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Abstract

In the current study, I experimentally demonstrate a new technique for generating a mid-
infrared optical frequency comb (OFC). The motivation for this work stems from importance
of coherent light sources to molecular spectroscopy, particularly in the mid-infrared region,
where the strong fundamental molecular vibration-rotation absorption bands lie. Coherent light
sources are needed to provide the best available sensitivity and selectivity in the spectroscopy
experiments. As a prelude for the OFC research, an optical parametric oscillator operating close
to signal-idler degeneracy was also examined in this thesis.

The OFC generator investigated here is based on cascaded quadratic optical nonlinearities
(CQNs), an approach that was first discovered as a part of the current study. By applying the
new method inside a continuous-wave pumped optical parametric oscillator (OPO), a high-
power mid-infrared OFC was produced by simple near-infrared laser pumping.

Here, I present a rigorous experimental study of the new mid-infrared OFC generator. In
particular, I verify the CQN comb mode spacing uniformity and demonstrate tuning of the
center wavelength, offset frequency, and the mode spacing of the mid-infrared comb. I also
apply a parametric seeding technique to improve the spectral quality of the comb. Furthermore,
I demonstrate that the CQN method is capable of generating multioctave-spanning composite
frequency combs. These results demonstrate the potential of the new OFC generation method
for demanding molecular spectroscopy experiments.

Utilization of an OFC source in field applications of molecular spectroscopy requires a
robust and compact experimental platform. At the end of this thesis, I present preliminary
results of our work towards miniaturization of the CQN comb generator using an optical
waveguide device.
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1 Introduction

1.1 Optical frequency combs

An optical frequency comb (OFC) is a light source that produces coherent light whose optical
spectrum can comprise up to hundreds of thousands of equidistant laser lines [1-5]. The name
was derived from the idea that the optical spectrum can be thought to resemble an ordinary
hair comb (Figure 1).

Figure 1. A schematic view of the optical spectrum of an optical frequency comb light source. The output spectrum
consists of several sharp laser lines with the same spacing between the lines, the constant angular frequency of

r = 2 f, in this case (f is optical frequency).

The development of the OFCs accelerated in the 1990s, because of the few key inventions,
such as the spectral broadening of the optical spectrum over one octave and the f- to
-2f interferometer [6]. A decade later, the development of the OFCs was considered to be so
important that half of the 2005 Physics Nobel Prize was awarded to Theodor W. Hänsch and
John L. Hall for their contribution to the development and application of the OFC technology
[5]. Initially, the main application of the OFCs was in metrology. In particular, the OFC was
used to link optical frequencies to the calibration standards in radio frequencies.

The OFCs are attractive light sources for precision molecular spectroscopy [2, 7]. Because
OFC generators can be made stable, they provide ideal references for precision molecular
spectroscopy experiments [8-10]. Since an OFC produces broadband light, it can also be
directly used as a light source for spectroscopy [11]. It can be combined, for example, with
Fourier transform spectroscopic methods [12, 13] to measure precision broadband absorption
spectra of molecules. The mechanical interferometer of a Fourier-transform spectrometer can
also be replaced by a combination of two comb generators that form an interferometer without
moving parts [14-16]. Since the OFC generator produces laser light, it can be combined, for
example, with high-finesse optical cavity-enhanced methods to increase the sensitivity of the
spectroscopic experiments [17-20].

Molecular spectroscopy has created demand for lasers that operate in the mid-infrared part
of the electromagnetic spectrum, especially in the wavelength range between 3 and 5 μm, since
molecules’ strong fundamental vibration-rotation absorption bands typically lie in this region.
This demand has also been extended to OFCs. One of the most common methods of creating
an OFC is to use mode-locked lasers, but these typically operate in the visible or in the near-
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infrared part of the spectrum [21]. Table 1 presents a list of some methods used to generate a
mid-infrared OFC and their characteristics.

Table 1. Different methods to generate mid-infrared OFCs

Method Characteristics

Mode-locked lasers
They can produce an OFC with high optical output
powers. Typically, the bandwidth of the OFC extends
only up to ~2.5 μm [1, 21-24].

Synchronously
pumped optical
parametric oscillator

It can produce a broadband OFC in many different
wavelength regions. It requires a mode-locked laser for
a pump [7, 21, 25, 26].

Difference frequency
generation Same as above [27, 28].

Optical
microresonator

It can be made small, with the resonator length down
to hundreds of μm, leading to a large comb mode
spacing. It can produce a wide OFC output. It has low
power and technical challenges [21, 29-31].

Quantum cascade
lasers (QCL)

These devices are electronically pumped and can be
designed for different wavelengths but are typically
limited to longer wavelengths (>4 μm) [32, 33].

1.2 The Thesis

In this thesis, the main objective was to develop a mid-infrared OFC generator based on a
continuous-wave (CW) pumped optical parametric oscillator (OPO) without any active
modulation. The motivation of using an OPO was that it gives access to the mid-infrared region
(>3 μm) with simple near-infrared laser pumping. Such a method is passive and avoids the need
of intracavity optical modulators, thus making the experimental realization of the setup simple.
In the current study, the nonlinear process responsible for the OFC generation is cascaded
quadratic nonlinearities (CQN) [34, 35], which is briefly explained in the following chapters.

Publication I studies characteristics of a singly resonant CW-pumped OPO in a special case
in which the setup approaches the signal–idler degeneracy. This special case is interesting for
broadband OFC generation, because an exceptionally wide parametric gain bandwidth can be
obtained close to and at the degeneracy [25].

Publication II describes the basic principles and demonstrates experimentally, for the first
time ever, OFC generation by CW-pumped quadratic nonlinearities.

Publication III demonstrates the mid-infrared-region capabilities of the OFC generator
based on the use of CQNs inside a CW-pumped OPO.

Publication IV gives a more detailed study of the OFC generator OPO and demonstrates
experimentally a method of improving the spectral quality of the OFC.
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Publication V presents the first ever results of optical spectral broadening from a CW-
pumped integrated waveguide device in the near-infrared-region.

The thesis is organized as follows: In Chapter 2, I briefly discuss the theoretical principle
of an OPO and a CQN process. All experimental setups and experiments used in the current
study are also explained also in Chapter 2. In Chapter 3, I review all major results obtained with
the OPO and the waveguide device. The conclusion and suggestions for future research are
presented in Chapter 4. All experiments reported in this thesis were carried out in the
Laboratory of Physical Chemistry at the University of Helsinki.
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2 Theoretical foundation and experimental methods

2.1 The continuous-wave pumped optical parametric oscillator

A laser typically works only at a certain optical wavelength. Its wavelength can often be tuned
only over a small bandwidth. There are some exceptions, such as the titanium-sapphire laser, a
dye laser or an external-cavity diode laser (ECDL). These have a drawback that they work in
the visible or near-infrared region (NIR) and not in the mid-infrared region (MIR) of the
electromagnetic spectrum, which is often important for molecular spectroscopy.

