlinear crystal (multigrating PPKTP) was
specifically designed for efficient mixing of the pump and idler
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beams, in order to enable convenient stabilization of the mid-
infrared comb over its entire tuning range, from 1.95 to 4.0 pm
[114].

If the SP-OPO cavity dispersion owing to a relatively long
crystal is large enough, it is possible to pump a SP-OPO with
two pump lasers that have slightly different repetition rates
[116]. Another possibility is to use a two-crystal SP-OPO,
where each crystal is independently pumped with a
femtosecond laser [117]. Such SP-OPOs that simultaneously
produce two mid-infrared frequency combs are useful for dual-
comb spectroscopy [118,119].

A common  method spectral ~ broadening
(supercontinuum generation) of mode-locked laser light in the
near-infrared region is to pass the light through a highly
nonlinear optical fibre [100]. This method has recently become
available also in the mid-infrared region [120]: Spectral
broadening of mid-infrared combs has been demonstrated in
tapered chalcogenide fibres at 1-3.7 um [121] and at 2.2-5 pm
[122]. Considerable spectral broadening can also been achieved
in optical waveguides, such as in a nanospike chalcogenide
waveguide at 3-6 um (discontinuous) [123], or in a silicon
nanophotonic wire waveguide at 1.5-3.3 pm [124]. An octave
spanning spectrum has been produced in a LiNbO; waveguide
pumped by a Tm-doped fibre laser system [125].
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Figure 14. The spectrum of an octave spanning mid-infrared frequency comb
generated by a degenerate, synchronously pumped OPO. Note that individual
modes of the comb are not resolved due to the limited resolution of the optical
spectrum analyser. The large dip in the measured spectrum at ~4.2 um is due to
CO, absorption in air between the OPO and spectrum analyser. Reproduced with
permission from [110].

MID-INFRARED COMB GENERATION BY DFG

In addition to parametric oscillation, a near-infrared frequency
comb can be transferred to the mid-infrared region by
difference frequency generation. The simplest implementation
of this approach is to mix a near-infrared comb with a CW laser

This journal is © The Royal Society of Chemistry 2012
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beam in a nonlinear crystal. As an example, a 180-nm wide
comb tuneable from 2.9 to 3.5 um has been generated by
mixing an amplified near-infrared (1.5 pm) frequency comb
with pump light generated by an Yb-fibre amplified ECDL
(1030-1070 nm) in a PPLN crystal [126]. The mid-infrared
comb was referenced to the SI primary standard by phase-
locking the pump laser to the near-infrared comb, which was
fully stabilized and extended down to ~1 um wavelength. The
main limitation of this method is low mid-infrared output
power, typically a few microwatts in total, or ~100 pW/comb
tooth. A higher power level of approximately 0.5 mW
(1 pW/tooth) has been achieved by difference frequency mixing
inside a laser cavity in order to increase the pump power in the
nonlinear crystal [127]. In this case, the pump laser was a
Ti:sapphire laser operating at ~0.8 um, and the near-infrared
comb was produced by an Yb-fibre laser system at 0.5-1.1 um.

Because the DFG efficiency is proportional to the peak
powers of the input beams, a high-power mid-infrared comb by
DFG can be achieved by mixing two branches of a femtosecond
comb instead of mixing a comb with a CW laser [128]. As an
example, an average power of more than 500 mW (3 uW/mode)
was recently achieved between 2.8 and 3.5 pum using this
method [129]. Neely ef al. have generated a 125 mW comb
tuneable from 3 to 4.4 um by mixing, in MgO:PPLN, the beam
of a femtosecond Yb-fibre laser and a Raman-shifted soliton
generated with the same laser [130]. The same approach has
also been used with other crystal materials, such as GaSe,
AgGaSe,, and QPM GaAs, allowing for large tuning ranges
from 3 pm to 10 um or beyond [131,132,133]. Recent studies
have shown that the mid-infrared power can be boosted to the
watt-level by using multi-stage optical parametric amplification
[134].

EMERGING TECHNOLOGIES

The longest wavelength that has so far been directly obtained
from a mode-locked laser is 2.8 um, which has been
demonstrated with an Er-doped ZBLAN laser [135]. A more
common solution for operation at ~2.5 pum is to use Cr*":ZnSe
and Cr*":ZnS lasers [101]. Mode-locked mid-infrared lasers are
also being developed based on, e.g., Tm’", Ho®", and Fe*'
doped crystals, as well as on quantum cascade lasers [136].
Despite the recent progress in the research of mode-locked
infrared lasers, the most promising new methods for mid-
infrared comb generation are still based on parametric
frequency conversion [101].

Difference frequency generation and optical parametric
oscillation discussed above are examples of quadratic nonlinear
processes that arise from the second order susceptibility (x®) of
the nonlinear material. An optical frequency comb can also be
generated in a cubic (x)) nonlinear material, via optical Kerr
effect that leads to spectral broadening of a CW pump laser
beam. This so-called Kerr comb generation was first
demonstrated in 2007 using SiO, microresonators, and has
since been realized with several other materials [137]. Kerr
combs at wavelengths longer than 2.5 pm have recently been
reported using, at least, silicon [138], CaF, [139], and MgF,
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[139,140]. In general, the Kerr comb generation requires the
use of a microresonator, which leads to a large mode spacing of
> 10 GHz, rendering these combs unsuitable for high-resolution
multispecies trace gas spectroscopy. A potential solution to this
problem is based on cascaded quadratic nonlinearity, which
mimics the cubic nonlinearity. The cascaded quadratic effect
leads to strong self-phase modulation and four-wave mixing
even in bulk systems [125], and can be used to generate combs
with ~100 MHz to 1 GHz mode spacing [141,142,143,144].
This method, in combination with intracavity DFG, has already
been used to produce a high power (> 3 W) mid-infrared comb
tunable from 3 to 3.4 pm [145]. The main challenge with this
new type of frequency comb is the excessive phase and
amplitude noise observed in the first prototype systems —
further research is needed in order to achieve low-noise
operation, which is a prerequisite for accurate and sensitive
OFC spectroscopy.

3. Applications

In the following, we review some of the most important
applications of tuneable single-frequency mid-infrared OPOs
and difference-frequency generators, as well as parametric
frequency combs. We first discuss trace gas detection, which is
one of the most important uses of mid-infrared spectroscopy,
and has several existing and potential applications. Industrial
process control and environmental monitoring are examples of
applications where these methods have already proven useful in
the field [1]. Medical diagnostics by analysis of exhaled breath
is also developing rapidly, with several demonstrations in
laboratory conditions [2,146].

In addition to trace gas detection, we discuss the use of
parametric mid-infrared sources in fundamental research of
molecules. We have selected a bunch of examples that illustrate
not only the diversity of applications, but also the wide variety
of spectroscopic methods that can be combined with the mid-
infrared sources presented in Section 2.

3.1. Trace gas detection

Several demonstrations of trace gas detection by mid-infrared
DFG-sources and OPOs have been reported during the past 20
years. The first reports of high-resolution trace gas detection by
CW DFG were published in the beginning of 1990’s. The first
setups were based on bulky dye lasers and Ti:sapphire lasers
[14], but soon more compact spectrometers based on tunable
diode lasers, fibre lasers, and PPLN crystals were developed
[147,148,149]. The advent of PPLN, as well as high-power
solid state lasers and fibre lasers, lead to the development of
single-mode CW OPOs in the beginning of 2000s, further
increasing the mid-infrared power as compared to the DFG-
based systems [150].

Direct absorption spectroscopy (DAS), in which the mid-
infrared beam is passed through the gas sample and then
detected with a photodetector, is the simplest method for trace
gas analysis using both DFG and OPO. With high enough mid-
infrared power shot-noise-limited detection

for nearly
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(~0.1 mW depending on the detector), a normalized noise-
equivalent absorption coefficient (NNEA") as small as 10 to
10 cm'Hz 2 can be obtained, especially if balanced detection
etc. is used to compensate for the noise caused by power
fluctuations of the light source [151,152,153,154]. When used
for spectroscopy of strong fundamental vibrational transitions
of molecules like CH4 and N,O within the atmospheric window
between 3 and 5 pm (Fig. 1), this translates into a detection
limit of ~1 ppm (parts-per-million) volume-mixing ratio with a
typical absorption path length of 1 m. An obvious solution to
improve the sensitivity of trace gas detection is to increase the
absorption path length. Apart from certain applications in
atmospheric monitoring [155], increase of the path length
simply by placing the detector far away from the light source is
impractical. A common approach to achieve a path length of up
to a couple hundred meters is to use a multipass cell. Multipass
cells of, e.g., Herriot or White type, are commonly used in the
mid-infrared region, as they can be implemented using metal
coated mirrors [1,151]. The spectrometers based on multipass
cells are relatively simple, compact, and robust, and hence
suitable for field applications of trace gas detection. As an
example, a 3.3-pm DFG source combined with a 80-m Herriot
cell has been used to detect CH, in air with a sub-ppb detection
sensitivity (corresponding to NNEA ~5x10"° cm'Hz %)
[154]. Other compounds measured in air with similar setups
and with essentially similar performances include CO (5 ppb),
N,O (2 ppb), CO, (100 ppb) [156], as well as benzene (50 ppb)
[157]. As usual, these measurements were carried out using a
sample pressure lower than the atmospheric pressure, in order
to reduce pressure broadening of the absorption lines and hence
to improve the spectroscopic resolution and selectivity.

The high sensitivity and selectivity of CW mid-infrared
laser spectroscopy are useful not only for trace gas detection,
but also for the determination of isotopic compositions of trace
gases. Accurate measurements of isotope abundance ratios are
needed in several areas, including environmental and medical
sciences. As an example, the measurement of temporal and
local changes of *CO,/'CO, can be used to locate and quantify
CO, sinks and sources, such as volcanic sources and
anthropogenic (industrial, agriculture) sources [158,159,160].
Reliable measurements of isotope ratios typically require a high
spectroscopic resolution, owing to the spectral proximity of the
absorption features of different isotopes and interfering species.
A typical DFG-based high-resolution mid-infrared spectrometer
can provide 107 -level precision in the determination of the
isotope ratio for, e.g., CO, [158] and N,O [159].

While the increase of absorption path length by use of a
multipass cell aims at enhancement of the absorption signal, the
spectrometer performance can also be improved by noise-
reduction techniques, such as those based on modulation. The
detection sensitivity of DAS can be improved by 2-3 orders of

Normalized to a 1-cm absorption path length and 1 Hz (electric)
detection bandwidth, which is inversely proportional to the integration
time of a single data point [151].
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magnitude by using wavelength modulation spectroscopy
(WMS) or frequency modulation spectroscopy (FMS). In both
of these techniques, the wavelength/frequency of the mid-
infrared source is modulated at frequency f,¢, and the
demodulation is done either at the modulation frequency f,0q or
its harmonics (2f04, 3fmods---)- The main conceptual difference
between WMS and FMS is that in WMS the modulation
frequency fioq is low compared to the half-width Afjjwiw of the
absorption line, while in FMS f .4 > AfgwuaMm. This leads to
slightly different spectra of the demodulated signals in the two
cases, and WMS and FMS are often discussed separately
although they are essentially the same technique just applied in
different frequency regimes [161].

Demodulation at 2f;,,q is most commonly used in trace gas
detection, because it gives the signal maximum on top of the
absorption line, while the odd harmonics have zeros at
absorption maxima [159,161]. Modulation of the wavelength
can most easily be done by directly modulating the wavelength
of the pump laser, as the modulation is transferred to the mid-
infrared beam according to Eq. 1. While the diode-laser based
pump sources can be modulated at very high frequencies, up to
tens of GHz, the electrical bandwidths of mid-infrared detectors
typically limit the usable range of f,,q to a few MHz or below.
Techniques like two-tone FMS can be used to overcome this
limitation [162], but
spectroscopy utilizes the WMS regime rather than FMS. The

in general mid-infrared trace gas
improvement of the spectroscopic detection sensitivity in WMS
is mainly due to reduced noise level, as the detection of the
absorption signal is transferred from DC to a higher frequency.
(In most cases the measurement noise is dominated at low
frequencies by 1/f~noise).
together with the relative simplicity of the method, has made

The high signal-to-noise ratio,

WMS one of the most popular approaches in the field
applications of trace gas detection [148, 163]. For instance, a
detection limit of 74 ppt (in 1 min.) for formaldehyde (H,CO)
has been achieved with a spectrometer that combines WMS
with a multipass cell, and utilizes a 3.5-pm DFG source [163].
Demonstrations of WMS using CW mid-infrared OPOs have
also been reported [164], including a measurement of ethane
(C,Hg) with a detection limit of ~1ppb in ~1 second at 3.3 um
(NNEA =1.2x10" cm'Hz"?) [91]. The theory and general
aspects of WMS are well summarized in a paper by Silver
[161], and discussed in more detail in papers of Axner’s group
[165,166].

This journal is © The Royal Society of Chemistry 2012
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CAVITY-ENHANCED ABSORPTION SPECTROSCOPY

The effective absorption path length can be increased to several
kilometres by coupling the mid-infrared beam into an optical
cavity formed by highly reflective low-loss mirrors. High-
quality dielectric mirrors with reflectivity of better than 0.9998
in the wavelength region 3-5 um are commercially available
[167]. A 1-m long cavity formed by two such mirrors leads to
an optical path length of about 5 km — in other words, a photon
coupled into the cavity bounces back and forth between the
mirrors for 5 km on average, before escaping the cavity. This
results in an enhancement of the detectable absorption by three
orders of magnitude as compared to direct absorption
spectroscopy, allowing trace gas detection down to the parts-
per-trillion (ppt, 107'%) level.