To overcome the restrictions described, one can use nonlinear optics to convert the region
of the emitted laser light from the visible region or NIR into a new spectral region and, in some
cases, increase the wavelength tunability of the light. In this thesis, only some of the basic
concepts of nonlinear optics are introduced. For a reader who is interested in a more detailed
description, the introductory textbook of Geoffrey New [36] is recommended, and for a more
complete coverage, Robert R. Boyd’s book [37] is a good choice.

The second-order nonlinear processes (sometimes referred to as quadratic nonlinearities)
describe interaction between three light fields in a nonlinear medium. In optical parametric
generation (OPG), one introduces a pump light field to a nonlinear optical crystal and, if the
field is strong enough, this produces two new light fields, which are often named as a signal
and an idler. The usual convention is that the signal light field has a shorter wavelength than
the idler light field. The annihilation of the pump photon as well as the creation of the signal
and idler photons is started by spontaneous parametric processes, such as natural emission,
noise and/or fluorescence. Nonlinear processes have to follow the fundamental laws of
physics, so energy is conserved:

(1) p = s + i.

Here, x is the angular frequency of the pump, the signal or the idler light field. In addition,
the momentum also has to be conserved so that

(2) p = s + i.
Here, x is the angular wave vector of the corresponding light field (the pump, the signal,

or the idler). In a collinear geometry, Equation (2) reduces to a scalar equation. The angular
wavenumber (the magnitude of the angular wave vector) is defined as

(3) kx = nx xc-1,

where the nx is the corresponding refractive index of the material at the angular frequency x,

and c is the speed of light in the vacuum. Figure 2 summarizes the most typical second-order
nonlinear processes.
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Figure 2. The most common second-order nonlinear processes and the corresponding energy level diagrams. The
light fields are described by the black arrows. a) Optical parametric generation (OPG), also called down-
conversion, b) optical parametric amplification (OPA), c) an optical parametric oscillator (OPO), d) difference
frequency generation (DFG) and e) sum frequency generation (SFG).

In this thesis, the most often encountered processes are the OPO and second harmonic
generation (SHG). The SHG is the special version of the more general SFG process. In SHG,
the photons have the same optical frequency ( 1 = 2), so only one input light field is needed.
The creation of photons with higher energy, as in SFG and SHG, is often called up-conversion.
The OPO differs from these processes since it is always done in an optical cavity to enhance
the nonlinear process. The optical cavity can be designed to be resonant for the signal and/or
the idler light field. In addition, the pump light field can be resonant in the optical cavity or
have multiple passes through the nonlinear material to further enhance the conversion process.
The version with most practical applications is the setup in which the signal light field is the
only resonant field in the optical cavity. This is called a singly resonant optical parametric
oscillator (SRO). The SRO is a desirable light source for spectroscopic applications because it
can be designed to produce a tunable laser-like light beam in the MIR spectral region. In
addition, it often has high optical output power [38-41].
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The nonlinear processes mentioned here are typically efficient only when the momentum
is conserved. This is often called the phase matching condition. It is written in the form of a
phase mismatch:

(4) = p s i = 0.

If one of the optical frequencies, for example p, is changed, the rest of the optical
frequencies have to change according to Equation (1). This gives one a method for fast tuning
of the idler optical frequency if one can rapidly tune the pump laser optical frequency and the
signal optical frequency is kept fixed [38, 42-45].

In addition, one can note from the formulae (1)–(3) that if the refractive index is changed,
the optical frequency x has to compensate for this change. The refractive index of the
nonlinear crystal also depends on the temperature of the crystal. Changing the temperature of
the crystal gives a simple method of tuning the wavelengths [39], but it is often a slow method
since large temperature changes can take some time.

The phase matching condition (4) is achieved only at certain operating points for a given
optical frequency. In the past, the phase matching was possible only with birefringent nonlinear
crystals in which the refractive index also depends on the polarization of the light as well as on
the angle between the optical axis of the crystal and the light field [37]. Phase matching was
then achieved by carefully tuning this angle to a correct value for the designed optical frequency.

Later, quasi-phase matching (QPM) became the most efficient approach to achieving the
phase matching condition [37, 46]. In the QPM, the microstructure of the nonlinear crystal is
designed so that it corrects the relative phase differences of the interacting light waves. This is
done so that the direction of the nonlinear property of the crystal is reversed after a certain
coherence length in a repetitive manner. One method of achieving this is called the electric-
field poling of the crystal. This method is suitable for ferroelectric crystals, for example for
lithium niobate (LiNbO3 (LN)) or potassium titanyl phosphate (KTiOPO4 (KTP)) [46]. Quasi-
phase matching allows one to use the same polarization state for the interacting light waves,
and one does not have to align the crystal for every optical frequency separately. In the case of
the QPM where the optical fields involved are collinear, formula (4) is written in the form

(5) k = kp – ks – ki – K = kp – ks – ki – 2 -1,

where  is the poling period of the nonlinear crystal, the length at which the direction of
the nonlinear property of the crystal has been changed twice. The QPM allows the achievement
of the phase matching condition over a wide range of temperatures and optical frequencies. In
Figure 3, a theoretical temperature-tuning curve of the signal/idler beam wavelength is
illustrated for two different poling periods. Here, the nonlinear material is periodically poled
magnesium-oxide-doped lithium niobate (MgO:LiNbO3) (PPLN), which uses QPM. The
tuning in this particular case is done by keeping the pump wavelength fixed and by changing
the temperature of the PPLN. This causes the signal/idler beam wavelength to change due to
thermal expansion and the temperature dependency of the refractive index [47].
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The wavelength tuning of the CW-pumped OPO can also be done with some intracavity
optical element, for example, with an optical etalon [48] or with a grating [49-53]. In Publication
I, a volume Bragg grating was used as a wavelength selective element. In practice, the OPO
wavelength tuning is typically done by a combination of the methods mentioned here.

Figure 3. The theoretical temperature-tuning curve of an optical parametric oscillator with periodically poled
MgO-doped lithium niobate as a nonlinear material and with a pump wavelength of 1064 nm. The idler (dashed
line) and the signal (solid line) wavelengths are illustrated with two different poling periods, = 29.0 μm (dark
gray) and 31.5 μm (black). The curve for = 31.5 μm shows the degeneracy point, at which the signal and
idler beam wavelengths are equal [54, 55].