The simplest implementation of CW cavity-enhanced
absorption spectroscopy (CEAS) is to measure the optical
power transmitted through the cavity while scanning the
wavelength of the mid-infrared OPO or DFG source. The
absorption spectrum is imprinted on the transmitted power
spectrum the same way as in DAS, but amplified with the
enhancement factor of the cavity. This method is often referred
to as integrated cavity output spectroscopy (ICOS) [168]. The
light can be coupled into the cavity using the on-axis
configuration (Fig. 15c), which means that the mid-infrared
beam is directed to the optical cavity parallel to its optical axis.
The input beam is carefully mode-matched so that only the
lowest order transversal mode (TEM,) of the cavity is excited.
This leads to a cavity transmission spectrum that consists of
peaks separated by the longitudinal mode spacing, or free
spectral range FSR = ¢/L,, where L, is the round-trip length of
the cavity. If the cavity length is kept constant, this means the
absorption spectrum can be sampled with a frequency spacing
of FSR, which is ~ 0.01 cm™ (300 MHz) for a typical 0.5 m
long standing wave cavity (L, = 1 m). This spectral resolution
is sufficient in the measurements of pressure broadened mid-
infrared absorption lines that have a linewidth of approximately
0.1 cm™ at atmospheric pressure. An advantage of this method
is that the FSR of the cavity is known with a relatively high
accuracy, which gives a simple means to calibrate the
frequency axis of the absorption spectrum. The resolution can
be improved by slightly scanning the cavity length between the
OPO/DFG frequency scans using a piezoelectric actuator, such
that the cavity transmission spectrum moves relative to the
absorption spectrum to be measured.
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Physical Chemistry Chemical Physics

Page 16 of 30

ARTICLE Journal Name
(a)
AOM Cavity
Gas in Gas out
(b)
Ty 30
Light injection shut off
. T,= 25 ps

— }\ fé’,- 25-,._._.‘_./4_‘,\

m 1

S) A o)) A A

5 ". _._E_ .

% Empty cavity ring down (t, = 25 ps) : § 204

g ‘\ O

8 Light . Ring down with sample (t = 15 ps) g

ild- \ £
build-up \ £ 154 \
w(v,) =15 ps
40 20 0 20 40 60 80 100 g 10
Time (us) Optical frequency v
(©) o o
On-axis excitation Off-axis excitation
[N o

Figure 15. The principle of cavity ring-down spectroscopy. (a) The mid-infrared beam is mode matched to the cavity formed by two highly reflective mirrors. The
cavity also contains the gas sample under measurement. An acousto-optic modulator (AOM) is used to switch off light injection into the cavity, so as to measure the
ring down signals with a fast photo detector. (b) The light power transmitted by the cavity, as measured with the detector when the light frequency is matched with
a cavity resonance frequency. The absorption spectrum of the gas sample can be deduced from the measured ring-down time vs. frequency tuning using Eq. (9). (c)
Two different configurations for cavity enhanced spectroscopy: In on-axis configuration, the input beam is mode-matched to the lowest-order transversal mode
(TEMgo) of the cavity. In re-entrant off-axis configuration, several transversal modes are excited in order to improve the spectral resolution.

The attainable trace gas detection limit of ICOS is often
limited by the noise caused by fluctuations of the light and its
coupling to the cavity. A common approach to mitigate this
problem is to use so-called off-axis coupling (Fig. 15c), which
resembles multipass alignment [169,170]. In general, a large
number of high-order transversal modes are excited within one
FSR, leading to a nearly continuous cavity transmission
spectrum. Such configuration allows for fast, high-resolution
spectroscopy, although the calibration of the frequency axis is
lost. Another advantage is the reduction of noise caused by
changes in cavity alignment and coupling [170]. Off-axis ICOS
requires a relatively powerful (> 1 mW) mid-infrared light
source, such as a high-power DFG source [170,169,171,172] or
a CW SRO [173]. This technique has been applied to sub-ppb
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detection of greenhouse gases [172], as well as to breath
analysis, which requires sensitive real-time monitoring of trace
gases in a complex gas matrix. As an example, Arslanov et al.
have demonstrated simultaneous detection of ethane, methane
and water in exhaled breath using an off-axis ICOS
spectrometer based on a CW-SRO that is tunable from 3 to 4
pm [174]. They have also reported a detection limit of 50 ppt
(0.25 s) for ethane using the same setup, corresponding to an
NNEA of 4.8x107" cm'Hz "2 [173].

In addition to the noise arising from power fluctuations,
ICOS suffers from the difficulty of accurate determination of
the effective absorption path length. For this reason, the
measurement needs to be calibrated separately. Both the need
for calibration and the degradation of signal-to-noise ratio due

This journal is © The Royal Society of Chemistry 2015
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to power fluctuations can be avoided by using CW cavity ring-
down spectroscopy (CRDS) [175], which is sometimes referred
to as cavity leak-out spectroscopy [176]. In CRDS, light
injection in the cavity is momentarily switched off using, e.g.,
an acousto-optic modulator, and the subsequent decay of the
light field stored in the cavity is measured (Fig. 15). The decay
time, or ring-down time, of the light intensity depends on the
optical losses of the cavity, which gives a sensitive means to
measure the absorption due to the sample gas. The absorption
coefficient o at frequency v of the light can be calculated from

(9)

where t(v) is the ring-down time in the presence of gas that
absorbs at v. Time constant 1, is a reference value that indicates
the decay time without any absorbing gas. Whilst often referred
to as the “empty-cavity” ring-down time, T, is in practice
obtained by measuring the ring-down signal at a frequency
where there is no absorption due to the sample gas.

In addition to being practically immune to fluctuations of
the injected power, CRDS is calibration free, as the absorption
coefficient can be deduced directly from the measured ring-
down time (Eq. 9). Typical ring-down times with highly
reflective mirrors in the 3-5 um band are in the order of 10 pus
[167]. In practice, the NNEA of a CW mid-infrared CRD-

spectrometer is 105-1071° cm'Hz "2

, making this method very
useful for the detection and analysis of small concentrations of
trace gases [60,167]. As an example, von Basum et al. have
demonstrated ppt-level detection limit for ethane in air using a
CW-OPO at 3.35 pm (NNEA = 1.6x107"° cm'Hz %) [176].

The most common design used in CW CRDS is based on
the on-axis configuration; the off-axis configuration is rarely
used, one reason being the lack of frequency-axis calibration.
So-called re-entrant off-axis configuration is an exemption in
this sense. By choosing the cavity length properly, it is possible
to excite certain groups of degenerate cavity modes, such that
the cavity transmission pattern still consists of discrete,
equidistant lines, but the line spacing is an integer fraction of
FSR [177]. Off-axis re-entrant CRDS has been applied to fast
(5 ms) and sensitive (NNEA = 2.8x10® cm'Hz'"?) high-
resolution measurements of H,CO using a 3.4-um CW SRO as
a light source [178].

PHOTO-ACOUSTIC SPECTROSCOPY

The output power of a tunable CW OPO can be several watts,
which is 1-3 orders of magnitude more than what is available
from narrow-linewidth mid-infrared semiconductor lasers. The
combination of high output power and broad wavelength tuning
range makes the CW mid-infrared OPOs an excellent solution
for trace gas detection by photo-acoustic spectroscopy (PAS)
[179]. In PAS, the OPO output beam is passed through a gas
sample, which is typically enclosed in a cell of a constant
volume. The OPO power absorbed by the sample molecules
leads to local heating of the gas, which causes a pressure

This journal is © The Royal Society of Chemistry 2012
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increase. If the optical excitation of molecules is done
periodically, for instance by chopping the power of the OPO
beam, the pressure change is also periodic. This acoustic wave
at the chopping frequency can be detected with a microphone,
often using lock-in detection for improved signal-to-noise ratio.

The voltage signal Spsg measured by the microphone is

Spas(v) = Ca(v)Py(v), (10)

where C is the instrument constant (in units Vxcm/W) and
Py(v) is the incident optical power. In other words, the detection
sensitivity of PAS can be improved by increasing the power,
which favours the use of high-power sources like singly-
resonant OPOs.