The CW-pumped OPOs are especially suitable for molecular spectroscopy because their
output can be tailored for several different optical frequency ranges, and they have relatively
high optical output powers and narrow linewidths. For example, on several occasions, the CW-
pumped OPO has been paired with cavity ring-down spectroscopy (CRDS) [56-58] or with
photoacoustic spectroscopy [48, 59, 60].
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2.2 Optical frequency comb

Figure  4.  The  optical  angular  frequency  of  the  nth  “peak”  of  the  comb  modes  has  a  simple  relation  to  the
repetition frequency r = 2  fr and the offset frequency 0 = 2  f0.

Optical frequency combs are most commonly generated by a mode-locked laser that emits a
stable train of ultrashort pulses [6]. The principle of the comb generation is most easily
understood when considering the output of the mode-locked laser. In the time domain, the
pulse envelope repeats itself after a constant period of Tr, where the repetition rate is fr = Tr

-1.
When changing from the time domain to the frequency domain by performing a Fourier
transform, one obtains a spectrum whose frequency peaks possess a spacing that is equal to the
frequency fr.

The other parameter that defines the positions of the OFC modes in the frequency domain
is called the offset frequency 0. This can be thought of as the frequency difference between
the zero frequency and the imagined first frequency “peak” of the comb modes (see Figure 4).
So, in the end, all positions of the peaks of the comb output in the frequency domain can be
written as

(6) n = 0+n r,

where n is a comb mode number (integer), and n is the frequency of the individual peak. If
the parameters 0 and r are kept constant, the OFC can be used as an accurate ruler in the
frequency domain. A common misconception is that the laser source for an OFC must be
pulsed, for example, to produce femtosecond pulses, but it has been shown that a quasi-
continuous-wave output can also produce a comb structure in the frequency domain [32, 33,
61-63], as long as the electric field repeats itself at some constant period.

In the previous chapter, a tunable single-frequency CW-pumped OPO was briefly
explained. An OPO can also be used to convert an OFC output from a mode-locked pump
laser to a new wavelength region. In this case, it is often necessary to adjust the length of the
OPO’s optical cavity to the repetition rate of the pump laser [25, 64]. Therefore, this setup is a
synchronously pumped OPO (SP-OPO). A recent review of the OPOs, SP-OPOs and their
applications is recommended for a reader who is interested in this topic [7].

Optical frequency combs were first developed for frequency metrology [2, 65] and optical
atomic clocks [66]. Since then, the use of OFCs has been extended to several other areas, for
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example, calibration of astronomical spectrographs [67], arbitrary waveform generation [68, 69]
and molecular spectroscopy [14, 70-73].

2.3 Cascaded quadratic nonlinearities

In this thesis, the term ‘cascaded quadratic nonlinearities’ (CQN, sometimes referred to as
the cascaded (2) or (2): (2)–effect) is used when two second-order nonlinear processes take
place in a rapid, successive manner. For example, the photons are first up-converted
(SHG/SFG) and then followed by immediate down-conversion (OPG/OPO), resulting in a
cascaded process. This can lead to OFC generation, which can be explained by a simple,
intuitive model [74]. Consider a nonlinear crystal, designed for the SHG, which is placed in an
optical resonator that is made resonant for the fundamental wave fund. (see  Figure  5).  If  a
strong fundamental field is used and the SHG process is efficient, at some point, the SH field
( sh = 2· fund.) may become so strong that it will exceed the threshold for a down-conversion
process, e.g., the OPO process. A low threshold for this OPO is obtained when the created
signal ( 1) and idler ( 2) fields are both resonant in the optical cavity. This is the case if the
fields’ optical frequency is close to the original fundamental field frequency because the optical
cavity has been made resonant for it. In addition, the phase mismatch is close to 0 since this is
the reverse process of the SHG (which was phase-matched). The SH field can therefore be
seen as a pump field for a doubly resonant OPO (DRO). For this DRO process, it holds (see
energy conservation Equation (1))

(7) SH = + 2 = SH + mode + SH mode = ( fund. +mode) + ( fund. mode),
where 2 mode is the frequency difference between the signal and idler fields (or some

multiple m of this difference, where m is an integer). It is also possible to have a degenerate
case in which = 0. The frequency spacing mode is determined by the optical cavity’s free
spectral range (FSR), if the dispersion of the mirrors and the nonlinear crystal are disregarded.
As can be seen from Equation (7), the signal and idler fields are equidistantly separated from
the original fundamental field (since fund. = SH/2).

Since the fundamental frequency and these new optical fields are resonant in the cavity, this
process can repeat itself, thus creating a dense comb structure (see Figure 6) with the same
spacing in the frequency domain. These new modes can be mutually  injection-locked to each
other [75]. Note that the comb structure is also generated around the SH field.

Figure 5. Second harmonic generation inside an optical resonator, which is made resonant for the fundamental
wave. The angular frequency of the SH wave is twice that of the fundamental wave: sh = 2 fund.
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Figure 6. The simplified principle of the OFC generation by the CQN.

Another way of understanding the comb generation process is to think that the cascaded
quadratic nonlinearities arise from differences in the phase velocities of the fundamental light
field and the generated second harmonic light field when they propagate in a nonlinear material
[34, 35]. This leads to an effect that mimics third-order (cubic, (3)) nonlinear processes, for
example, four-wave mixing (FWM) and the related nonlinear refractive index n2. Traditionally,
the OFC generation relies on these third-order nonlinearities. For example, the mode-locked
lasers are typically based on the Kerr lens [36, 37]. The OFC generation in the optical
microresonators (Kerr frequency comb) is based on the four-wave mixing [76]. In this CQN
model, the comb formation is explained in the same way as with these Kerr frequency combs,
but now caused by “effective” FWM, instead of the “true” FWM. The key idea behind this
model is that it is thought that the SHG process is designed so that it is phase mismatched
( k  0). This theory has its limitations since it does not consider the phase-matched situation
( k = 0) for the SHG, the situation that is explained by the first, more intuitive model.
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The third model indicates that modulation instabilities caused by a temporal walk-off is
behind the comb formation [77]. In this theory, the key parameter is group-velocity mismatch
instead of the phase velocities mentioned in the previous model. This model also makes the
numerical simulations of the comb formation practical, in both time and frequency domains.
On the contrary, simulations based on the first model become cumbersome if more than a few
comb peaks are simulated [74].

There also exist several other applications for the CQN beside the direct OFC generation.
It has been utilized for supercontinuum generation [78, 79] as well as for all-optical switching
[80] and mode-locking of lasers [81-84], for example.

2.4 Experimental methods

2.4.1 Near degenerate, singly resonant OPO

For the experiments reported in Publication I, a CW-pumped, singly resonant OPO working
in the proximity of the signal-idler degeneracy was constructed. For the CW-pumping, a
wavelength tunable titanium-sapphire laser (Coherent MBR-PS) was used. In these
experiments, the pump laser wavelength could be tuned from 790 to 810 nm.

Figure 7. A singly resonant CW-pumped OPO. One of the cavity mirrors has been replaced with a Bragg
grating.

For the optical cavity of the OPO, a travelling wave bow-tie ring cavity was chosen (Figure
7). The ring cavity design should be more stable and have a lower threshold for the oscillation
to start than those of optical cavities with a standing wave design (linear cavities) [38]. The
standard ABCD-matrix method for the Gaussian beam was used to design the optical cavity
[85]. The resonating signal beam 1∕e2 waist size was chosen to be 50 μm. The nonlinear crystal
used in this experiment was periodically poled MgO:LiNbO3 (PPLN), manufactured by HC
Photonics. It had poling periods ranging from 19.5 to 21.3 μm. Its end faces (polished to 0°
angle) had anti-reflection (AR) coatings for the range of 1450–1700 nm (R < 0.5 %) and for
the 765–825 nm range (R < 1%). With this PPLN and the pump laser, the signal and idler
beams wavelengths are approximately to 1600 nm.

The mirrors of the optical cavity had highly reflecting (HR) dielectric coatings for the signal
and idler beams. Normally, this would make the OPO doubly resonant. The initial purpose of
the work presented in Publication I was to study the possibility of CW-pumped OFC
generation, with the idea that the DRO process would fill a large number of cavity modes at
and near the degeneracy, which would then mutually injection lock to produce a stable comb.
However, such a broadband spectrum was observed to be highly unstable, as explained in
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Chapter 3.1. It should be noted that a similar scheme has recently been shown to produce an
OFC, but that requires phase-locking of the DRO cavity to the pump laser source [86, 87].
Nevertheless, the degenerate OPO allowed us to study and utilize the broad parametric gain
profile around degeneracy. For this purpose, the OPO was made singly resonant by replacing
one of the plane cavity mirrors with a Bragg grating (OptiGrate). The Bragg grating was
manufactured by a volume holographic technique on a photosensitive glass. The grating was
reflecting only the signal beam at the wavelength of ~1584.5 nm. The reflectivity was ~98.5%
and the bandwidth of this reflection was only 130 GHz (~1.1 nm).

The signal and idler beams’ wavelengths could be monitored with an interferometer-based
optical spectrum analyzer (OSA, EXFO WA-1500-NIR/IR-89+EXFO WA-650, 1500 –
4000 nm). For a more detailed spectral characterization of the output beams, a scanning Fabry-
Pérot interferometer (FPI) could also be applied.

2.4.2 Continuous-wave pumped OPO with two nonlinear crystals for
OFC generation

For the experiments reported in Publications II–IV, a CW-pumped singly resonant OPO with
two nonlinear crystals (PPLNs) was designed and constructed. For the CW-pumping, high-
power Yb-fiber amplifiers were used with up to 15 W or 20 W of optical power available (IPG
Photonics YAR-15K-1064-LP-SF or YAR-20K-1064-LP-SF). To seed the amplifier with a
1064 nm optical wavelength, a narrow linewidth semiconductor distributed feedback (DFB)
diode laser (Eagleyard EYP-DFB-1064-0040-1500-BFY02-0000, linewidth: 2 MHz) or a fiber
laser (NKT Photonics Koheras BasiK, linewidth: 15 kHz) were used.

The bow-tie ring cavity design was used for the OPO optical cavity. This design makes it
possible to have two identical focal planes for the two PPLNs. The first PPLN was used for
the OPO process, and the second one for the CQN. With this setup, the comb formation,
driven by the CQN, is done inside a “normal” CW-pumped OPO. The process is similar to a
cavity enhanced SHG comb generation (Figure 6), but the signal beam of the OPO now acts
as the pump for the CQN process. A simplified scheme of the OFC generation inside the OPO
can be seen in Publication IV, Figure 1.

The resonating signal beam 1∕e2 waist size (in the middle of the PPLN) was chosen to
be ~55 μm [88] so that the focusing parameter [89] was  2, with a ~50 mm long PPLN.
Four concave/convex mirrors and two plane mirrors were used to construct the optical cavity
(Figure 8).
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Figure 8. Travelling wave bow-tie ring optical cavity for the two-crystal OPO. The cavity is not drawn to scale.
This was the basic layout of Setup I, which was used for the experiments in Publications II and III.

The concave/convex mirrors’ focal length was f = 50 mm. For example, to have a stable
optical cavity, the following dimensions were used in Publications II and III: the geometric
distance between the curved mirrors was d1, geom. = 138.5 mm, and the distance between the
curved mirrors for the different crystals was d2 = 520.9 mm. The pump beam optical setup
typically had a telescope with a magnification of four times to expand the beam’s radius, a half-
wave plate to control the polarization of the pump beam, and a lens with f = 250 mm to focus
the pump beam to the focal plane of the optical cavity. The focusing parameter for the pump
beam was 1.4 – 2.2.

Two slightly different setups were mainly used. For Publications II and III, Setup I was
used (Figure 8). The resonating signal wave’s optical wavelength was designed to be 1550–1650
nm. The resulting idler beam’s optical wavelength was then 3400–3000 nm. The optical cavity’s
mirrors had an HR dielectric coating for the signal beam optical wavelengths and AR coatings
for the idler and pump beam optical wavelengths. The first nonlinear crystal (PPLN 1) was
responsible for the normal OPO action, i.e., creating the signal and idler photons from the
pump photons. The crystal was manufactured by HC Photonics and had poling periods ranging
from 28.5–31.5 μm. The crystal’s end faces were polished to 0° angle and had an AR coating
for the pump beam (1064 nm, R < 1%), signal beam (1450–1550 nm, R < 0.5%) and idler beam
(3400–4400 nm, R < 15%). The tuning of the optical wavelengths of the signal and idler beams
was done by changing the poling period of the PPLN 1 crystal and by changing the temperature
of the crystal from 20 to 175 °C.