Photo-acoustic spectroscopy is a zero-background method,
because in the ideal case microphone signal is generated only
when the sample molecules absorb light. In practice, some
residual background signal also appears due to acoustic noise
and due to absorption of the OPO light on the cell walls and
windows [179]. These effects can be minimized by proper
design of the experimental setup, in which case trace gas
detection sensitivity comparable to that of cavity-enhanced
spectroscopy can be obtained. For example, wavelength
modulation can be used instead of amplitude modulation
(chopping), so that a photo-acoustic signal is generated only in
the presence of a frequency-dependent loss, such as an
absorption line, and not due to wall absorption etc. [180,181]. A
typical photo-acoustic spectrometer is intrinsically simple and
compact, which makes the method field
measurements. Also, the wavelength region for trace gas
detection by PAS is only limited by the availability of laser
sources, not by optical components. On the other hand, unlike
DAS or CRDS, PAS is not an absolute method but requires
calibration.

suitable for

Conventional PAS instruments are based on condenser
microphones or piezoelectric microphones. Up to one or two
orders of magnitude improvement in detection sensitivity can
be obtained by using an acoustic resonance tube, which
enhances the acoustic signal [179]. The normalized noise
equivalent absorption coefficient measurable with such PAS
setups, when using a mid-infrared CW OPO as a light source,
are typically of the order of 10%-10° Wem'Hz "%, enabling
sub-ppb-level detection of ethane and other trace gases that
strongly absorb between 3 and 4 pm wavelengths [50,182,183].
Note that in this case the NNEA is also normalized to optical
excitation power, as the PAS sensitivity ideally improves
linearly with power. The use of CW OPO-based PAS in life
sciences has been demonstrated by Harren’s group, one
intriguing application being real-time monitoring of trace
amounts of CO, released during the respiration of living ants
[184]. The same group has also measured hydrogen cyanide
(HCN) from plant leaves, from human breath, as well as from
Pseudomonas bacteria [185].

Recent improvements in PAS have focussed on new
innovative microphone designs, such as quartz tuning fork
[186] and silicon cantilever [187] microphones. The first of
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these solutions is referred to as quartz-enhanced photoacoustic
spectroscopy, QEPAS, and it uses a small quartz tuning fork as
a resonant acoustic transducer. Similar to more conventional
approaches, an additional acoustic resonator, such as a small
tube, can be used to further enhance the photoacoustic signal.
Owing to the small size of a quartz tuning fork, QEPAS is
suitable for the analysis of gas samples of small volume of the
3. On the other hand, the small size of the
resonant structure limits the effective absorption path length to

order of 1 mm

a few millimetres or less, which makes detection of minuscule
trace gas concentrations challenging. Nevertheless, QEPAS has
been applied to  ppb-level detection (NNEA =
4.4x107 Wem'Hz V) of ethane using a widely tunable mid-
infrared CW SRO [188]. Significantly better values have been
reported with other lasers, such as with a quantum cascade laser
at 10.5 um [189].

Cantilever-enhanced spectroscopy (CEPAS) has also been
demonstrated with a mid-infrared CW SRO. Detection limits of
190 ppt (1 s) and 65 ppt (30 s) were obtained for HCN and
CH,, respectively, corresponding to an NNEA of
1.8x10° Wem™'Hz 2 [181]. In this case, the sensitivity was
limited by the power and wavelength fluctuations of the OPO;
an order of magnitude better NNEA can be obtained with a
more stable laser [190]. The acoustic signal is detected in
CEPAS by measuring the movement of the silicon cantilever
with a laser interferometer. The movement of the cantilever is
highly linear, and approximately two orders of magnitude
larger than that of a conventional membrane microphone [187].
Together with the possibility of using relatively long gas cells
(~10 cm) this makes it possible to achieve very low trace gas
detection limits with CEPAS.

MID-INFRARED FREQUENCY-COMB SPECTROSCOPY

Several aspects need to be taken into account for accurate
quantification of trace gas concentrations, as is discussed, for
example, in Refs. [167,191]. In practice, a laser spectrometer
can be calibrated using a reference gas standard, but in many
cases the absorption line strengths need to be known in order to
calculate the trace gas amount fractions. Absorption line
strengths, as well as other line parameters like pressure
broadening coefficients, of several molecular transitions are
listed in spectroscopic databases, such as HITRAN [192] and
GEISA [193]. Determination of the absorption line areas, which
also need to be known for reliable calculation of the amount
fractions, requires a calibration of the frequency/wavenumber
axis of the measured absorption spectrum. This can often be
accomplished with a sufficient precision by concurrently
measuring the transmission spectrum of an optical etalon that
has a known FSR [191].

Optical frequency combs have provided a new tool for
accurate calibration of the frequency axis in optical
spectroscopy. Frequency comb spectroscopy can be divided in
two categories: Direct OFC spectroscopy, where the comb light
is directly used to measure the gas spectrum, and OFC-assisted
spectroscopy,

linewidth CW laser is used for spectroscopy. In OFC-assisted

where a tunable, OFC-referenced narrow-
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spectroscopy, the absolute frequency of a tunable laser can be
determined during a frequency scan by a beat-frequency
measurement against a fully stabilized OFC [194,195].
Alternatively, the laser frequency can be locked to the OFC, in
which case the frequency scanning is carried out by tuning f; or
Jfeeo Of the comb [196].

The high cost and complexity of the mid-infrared OFCs has
so far limited their spectroscopic use to laboratory conditions,
and only one demonstration of the spectroscopy of outdoor air
has been reported: atmospheric concentrations of CHy and H,O
were measured over a 26-m path with direct
spectroscopy, using an OFC based on a synchronously pumped
3.25-um SRO [197]. Fast acquisition times of tens of pus to 2 ms
and sub-ppm detection limits were achieved using a detection
scheme based on a virtual-image phased array (VIPA) etalon
disperser, which is combined with a diffraction grating [6,198].
This system disperses the comb light in two dimensions, and an
array camera is used to detect the 2-D picture such that that

comb

each pixel of the camera corresponds to an optical frequency.
The VIPA spectrometer allows for rapid broadband
measurements to be performed without the need to stabilize the
OFC. The measurement resolution is typically better than 1
GHz (0.03 cm™), which is sufficient for trace gas analysis in
atmospheric pressures [197]. It has been shown that the mid-
infrared spectrum can be efficiently upconverted to the near-
infrared region, where high-quality optical components and
detectors are better available [199].

Despite the practical challenges related to the existing mid-
infrared comb technology, direct OFC spectroscopy has several
potential advantages over tunable laser spectroscopy in trace
gas analysis. A large number of molecular transitions and
species can be measured at once, often in real-time and with
high sensitivity, owing to the large spectral coverage of the
OFCs [200,201,202,203]. The combination of a broad spectrum
and high resolution also makes it possible to better account for
baseline variations and interfering spectral features due to, e.g.,
water absorption. This is particularly useful in applications that
require detection and quantification of several trace gases
simultaneously, such as The
characteristics are also needed to measure complex and dense

in breath analysis. same
spectra of large asymmetric molecules, including many volatile
organic compounds.