The second nonlinear crystal (HC Photonics, PPLN 2) was designed for the SHG of the
resonating signal beam, so as to produce the frequency comb. It was the same crystal as used
in the experiment described in Publication I (see Section 2.4.1)

Setup II was used in Publication IV. The main difference between the setups I and II was
that Setup II was designed for a different wavelength region, and PPLN crystals with a different
poling period structure were thus used. The crystals of Setup II were manufactured by HC
Photonics and had fan-out poling period structures [90]. With these fan-out crystals, it is
possible to change the poling period (i.e., tune the optical wavelengths of the signal and idler
beams) continuously by translating the crystal itself. Crystals were designed to have their poling
periods changing from 26.5 to 32.5 μm. This made it possible to achieve phase matching for
the case in which the signal and idler beams have the same optical wavelength, which is twice
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that of the pump beam (see Figure 3). This is referred to as the degenerated situation (See
Publication I). For Setup II, the cavity mirrors were also changed. The concave mirrors had an
HR dielectric coating for the wavelength range 1.5–2.5 μm. The plane mirrors had an HR
dielectric coating for the 1.73–2.05 μm range. This ensured that the OPO would be singly
resonant, i.e., the idler beam would not resonate in the optical cavity. It was possible to tune
the idler beam’s optical wavelength from 2.2 to 2.8 μm.

2.4.2.1 The optical characterization setup

To characterize the optical outputs of the two-crystal OPO setup used in Publications II–IV,
different optical spectrum analyzers (OSAs) were employed. For optical beams in the visible or
NIR spectral region, a grating-based OSA was used (Ando AQ-6315E, 350–1750 nm). With
this device, typically the pump, signal, and signal SH optical envelope spectra could be recorded
down to a 0.05 nm resolution.

For longer optical wavelengths in the MIR spectral region (the idler beam and, in some
cases, the signal beam), an interferometer-based OSA was used (EXFO WA-1500-NIR/IR-
89+EXFO WA-650, 1500–4000 nm). Sometimes problems were encountered with the
interferometer-based OSA because the dynamic range of the measurement is not as good as it
is with the grating-based OSA. Additionally, the interferometer-based OSA is more prone to
exhibit optical spectral features that are unreal if there are optical power fluctuations in the
input beam within the electronic bandwidth of the interferometer. If superb optical resolution
was needed, a high-resolution Fourier transform infrared (FTIR) spectrometer (Bruker IFS
120 HR, resolution: 55 MHz, the entire near-infrared and mid-infrared region available) was
used to see, for example, the actual comb structure underlying the optical envelope spectrum
of the OFC.

If the OPO setups were producing an OFC as an output, it would also be of interest to
record a radio frequency (RF) spectrum of this. When the light from the OFC generator was
measured with a photodetector, this would generate an electronic signal at the frequency jfr
(Figure 1), where j is a small integer. This signal is called the intermode beat note between
different comb modes. For an example of such a beat note, see Figure 4 (b) in Publication II
or Figure 17 in this thesis. The RF spectrum was typically measured by coupling the output
light to a fast InGaAs photodetector (Thorlabs DET01CFC, bandwidth: 1.2 GHz), and after
suitable electronic filtering and amplification, the RF spectrum could be recorded with an RF
spectrum analyzer (Agilent 4395A, bandwidth: 500 MHz). If necessary, a beat note between the
OFC output of the OPO in the NIR spectral region and an ECDL (New Focus Velocity) could
be measured with the same RF setup after combining the optical beams of these two.

For longer optical wavelengths in the MIR spectral region, the RF spectrum was not
straightforward to measure. This was caused by the lack of a fast enough photodetector for the
MIR spectral region. This problem was circumvented by optically doubling the frequency
(SHG) of the MIR optical beam (idler beam) to the NIR spectral region where the fast InGaAs
photodetector could be used again. The frequency doubling was done in an external PPLN
crystal.
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2.4.2.2 Equidistance of the comb modes

One of the prerequisites for the OFC is that comb modes are actually separated by the same
frequency fr in the frequency domain. In this thesis, this does not necessarily imply that there
will be distinctive pulses in the time domain with a repetition rate of fr. The equidistance of the
comb modes is typically confirmed by measuring the intermode beat note jfr from different
spectral parts of the OFC optical envelope spectrum [76]. Then, these measured values are
compared to each other to see if there is any deviation. If the output power is too unstable, for
example, for a frequency counter, the method has to be revised.

In Publication IV, the equidistance of the comb modes was confirmed using a method
similar to that introduced by Papp et al. [91]. In this method (Figure 9), two different parts
(part A and part B) of the optical envelope spectrum of the OFC are sampled by a diffraction
grating. These parts are then coupled to two photodetectors in which they generate their
intermode beat note, at frequencies fA and fB. A reference frequency fref, which is referenced to
the same time base as the measurement instrument, for example, an RF spectrum analyzer or
a frequency counter, is mixed with fA.

Figure 9. Measurement setup to confirm that the comb modes are spaced equidistantly. DG = diffraction grating
and PD = photodetector.

After the Mixer A, the RF signals are at frequencies fA ± fref. The output of Mixer A is
combined with the other intermode beat note at frequency fB. After Mixer B, we have the final
RF signal fed =|fA ± fref ± fB| which is then monitored with the RF spectrum analyzer.

As an example, imagine a case where the reference frequency is 10 MHz and the intermode
beat signals fA and fB are ~200 MHz but differ by 1 Hz. The final signal |fA ± fref fB| measured
with the RF spectrum analyzer would now indicate two peaks at 10 MHz but be separated by
2 Hz (Figure 10 a), revealing that parts A and B of the comb have different mode spacing
values. By contrast, if the OFC structure is uniform (i.e. all the modes are equidistant), fA = fB

and the RF spectrum analyzer indicates only one peak (Figure 10 b) at the exact reference
frequency (fed = fref).
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Figure 10. Imagined displays of an RF spectrum analyzer in which the signal |fA ± fref  fB| is projected. In
a), the intermode beat frequencies of the comb parts A and B have a small difference (indicating that the comb
modes’ spacing is not uniform) and in b), the beat frequencies are exactly the same (indicating that the mode
spacing is uniform).

Although the method described above can measure accurately the uniformity of the comb
mode spacing, it cannot be used to measure the offset frequency of the comb, f0. So, the
measurement does not reveal whether the OFC optical envelope spectrum is composed of
several smaller OFCs that have accurately the same fr but different f0 values [63].

2.4.3 Miniaturized SHG comb experiments

One of the aspects of producing a viable commercial OFC generator is to have a compact and
robust package. Publication V demonstrates the first steps towards this goal using the CQN
method. The bulky free-space system has been replaced by a monolithic device, which is a
titanium-indiffused lithium niobate waveguide. The waveguide was designed and manufactured
in the Paderborn University in Germany. For a more detailed description of the waveguide
device, see reference [92].

The comb-generation principle utilized in the waveguide device is the same as that
schematically shown in Figure 5 and Figure 6. The system is essentially similar to the SHG
comb system used by Ricciardi et al. [74] but without the external mirrors (Figure 11). Instead
of the external mirrors, a resonator for the fundamental wavelength (~1550 nm) was created
by coating the end faces of the waveguide. The rear facet of the waveguide is highly reflective
for the fundamental wave, and the front facet coating is designed for 77% power reflectivity at
1550 nm, in order to ensure critical coupling of the fundamental input field into the resonator
with estimated linear and nonlinear round-trip losses of approximately 23% [92]. The front
facet also reflects the SH field at ~ 775 nm, which is coupled out through the rear facet.
Therefore, the second-harmonic wave makes two passes in the waveguide but does not
resonate.
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Figure 11. Schematic of the waveguide device. A resonator for the fundamental beam is formed between the
coated end faces of the waveguide device.

The periodical poling (17 μm) of the nonlinear crystal was designed for SHG of the 1550
nm fundamental wavelength at the 170 °C temperature. A tunable ECDL (New Focus Velocity,
1520 – 1570 nm) together with a home-built polarization maintaining erbium-doped fiber
amplifier (EDFA), with an optical output power up to 1 W was used to optically pump the
SHG process in the waveguide. The coupling of the fundamental beam to the waveguide was
done in free-space. If necessary, the pump laser could be locked to the cavity by the Pound-
Drever-Hall method (PDH) [93]. For complete experimental details of the lock, see Publication
V. The fundamental and SH beams were separated with a longpass dichroic mirror. To monitor
the optical spectral features of the transmitted fundamental (pump) wave through the
waveguide, an interferometer-based OSA (EXFO WA-1500-NIR/IR-89+EXFO WA-650)
was applied.
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3 Summary of the Results

3.1 Operation of the OPO close to signal-idler degeneracy

As briefly discussed in Section 2.4.1, the initial purpose of the CW-pumped OPO work
presented in Publication I was to study the possibility of CW-pumped OFC generation by near-
degenerate DRO operation. When pumped at a wavelength half of the signal-idler degeneracy,
the DRO process can fill a large number of cavity modes at and near degeneracy. Via mutual
injection locking, these modes could potentially produce a stable comb, similar to what has
previously been demonstrated with synchronously pumped degenerate fs-OPOs [25, 75].
However, it was observed that in the case of the CW-pumped OPO, such a broadband
spectrum was highly unstable[55]. Recently, it has been experimentally demonstrated that OFC
generation by the CW-pumped DRO is possible, but requires phase-locking of the DRO cavity
to the pump laser source [86, 87].

Because of the difficulties in obtaining a stable DRO spectrum with unlocked laser, the work
discussed in Publication I was directed towards investigation of the broad parametric gain
profile that can be obtained around degeneracy (the near-degenerate operation was later used
for the CQN comb generation inside a singly-resonant CW OPO, see Publication IV). For this
purpose, the OPO was made singly resonant by replacing one of the cavity mirrors with a Bragg
grating, as explained in Section 2.4.1. When operated near the signal-idler degeneracy, the
difference between the optical frequencies of the signal and idler beams ( signal ~ idler ~ 190
THz) could be tuned in a controlled fashion to any value between 0.5 to 7 THz. This tuning
was done by tuning both the temperature and the poling period of the crystal and by tuning the
pump wavelength. Below the lower limit of the difference-frequency tuning range, both the
signal and idler waves fall within the reflection bandwidth of the Bragg grating and start to
oscillate in the optical cavity making the OPO doubly resonant and hence unstable. The upper
limit was caused by the cavity mirrors which prevented the tuning of the frequency difference
above 7 THz.

The parametric gain bandwidth of the OPO increases as the OPO is tuned closer to the
signal-idler degeneracy [55]. This is an important property if the OPO is used for OFC
generation [94] since it allows generation of broadband combs. The parametric gain bandwidth
can be estimated from the squared sinc-function [37]

(8) Gain sin = sinc ,

where the k is the phase mismatch (see Equation (5)) and L is the length of the nonlinear
material. As an example, in the Figure 12 is illustrated the gain profiles for the OPO of
Publication I for three different values of crystal temperature close to the degeneracy, at ~1600
nm (187.5 THz), calculated using  Equation (8). With the typical parameter values summarized
in the Figure 12 caption of and for the operation at the degeneracy (T3), the full-width at half
maximum of the gain profile is about 8 THz, which is over 4% of the center frequency.



19

Figure 12. The parametric gain bandwidth of the OPO operating close to the signal-idler degeneracy. For the
calculations, a poling period of 20.7 μm, a pump wavelength of 800 nm and a PPLN-crystal length of 50 mm
were used. The calculations were repeated for three different temperatures of the PPLN showing the gain curve
as the OPO approaches the degeneracy. The FWHM gain bandwidths are 3, 10, and 8 THz for the
temperatures T1, T2 and T3.

According to Equation (8) a further increase in the gain bandwidth can be obtained by using
a shorter crystal, although at the expense of increased OPO threshold power. For comparison,
the gain bandwidth of a non-degenerate 1064 nm pumped OPO operating at ~3.3 μm idler
wavelength, and with a similar crystal length, is more than an order of magnitude smaller. This
severely limits the attainable width of the mid-infrared spectrum of the CQN comb generated
inside the CW-pumped OPO, see Figure 15 and Publication III. Implementation of the CQN
comb using an OPO that is operated at degeneracy is thus a potential way to increase the width
of the mid-infrared comb spectrum. In the 3 μm region, this should be easy to realize in practice
owing to the good availability of 1.55 μm diode lasers and Er-doped fiber amplifiers. As
mentioned, the main drawback of this approach is the requirement for locking the OPO cavity
length to the pump laser frequency [87].

3.2 Optical frequency comb generation

The first ever OFC generation by CW-pumped cascaded quadratic nonlinearities—and by a
CW-pumped OPO without any active modulation—was demonstrated in Publication II with
Setup I mentioned in Section 2.4.2. The first evidence of the comb formation was observed as
broadening of the optical spectra of the signal and idler beams. Figure 13 illustrates the optical
envelope spectrum of the signal comb recorded with the grating-based OSA. The obtained
7.4 THz wide signal comb spectrum is one of the widest obtained with Setup I. The nonlinear
crystal PPLN 1 was responsible for creating the signal and idler photons from the pump
photons. The nonlinear crystal PPLN 2 was responsible for the CQN processes and the comb
formation in the signal beam. The maximum optical pump power (up to 20 W) was used at the
1064 nm pump wavelength.
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Figure 13. The optical envelope spectrum of the near-infrared region’s signal comb. Parameters of the OPO for
PPLN 1 were 1 = 31.5 μm and T1 =  75.0  °C,  and  those  for  PPLN  2  were 2 =  19.7  μm  and
T2 = 120.4 °C.