While the research of OFC spectroscopy has so far focused
on the near-infrared region, several demonstrations in the mid-
infrared region have also been reported using various methods
and detection schemes, many of which are reviewed in Refs.
[204,205]. The most common solution is to pass the OFC light
into an external gas cell [201] or cavity [203] that contains the
sample to be measured. The gas sample can also be injected
inside the cavity of a mid-infrared comb generator (SP-OPO),
which simultaneously serves as a multipass cell that enhances
the effective absorption path length by approximately a factor
of ten [206]. The mid-infrared spectrum behind the gas sample
can be recorded with a low-cost optical spectrum analyser, such
as a VIPA spectrometer [198] or an FTIR spectrometer
[203,206]. One of the benefits of using an OFC as a light source
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Figure 16. The basic principle of dual-comb spectroscopy. Infrared frequency comb OFC 1 is passed through the gas sample under measurement, and subsequently
heterodyned with a reference frequency comb (OFC 2) at a photodetector. Owing to the slightly different repetition rates of the two combs, the heterodyne
measurement produces a comb in the radiofrequency domain, such that each tooth of the RF comb unambiguously corresponds to a tooth of the infrared comb
OFC 1. The infrared spectrum of OFC 1 with the gas absorption imprinted on it is obtained from the RF spectrum by multiplying the frequency axis with the scaling

factor f,/Af.

for FTIR spectroscopy, in contrast to conventional thermal light
sources, is the possibility of surpassing the interferometer-
limited resolution of the FTIR spectrometer with OFCs [207].

A unique combination of fast measurement speed, good
signal-to-noise ratio, high spectral resolution, and excellent
frequency accuracy can be obtained using dual-comb
spectroscopy, which resembles the FTIR method but does not
require any moving parts [201,202,208,209]. The generation of
an FTIR-type interferogram can be understood by considering
the dual-comb method as a form of optical time-domain
spectroscopy: The beam from one of the combs passes the gas
sample while the other comb is used as a reference. The beams
of these two combs are superimposed on a photodetector.
Owing to slightly different pulse repetition rates of the two
combs, the timing between the pulses varies over time, making
it possible to construct the electric field of the measuring pulse
as a function of time. Fourier transform of this time-domain
signal (interferogram) gives the spectrum. The dual-comb
method can also be viewed as a multiheterodyne measurement,
which converts the optical spectrum to the radiofrequency
regime, where it can be easily recorded in real time (Fig. 16)
[208]. This method is somewhat demanding to implement,
because it in general requires two stabilized combs. This
requirement is often easier to meet in the near-infrared region,
especially because the two combs can be phase-coherently
generated from a single laser [210,211,212,213]. Moreover,
successful dual-comb measurements with mutually non-
stabilized OFCs have been reported in the near-infrared region
[214].

In addition to actual trace gas detection, accurate OFC
spectroscopy is also useful for gathering improved data for
spectroscopic databases that form an essential tool for real-
world applications — after all, the accuracy of trace gas
spectroscopy often depends on the quality of these databases
[167]. As an example, Baumann et al. have used dual-comb
spectroscopy to measure 132 rovibrational lines of the P, Q,
and R branches of the v; band of CH, at ~3.4 um [201]. Their
estimated systematic uncertainty in the determination of line
centre frequencies was 300 kHz, which is an order of
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magnitude improvement compared to prior data collected using
conventional FTIR spectroscopy. The uncertainty mainly arises
from the spectroscopic shifts, since the frequencies of the mid-
infrared comb lines were known with an accuracy of better than
100 Hz.

The need for accurate, high-resolution measurements for the
improvement of molecular databases has motivated several
groups to investigate OFC-assisted mid-infrared spectroscopy
[37,59,81,195,215,216,217]. The schemes developed so far can
be divided in two categories: The comb can be used as a ruler
to calibrate the frequency axis during CW laser frequency scans
[195], or the CW laser frequency can be locked to the OFC,
typically such that there is a small frequency offset (< f)
between the laser and the nearest comb tooth [217]. With tight
phase locking between the laser and the comb, via either
electronic feedback or optical injection locking [218], the
accuracy of the mid-infrared frequency is ultimately limited by
the uncertainty of the microwave frequency standard used as a
reference for the OFC [196]. The frequency of the mid-infrared
laser can be scanned with a high precision by changing this
lock offset, although a small discontinuity is often inevitable at
frequencies where the lock offset, i.e., the beat frequency
between the laser and the comb, is zero or f/2. These
discontinuities can be avoided by using another scanning
method, where the lock offset is kept constant while the comb
repetition frequency is scanned [46,80]: According to Eq. (7),
the change in the mid-infrared frequency of a comb tooth is
equal to the change of f; multiplied by m, which is the mode
number of the tooth. The mid-infrared frequency can also be
swept by changing the comb offset frequency, but in most
OFCs the offset tuning range is small, of the order of f;.

The most important configurations for OFC-assisted mid-
infrared spectroscopy are illustrated in Fig. 17. One of the
approaches is to use a parametrically generated mid-infrared
frequency comb to which a CW mid-infrared source is
referenced (Fig. 17a) [171,219]. However, as the generation of
fully-stabilized high-power OFCs in the mid-infrared region is
challenging, a more common approach relies on the use of a
CW mid-infrared source that is derived from near-infrared
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Figure 17. Four different schemes for referencing an infrared wavelength A; to an optical frequency comb. (a) Direct beat-frequency measurement with a
parametrically generated mid-infrared frequency comb, (b) referencing of pump and signal wavelengths of a CW DFG or OPO source to a near-infrared frequency
comb, (c) referencing the mid-infrared wavelength to a near-infrared frequency comb after second harmonic generation (SHG), and (d) after sum-frequency

generation (SFG).

lasers by parametric generation; a continuous-wave OPO or
DFG source can be directly referenced to a fully stabilized
near-infrared OFC (Fig. 17b). For instance, the standard mid-
infrared DFG is based on 1064-nm and 1550-nm lasers, which
can both be directly locked to an OFC produced by an Er-doped
mode-locked fibre laser [196,215,216]. The same approach also
works with a CW OPO [59,79,81,82]. An advantage of this
method is that as both the pump and signal frequencies are
referenced to the same comb, the comb offset frequency fi.,
cancels out and does not need to be stabilized or known [216].
On the other hand, it is difficult to perform large frequency
scans by tuning the repetition frequency of the OFC if v, and v;
are both locked to it. A wide continuous sweep of the mid-
infrared frequency requires that these both frequencies can be
scanned without mode hops over large ranges, which becomes
an issue especially with CW OPOs. Use of an external
frequency tuning apparatus, such as an electro-optic modulator
(EOM), provides a potential cure to this problem. Although the
typical tuning range attained by an EOM is limited to a few
hundred MHz or less [78], scanning ranges of tens of GHz are
potentially possible with modern EOMs or with an innovative
new method called “endless frequency scanning”, which is not
limited by the tuning range of the EOM [220,221].

Another solution that avoids the problem of limited
scanning range is to directly link the mid-infrared frequency to
a near-infrared OFC. This can be done by second harmonic
generation (frequency doubling) [83] or by sum-frequency
generation [217], as illustrated in Figs. 17c¢ and 17d,
respectively. Second harmonic generation works particularly
well with CW SROs that have high enough output power for
efficient single-pass frequency doubling in a nonlinear crystal
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[83]. In practice, any output wavelength of the CW SRO
between 2 and 4 um can be locked to the Er-fibre OFC, which
spans from 1 to 2 um. The repetition frequency of a typical Er-
fiore OFC can be tuned by approximately 1%, which
corresponds to a continuous tuning over several hundred GHz
of the mid-infrared beam locked to the comb.

Comb-assisted spectroscopy in the mid-infrared region has
been used to measure molecular absorption line parameters
with high accuracy; especially the v; band of CH, centred at 3.4
pm has been extensively studied [201,216,222,223,224]. The
high optical power and narrow linewidth makes the CW mid-
infrared sources ideal for saturated absorption spectroscopy
either in dual-pass or cavity enhanced geometry. The resulting
sub-Doppler resolution is particularly useful for the precise
determination of line centre frequencies, as has been
demonstrated, e.g., by the group of Sasada. They have used a
narrow-linewidth DFG source and cavity-enhanced wavelength
modulation spectroscopy to measure the centre frequencies of
more than 200 absorption lines of the CH, v; band at ~3.2 to
3.5 pm [222,223]. The same group has also published accurate
centre frequencies of several hyperfine components of the
fundamental vibration bands of two isotopomers of hydrogen
chloride, H**C1 and H*Cl, at ~2900 cm’' [225].

Parametric CW sources referenced to OFCs are useful for
the purposes of frequency metrology in general, for example to
perform direct phase-coherent comparisons of mid-infrared and
near-infrared frequency standards (molecular clocks), as has
been demonstrated by Kovalchuk ef al. [79]. It is also expected
that the excellent frequency precision provided by tunable
OFC-locked lasers open new opportunities in applications that
require uttermost trace gas detection sensitivity. As an example,
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Galli et al. have reported parts-per-quadrillion (ppq, 107°) level
detection of radiocarbon-dioxide (*CO,) with OFC-assisted
CRDS at 4.5 um wavelength [226]. The exceptionally high
detection sensitivity was largely due to the long acquisition
time of 1 h, which was made possible by the good frequency
accuracy of the OFC-locked DFG source used in the
experiments.

3.2. Basic research

The use of mid-infrared frequency combs and CW OPOs in the
field applications of trace gas analysis is still marginal because
of the limited commercial availability and relatively high cost
and complexity of these instruments. Several applications of
parametrically generated mid-infrared light
fundamental research, on the other hand, have been reported
during the past few years. In the following, we briefly review
some of these applications, many of which rely on high-
resolution rovibrational spectroscopy in the C-H stretching
region, close to the 3 um wavelength. We also introduce the
basics and recent developments of the mid-infrared laser
spectroscopy methods that are most relevant for the research
areas discussed here.

sources in

NEUTRAL MOLECULES

Both CW OPOs and DFG sources have been used to study the
vibrational bands of several molecules in the mid-infrared
region. Many of these studies have been made in conditions
relevant to atmospheric chemistry or environmental monitoring,
therefore falling in the same category as the already discussed
work on the improvement of spectroscopic databases. From the
fundamental research point of view, it is worth pointing out that
accurate studies of molecular absorption lines are also valuable
for tests of quantum mechanics theories [227], as well as for the
determination of molecular constants [225]. As an example, a
detailed analysis of the v; fundamental vibrational mode of gas-
phase Si,C;, as well as of the (v;+ v;)- v; hot band, has been
carried out based on recent high-resolution measurements with
a CW SRO at 5 um [86,228].

Another good example of a fundamentally oriented research
is a work of our group, where a novel spectroscopy method was
developed to study such vibrational states that are not directly
accessible from the vibrational ground state by one-photon
transitions. This so-called infrared stimulated emission probing
(IRSEP) method was demonstrated by measuring symmetric
rovibrational states of acetylene (C,H,) [229]. The molecules
were first pumped from the vibrational ground state to an
asymmetric state using a near-infrared laser, after which
stimulated emission was detected using a tunable mid-infrared
CW SRO as a probe. This method provides a sub-Doppler
resolution and a high signal-to-noise ratio that is an order of
magnitude better compared to a previous technique where
spontaneous fluorescence was detected instead of stimulated
fluorescence. The IRSEP method has provided new
spectroscopic data and molecular parameters of the vibrational
state 3v; of C,H,, which was observed for the first time [229].
Further improvements are expected with another new two-
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photon method which combines intense CW SRO pumping
with near-infrared CRDS. In this method, the acetylene
molecules are first pumped to an asymmetric vibrational
intermediate state by the SRO, and the transition to a symmetric
state (of a higher energy) is subsequently probed by CRDS. The
method has already been demonstrated by measuring the v, +
2vj state of acetylene [230].

Spectroscopy of complex molecules
complexes is challenging in atmospheric conditions owing to
their broad absorption spectra that consist of a vast number of
closely spaced lines [231]. One of the most popular methods for
high-resolution studies of such molecules is to inject the gas

and molecular

into the detection region by supersonic jet expansion, which is
typically oriented perpendicular to the laser beam used for
spectroscopy, as illustrated in Fig. 18. This arrangement
enables effective translational, rotational, and even vibrational
cooling, which simplifies the absorption spectra and permits
their measurements with sub-Doppler resolution [232]. An
additional advantage of using molecular beams formed by
supersonic expansion is the possibility of efficient preparation
of the molecules in a specific rovibrationally excited state by
either chemical reactions [233,234] or infrared laser pumping
[235]. The jet expansion method is convenient to combine with
direct absorption spectroscopy and multipass cells [233], but
can also be implemented within a ring-down cavity [231].

The jet expansion method is particularly useful for the
measurements of molecules that have dense absorption spectra
[231]. As an example, the C—H antisymmetric stretching mode
v, of diacetylene (HC4H) and the associated hot bands around
3333 ¢cm ! have recently been studied by Chang and Nesbitt
using slit-jet cooling [233]. Their spectrometer was based on a
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Figure 18. Use of a CW SRO for mid-infrared CRDS of complex molecules in
supersonic planar jet expansion, which is placed inside of the ring-down cavity.
The helium flow at both ends of the cavity is used to protect the highly reflective
cavity mirrors from contamination. Reproduced with permission from [231].

tunable CW DFG source and a Herriot-type multipass cell,
which was placed along the long axis of the slit jet expansion.
Diacetylene was generated in situ starting from discharge
in the pulsed supersonic slit
expansion. The diacetylene concentration was modulated with

dissociation of acetylene

the discharge so as to improve the measurement sensitivity by
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lock-in detection of the modulated absorbance signal. Sub-
Doppler resolution of the experiment permitted observations of
both rotational structure and Coriolis interactions in the v,
stretch.

Linnartz’s group has successfully implemented the jet
expansion inside a high-finesse optical cavity, in order to
improve the sensitivity of the absorption measurements using
CRDS. As a light source they use a widely tunable mid-infrared
CW SRO in the 3 pm region. This combination has permitted
high-resolution studies of several molecular species that are of
interest in astrochemistry, including HC,H [234], HC¢H
[236,237], and propyne [238]. Also here, the carbon-chain
species HC4H and HC¢H were produced in situ using a slit-jet
discharge nozzle. The detection sensitivity of a typical jet-
expansion CRDS setup is of the order of 107 cm'Hz 2
[231,236]. This is one to two orders of magnitude worse than
that is usually obtained by mid-infrared CRDS of static gas
samples, mainly owing to the limited absorption path length
through the expansion and the lower effective geometrical
coverage of the mid-infrared beam in the expansion [231]. On
the other hand, the spectroscopic selectivity is greatly enhanced
compared to the measurement of room-temperature gas
samples.