Since the resolution (0.05 nm or ~6 GHz) of the grating-based OSA was not good enough
to distinguish the individual comb peaks under the envelope structure in the optical spectrum
(FSR ~ 210 MHz of OPO optical cavity and the mode spacing of the comb), the high-
resolution FTIR was used to confirm the comb structure (Figure 14).

Figure 14. Part of the signal comb optical spectrum of Figure 13 recorded with the high-resolution FTIR. The
resolution of the instrument was 55 MHz.

As was demonstrated, the comb was generated to the signal beam. The mode spacing of
the comb was given by the FSR of the optical cavity. The comb structure is also present in the
signal SH beam, which was generated in the CQN process in the second nonlinear crystal,
PPLN 2. Since the signal comb is resonant in the OPO’s optical cavity, the comb structure is
transferred to the mid-infrared region idler beam by the same parametric process that is
responsible for the original generation of the signal and idler beams from the pump beam in
the first nonlinear crystal, PPLN 1. As an example, if a signal comb with three peaks is
considered with the center peak at s, and the other two comb peaks at ± mode (mode
spacing of the comb, where m is integer), one obtains, according to the law of energy
conservation, Equation (1), for the idler comb mode spacing, the following:
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(9) p ( s ± mode) = p s mode = i mode.
This was experimentally verified in Publication III. For the idler comb in the MIR region,

interferometer-based OSAs were typically used to record the optical envelope spectrum
(Figure 15).

Figure 15. The optical envelope spectrum of the mid-infrared region idler comb. The width of the center lobe of
the comb was ~0.3 THz. The OPO had the same operating parameters as that in Figure 13.

In the end, the comb structure was copied to all of the optical fields that participated or
were generated in the two-crystal OPO system. For example, the back conversion of the signal
and idler beams causes the comb structure to be copied to the undepleted pump beam exiting
PPLN 1. So, with the setup it, was possible to generate a multi-octave spanning composite
OFC (Figure 16), which was similar to what has been observed earlier with the synchronously
pumped femtosecond OPOs [95].

Figure 16. Multioctave spanning composite OFC output from the OPO. Outside of the bandwidth of the
grating-based OSA used to record this spectrum was the idler comb at the MIR region, around 3300 nm.
Changes in the noise level were caused by the use of different detectors inside the OSA.
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Typically, the RF spectrum of the comb output was also measured, as was the case in
Publications II–IV. As an example, the RF spectrum recorded from the frequency doubled
idler comb (see Figure 15) is illustrated in Figure 17.

In many cases, the line width of the intermode beat signal recorded was broad, with the full
width at half maximum (FWHM) of the order of 1 – 2 MHz. However, with suitable operating
parameters of the OPO, it was possible to find a situation in which the line width was
considerably narrower, down to the kHz level. In Figure 18, one of these intermode beat signals
with an FWHM of 20 kHz is illustrated, on the top of the broad pedestal.

Figure 17. The RF spectrum recorded from the frequency doubled idler comb. The first intermode beat signal fr
is at 207.5 MHz, and the second one at twice this frequency. The 207.5 MHz frequency corresponds to the
mode spacing of the comb. The optical envelope spectrum of the idler comb is illustrated in Figure 15.

Figure 18. Intermode beat signal with FWHM~20 kHz. This RF spectrum was recorded from the signal
comb. Parameters of the OPO were 1 = 31.0 μm, T1 = 60.0 °C, 2 = 20.7 μm and T2 = 100.0 °C.

The optical envelope spectra of the signal and idler combs can be changed drastically by
changing the parameters of the OPO. For example, when the narrow linewidth intermode beat
signal was observed (Figure 18), the signal beam’s optical envelope spectrum consisted of
several broad combs spanning over 150 nm in the NIR region (Figure 19). The narrow
linewidth intermode beat signal was also observed from all of the individual broad signal combs.
The idler comb’s optical envelope spectrum has approximately a shape of a sinc-function, which
is in good agreement with the OPO gain profile determined by PPLN 1.
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Figure 19. Optical envelope spectra of the signal and idler combs. The signal comb consists of several broad
individual combs. Parameters of the OPO were 1 = 31.0 μm, T1 = 60.0 °C, 2 =  20.7  μm  and
T2 = 100.0 °C.

Changing the parameters of the PPLN 1 in the OPO alters the signal and idler combs’
center frequencies. This gives a simple method of tuning the idler comb’s center frequency.
This was demonstrated experimentally in the MIR region in Publication III. For Setup I,
Figure 20 demonstrates that the idler comb’s center wavelength could be tuned from 3000 to
3400 nm.

Figure 20. The idler comb’s center wavelength scanned by changing the poling period and the temperature of
PPLN 1. As an example, eight different idler combs are illustrated.

3.2.1 Verifying the comb mode spacing uniformity

The narrow linewidth intermode beat signals were also observed with Setup II in Publication
IV, which was designed to operate with the signal and idler beam wavelengths longer than 2
μm (see Section 2.4.2). Typically, the RF measurements were performed from the signal SH
comb since the wavelength was more suitable for the fast PDs. Figure 21 illustrates a contour
plot of RF spectrometer scans in which the linewidth of the intermode beat signal was below
100 kHz. The frequency stability of the intermode beat signal was measured to be good for a
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free-running OPO without any active locking of the cavity length or pump laser frequency. For
over 2000 consecutive RF spectrometer scans (total measurement time: ~15 min), the mean
frequency of the intermode beat signal was 206.6487 MHz with a standard deviation of
400 Hz. The 400 Hz frequency corresponds to a change of ~3 μm in the round trip length of
the cavity, which was ~1.3 m.

Figure 21. A contour plot that illustrates ~800 consecutive RF spectrometer scans of the intermode beat signal
produced by the comb. The OPO optical cavity length was changed after the scan number 258 to indicate that
the center frequency of the intermode beat signal follows this change. The scan time and the resolution bandwidth
of the RF spectrum analyzer were 400 ms and 100 Hz, respectively. Each scan (RF spectrum) resembles the
spectrum in Figure 18.

The comb-mode spacing uniformity was confirmed (Publication IV) through the setup
described in Section 2.4.2.2. From the signal SH comb (Figure 22), two different parts of the
comb were extracted and focused on their own photodetectors. These two parts, A and B,
generated their own intermode beat signals at the detectors. These frequencies were compared
to each other to see if they differed. The result is illustrated in Figure 23. As seen, the A and B
parts of the signal SH comb have the same intermode beat frequency down to the Hz level.
This confirms that the comb mode spacing is uniform. If the comb mode spacing were not
uniform, one would see two different signals in Figure 23, as mentioned earlier.