The detection sensitivity can be further improved by using a
technique called noise-immune cavity-enhanced optical
heterodyne molecular spectroscopy (NICE-OHMS). NICE-
OHMS is an ultrasensitive variant of FMS, and is capable of
providing an NNEA as good as 10" cm'Hz'"? in the near-
infrared region [239]. This significantly exceeds the sensitivity
of even the most sophisticated CRD-spectrometers based on
laser locking, which share the same level of complexity
[240,241,242,243]. As the name implies, the NICE-OHMS
method combines cavity-enhanced spectroscopy with frequency
modulation (heterodyne) spectroscopy. The details of the
method are discussed, e.g., in Refs. [239,244]. In brief, the
centre frequency of the laser used for FMS is tightly locked to a
cavity resonance using the Pound-Drever-Hall technique
[245,246]. The high sensitivity is then achieved by choosing the
modulation frequency of FMS such that it exactly matches the
FSR of the cavity. This selection makes the system essentially
immune to laser frequency noise, as it avoids the conversion of
frequency noise into amplitude noise by the cavity.

The use of NICE-OHMS spectroscopy in the mid-infrared
region was first demonstrated with a quantum cascade laser
[247], and later with parametric sources [248,249]. While the
required high-speed frequency modulation of a mid-infrared
beam is difficult to do externally, the modulation can be carried
out via the near-infrared pump beam of a CW DFG source or a
CW SRO. Detection sensitivities of the order of 10° cm™'Hz "2
have been reported for the NICE-OHMS spectroscopy of CHy
using such an approach [248,249]. This level of performance is
still far from the shot-noise limit, but further improvements are
expected [249]. Despite the potentially high performance, mid-
infrared NICE-OHMS
significant interest in the spectroscopy of neutral molecules.

spectroscopy has not yet gained

The research of charged molecules, on the other hand, has
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already greatly benefitted from this method, as discussed in the
following.

MOLECULAR IONS

Spectroscopy of molecular ions is an example of a research area
where mid-infrared CW SROs have been actively used during
the past few years. The first mid-infrared CW SRO experiment
in this field was reported in 2007, when a rotationally resolved
spectrum of the v;-stretch of the astrophysically relevant HCO"
at 3.2 um was measured by Linnartz’s group [250]. The
experimental arrangement was essentially the same as that
discussed above in the context of neutral molecules research:
The authors combined a widely tunable CW SRO with CRDS,
and obtained sub-Doppler resolution by translational and
rotational cooling of the ions using supersonic plasma
expansion inside the ring-down cavity.

High-resolution CW SRO spectroscopy of the v; band of
HCO" has also been reported by the group of McCall [251].
They have developed a new technique called noise-immune
cavity-enhanced optical heterodyne velocity modulation
spectroscopy (NICE-OHVMS) [252]. The NICE-OHVMS
method combines two state-of-the-art spectroscopy techniques,
NICE-OHMS and velocity modulation spectroscopy. This
combination provides a sub-Doppler resolution and an
impressive sensitivity of ~10"° cm 'Hz “? in the mid-infrared
spectroscopy of molecular ions, such as H;" [253,254], HCO"
[254], and CHs' [254]. A high frequency accuracy can be
obtained by referencing the mid-infrared idler beam of the CW-
SRO used for spectroscopy to a stabilized near-infrared OFC
[251]. The key to selective detection of molecular ions is
velocity modulation spectroscopy, which was originally
developed by Saykally’s group in 1980°’s [255]. This method is
typically used with a CW laser, although massively parallel
detection with a near-infrared OFC has also been demonstrated
[256]. Velocity modulation spectroscopy is based on the
modulation of plasma velocity by modulating the polarity of a
gas discharge. This leads to a modulation of the respective
Doppler shift, allowing one to discriminate the absorption due
to the charged species against that of the neutral species, which
in most cases are several orders of more abundant and would
otherwise obscure the weak absorption signal of the ions.

Methods for OFC-calibrated CW-SRO spectroscopy of
molecular ions in the mid-infrared wavelengths have also been
developed by Schlemmer’s group. In particular, they have
applied a mid-infrared CW SRO to mass-selective action
spectroscopy based on light induced reactions (LIR), in order to
study trapped molecular ions in cryogenic temperatures. The
focus of these studies has been on molecular ions that are of
importance in astrochemistry, such as CH,D" [257], [-C;H"
[258], and CHs" [259]. They have also demonstrated a new
two-photon LIR scheme for direct rotational spectroscopy of
trapped ions [257,260]. In this scheme, a CW-SRO is used to
pump a rovibrational transition starting from a rotational level
of the vibrational ground state, leading to a constant LIR signal.
Terahertz radiation then excites a pure rotational transition
within the vibrational

ground state, thus decreasing or

increasing the LIR signal stemming from the mid-infrared

This journal is © The Royal Society of Chemistry 2015

Page 22 of 30



Page 23 of 30

excitation. This method can be applied to pure rotational
spectroscopy of, e.g., deprotonated water OH , for which one-
photon terahertz excitation does not work [260].

NANODROPLET AND MATRIX ISOLATION SPECTROSCOPIES

In addition to supersonic jet expansions, matrix isolation and
helium nanodroplet isolation (HENDI) [261] offer a possibility
to study molecules in low-temperature environments. The first
photochemical use of a mid-infrared CW SRO in a matrix-
isolation experiment was reported by Marusckevich ef al. in
2009 [262]. They used a high-power CW SRO to promote
conformational changes of matrix-isolated formic acid by
selective vibrational excitation at ~3500 cm™. By combining
this mid-infrared excitation with thermal annealing of the
matrix, the authors evidenced formation of five new dimers of
formic acid in an argon matrix.

A large number of high-resolution spectroscopy studies of
various molecules captured in superfluid “He nanodroplets have
been performed during the past few years using tunable CW
SROs, especially by the group of Douberly. In their typical
HENDI experiment, the helium droplets are generated by
expanding helium gas through a cryogenically cooled nozzle.
The droplets ~04 K via
evaporation, and skimmed into a collimated droplet beam

are subsequently cooled to
[261]. The mean size of the droplets is typically a few thousand
atoms. The droplet beam is passed through a measurement cell
prior to entering a quadrupole mass spectrometer that is used to
analyse the droplets. The cell consists of two parallel gold-
coated mirrors to which a static electric field can be applied for
Stark spectroscopy. These mirrors also compose a multipass
cell for a mid-infrared beam from an automated high-power (>
1W) CW SRO [85], which is used to vibrationally excite the
embedded in
excitation, the energy deposited into the embedded molecules is

molecules the droplets. Upon vibrational
quenched by evaporation of helium atoms from the droplet.
This shrinkage of the droplet reduces their ionization cross
section, which is observed as a decrease in the signal of the
mass spectrometer.

Helium nanodroplet spectroscopy is often used to study
radicals and weakly bound complexes [261]. As an example,
Douberly’s group has applied their OPO-based setup to
measure the inertial dipole moment components of the
hydridotrioxygen radical (trans-HOOO), in order to shed light
on the question of the abundance of HOOO in the atmosphere
and its role as a sink for hydroxyl radicals [263]. Together with
the group of Vilesov, they have also conducted a lot of work on
molecular complexes [264,265,266,267]. For instance, they
assembled small (HC1),,(H,0), clusters in helium nanodroplets,
and measured the cluster spectra in the HCI stretch region.
Using a CW SRO for high-resolution scans, the authors
assigned sharp bands in this region to specific cluster
[264,268]. A HENDI setup

essentially similar to that use by Douberly’s group has also

compositions and structures

been used by the group of Havenith. They have investigated

allyl radical in particular, as well as its reactions and

complexation in nanodroplets [269,270,271]

This journal is © The Royal Society of Chemistry 2012

Physical Chemistry Chemical Physics

COLD ATOMS AND MOLECULES

In the aforementioned research of trapped molecular ions, the
cooling of the sample is achieved by exposing the ions to
cryogenically cooled helium atoms. This method is suitable for
studies in astrochemistry, as it permits cooling down to ~4 K,
which is close to the lowest temperature (~3 K) in interstellar
space. Similar temperatures can be reached in cryogenically
cooled matrixes and *He nanodroplets — although further
cooling of the droplets down to ~0.4 K is typically achieved by
evaporation. The supersonic jet expansion method, on the other
hand, produces a flow of isolated gas molecules, with a narrow
velocity distribution that is kinetically “cold” albeit the
maximum of the velocity distribution shifts to a high value
[232]. A very different type of cooling method is laser cooling,
which makes it possible to create ultracold gases of atoms or
molecules. As an example, KBr molecules in their absolute
ground state (lowest electronic, vibrational, rotational, and
hyperfine energy state) with a translational temperature of a
few hundred nanokelvins have been created starting from laser-
cooled atoms [272,273].

Most of the work done so far on cold atoms and molecules
is based on the use of visible and near-infrared lasers, although
the use of a narrow mid-infrared transition of a laser-cooled
single barium ion for metrology purposes has been proposed
[274]. The only laser-cooling experiments where parametric
mid-infrared sources have been applied, as far as we are aware
of, are those reported by Killian’s group. In 2009, they
published one of the first demonstrations of Bose-Einstein
condensation of *Sr [275]. As usual for alkaline earth metals
(as well as for alkaline metals, which are more commonly used
in laser-cooling experiments), the actual transitions for cooling
and trapping for strontium are in the visible or near-infrared
region. A tunable mid-infrared source can, however, be useful
for repumping, i.e., to return the atoms back to the laser cooling
cycle in case they decay to “dark™ states. As an example,
efficient repumping of all stable isotopes of strontium, *Sr,
8Sr, ¥7Sr, and *Sr, has been demonstrated with a 3-um CW
SRO. Laser-cooled prepared with this
repumping scheme have been used to study ultracold atomic
They also offer a basis to

strontium atoms

collisional properties [276].
investigate cold molecules. As an example, one of the possible
ways of creating cold (< 1 K) or ultracold (< mK) diatomic
molecules is photo association spectroscopy, in which two
colliding atoms absorb a laser photon to form an excited
molecule. Coupling to a ground-state molecule can be attained
by an additional laser. Starting from laser-cooled strontium
atoms trapped in an optical dipole trap, Killian’s group has used
the two-photon photo association technique to determine the
energies of selected vibrational bound states of both *Sr, and
88Sr, dimers [277].

It is likely that in the future the coherent parametric sources
suitable for high-resolution spectroscopy will find a number of
new applications in the research of cold molecules, owing to
the fundamental vibrational spectra of many molecular species
in the mid-infrared region. One of the exciting new possibilities
is the precise control of chemical reactions in ultracold gases by
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infrared excitation [278]. Also, it has been proposed that high-
power mid-infrared lasers tuned to vibrational resonances could
be used to decelerate and trap molecules via the dipole force
[279].

MOLECULES ON SURFACES

One of the latest applications for mid-infrared CW OPOs is the
chemistry at gas-surface interfaces [280]. Beck’s group has
studied CH; and H,O on nickel surfaces, a system that is
important in steam reforming of natural gas (CH,) to produce
H, [281,282]. In the reported experiments, the methane was
applied on the Ni(100) surface in a supersonic molecular beam
[282]. A high-power mid-infrared CW SRO was used for state
preparation and alignment, so as to produce vibrationally
excited CH4 molecules for the investigation of alignment-
dependent reactions on the surface. Similar experimental
arrangement has also been used to study the physisorption of
CH,4 on a Pt(111) surface, as well as to measure the sticking
probability of heavy water (D,0) on ice surfaces [283]. In Ref.
[284], double-resonance excitation with two mid-infrared CW
SROs was applied to measure CH, chemisorption on a cold
Pt(111) surface. The double-resonance scheme was used to
prepare the CH, molecules into all three vibrational symmetry
components of the 2v; antisymmetric stretch overtone vibration
[235], making it possible to investigate the role of vibrational
symmetry on the vibrational activation of the dissociative
chemisorption [282,284].

Summary and outlook

Tunable continuous-wave DFG sources for high-resolution
mid-infrared spectroscopy have been available since 1990’s.
The recent development of new lasers and nonlinear optical
components, such as high-quality PPLN waveguide crystals,
has made it possible to reach milliwatt level mid-infrared
powers with relatively inexpensive and compact DFG systems
that are suitable for field applications [45]. Both the output
power and wavelength tuning range can be further improved by
using a singly resonant CW OPO instead of a difference
frequency generator. Watt-level single-mode output power and
tuning ranges of hundreds of nanometres make the CW SROs
e.g., spectroscopy  of
hydrocarbons and other trace gas molecules [181].

well suited for, photoacoustic

Widespread use of CW SROs in field applications has so far
been prohibited by the relatively high cost and complexity of
the
equivalent absorptions as small as 10°-10""" cm'Hz"? have
been achieved using both CW OPOs and DFG sources in
combination with state-of-the-art spectroscopy
spectroscopy  and
photoacoustic spectroscopy. This corresponds to parts-per-

these instruments. In laboratory, normalized noise-

absorption

methods, such as cavity-enhanced
billion to parts-per-trillion level detection limits in real-time
measurements of typical trace gas molecules that have strong
fundamental vibrational transitions within the atmospheric
window, between 3 and 5 pm. Even better sensitivity can be

achieved by using long acquisition times. As an example, parts-

24 | J. Name., 2012, 00, 1-3

per-quadrillion level measurements of '“CO, have been
demonstrated at 4.5 um by using an averaging time of 1 h
[226]. Such a long averaging time was made possible by phase
locking the mid-infrared source to an optical frequency comb.
In general, OFC-assisted spectroscopy has become an important
tool for applications that require uttermost measurement
precision and sensitivity.

Direct OFC spectroscopy can lead to unpresented accuracy
and sensitivity in simultaneous detection of several molecular
species, as has already been demonstrated in many laboratory
experiments both in the near-infrared and mid-infrared regions
[205]. With the foreseen progress towards compact mid-
infrared comb generators, direct OFC spectroscopy is expected
to stimulate advances in the field applications of molecular
spectroscopy, in particular in applications that require real-time
analysis of complex gas matrixes, such as exhaled breath. Even
faster temporal resolution is needed in reaction kinetics, where
OFC-based sensitive multispecies detection in the microsecond
timescale has already proven useful [285]. On the other hand,
high-power femtosecond pulses produced by broadband mid-
infrared OFC generators also have significant potential in state-
of-the-art laboratory experiments, for instance in the field of
[101,286].
Another rapidly evolving field of science that is likely to

high-harmonic generation and ultrafast optics

benefit from the recent developments of coherent mid-infrared
sources is the research of cold molecules. Tunable, narrow-
linewidth light from CW OPOs can potentially be used to cool,
trap and control molecules using the strong fundamental
vibrational transitions.
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