It was also verified through the same setup that the idler comb has the same mode spacing
as the signal SH comb. This was done by externally doubling the frequency of the idler comb
and measuring the comb intermode beat signal and comparing it to the signal produced by the
signal SH comb.
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Figure 22. The optical envelope spectrum of the signal SH comb produced by Setup II OPO (black line). The
gray line describes the two different sections (A and B) cut from the signal SH comb with a diffraction grating
(see also Figure 9).

Figure 23. a) The signal used for the comb-mode uniformity measurements, fed (see also Section 2.4.2.2 and
Figure 10). The reference frequency was 10 MHz. b) Contour plot of the fed signal measured for over 300
consecutive scans. The mean value was 10 MHz, and the standard deviation was 0.2 Hz. The line width of
the signal was limited by the RF spectrum analyzer (<1 Hz).

3.2.2 Fine tuning of the comb parameters

In molecular spectroscopy, it is often necessary to tune the comb mode spacing and the offset
frequency. For example, when using cavity-enhanced methods, one needs to tune the modes
of the comb to match the modes of the high-finesse optical cavity [17]. If the spectroscopic
experiment uses a probe laser that is locked to the comb, one can scan the frequency of the
probe laser by tuning the mode spacing or the offset frequency of the comb. These tuning
capabilities were demonstrated in Publication III for the comb-generating OPO.

In the OPO, the signal comb mode spacing is determined approximately by the FSR of the
optical cavity. The mode spacing of the idler comb (and all the other combs produced by the
OPO) is also determined by the same FSR since the idler comb inherits the comb structure
from the signal comb, as mentioned in Section 3.2. When one tunes the signal comb mode
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spacing, the center frequency of the comb also changes. For example, if the mode spacing mode

is tuned by tune, then the new comb center frequency, new, is

(10) new = 0 + ( mode tune) = original ± tune,
where original is the original center frequency of the comb. In practice, the comb mode

spacing (together with the FSR of the optical cavity) was tuned by changing the cavity length
using a piezoelectric actuator attached to one of the cavity mirrors. In the case of the signal
comb, the change in the comb mode spacing can already be seen in Figure 21, in which the
intermode beat signal frequency (= the mode spacing of the comb) changes when the cavity
length is altered.

In the case of the OPO, the pump laser gives one way of tuning the offset frequency of the
idler comb independently of the mode spacing, since any change in the pump beam frequency
results in an equal change in the idler beam frequency, i.e., idler = pump, if the OPO cavity
length and thus the signal beam center frequency are kept constant. This was experimentally
verified by tuning the pump laser frequency (Publication III). In this experiment, the idler comb
was externally frequency doubled to the NIR region. The light from a reference laser, ECDL
(λ ~ 1550 nm), was overlaid on a photodetector together with the frequency doubled idler
comb, both in the spatial and frequency domain. Then, a beat signal was obtained between the
light field from the ECDL and the idler comb’s tooth. The beat signal with the lowest frequency
(0–100 MHz) was directed to a frequency-to-voltage converter. The higher frequency beat
signals were filtered out. The converter provided a voltage signal that was proportional to the
frequency of the beat signal. This signal could then be monitored in time with an oscilloscope.
Figure 24 illustrates as an example, where the pump laser frequency, and thus the idler comb
offset frequency, are tuned relative to the optical frequency reference provided by the ECDL.
The slow drift in Figure 24 is caused by either the drift of the ECDL or the pump laser/OPO
wavelength.

Figure 24. Idler comb offset frequency tuning. The tuning was done by modulating the pump laser frequency with
a sine wave at a frequency of 0.9 Hz.
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3.2.3 Comb spectral quality enhancement by parametric seeding

It has been demonstrated that a technique called parametric seeding can be used to enhance
the spectral quality of the Kerr frequency combs [96, 97]. We applied a similar method to the
CQN comb, as reported in Publication IV. The amplified semiconductor DFB pump laser
could be modulated at relatively high frequencies (hundreds of MHz) by the current of the
DFB laser. This modulation created optical sidebands around the optical frequency of the
pump wave at a distance that corresponds to the modulation frequencies. When the modulation
frequency is matched to a comb mode spacing of ~208 MHz, these side bands in the pump
wave seed the comb modes and enhance the spectral quality of the comb by, for example,
reducing the phase noise of the OFC.

Figure 25 illustrates one result from these experiments. As seen, the noise level on the broad
pedestal close to the narrow linewidth center peak is lowered considerably, by more than 20
dB. The influence of the parametric seeding can also be seen in the time domain. Figure 26 (a)
illustrates the comb output when the parametric seeding was applied to the OPO. The CW
background almost disappeared when the modulation was on (Figure 26 (b)). The variation in
the amplitude is also less pronounced compared to the situation without the parametric seeding
(Figure 26 (c)). Although the seeding technique can be considered to be an active method, it is
still a simple way of enhancing the quality of the comb whenever the pump laser can be
modulated at reasonably high frequencies (MHz–GHz range).

Figure 25. The intermode beat signal of the comb when the frequency of the amplitude modulation of the pump
lasers matches the comb-mode spacing. The black line represents a measurement without modulation, and the
dark grey line an experiment where the modulation depth (MD) is 8%.
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Figure 26. The comb output in the time domain. a) The photodetector signal when the modulation (parametric
seeding) was on and the modulation depth was 8%. b) A zoom-in from the first figure. c) The photodetector
signal when no modulation is applied to the pump laser.

3.3 Spectral broadening by miniaturized SHG comb

The first ever spectral broadening by CW-pumped quadratic nonlinear integrated waveguide
device was demonstrated in Publication V. The integrated waveguide device is based on the
same principle as in the SHG comb experiments of Ricciardi et al. [74] (see Chapter 2.3, 2.4.3,
and Figure 5), but now the free-space resonator is replaced by a resonator which is formed
between the coated end faces of the waveguide itself.

As an example, two optical envelope spectra of the transmitted fundamental field are
illustrated in Figure 27. As can be seen, some spectral broadening is observed. Here, the
dynamical range and the resolution of the interferometer-based OSA limited the more detailed
characterization of the spectral broadening. The grating-based OSA, which has a better
dynamical range, could not be reliably used because the spectral broadening was observed only
for short periods of times (< 1 s) and because the scanning of the grating in the OSA takes
longer time than this.

The limited time for observations was caused by the instability of the system, which
prevented locking of the pump laser frequency to a waveguide-cavity resonance peak at high
pump powers (> 50 mW) that were required for the onset of spectral broadening. Therefore,
these measurements were carried out by scanning the pump laser wavelength over the cavity
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resonances to momentarily couple the light in to the resonator. The reason for the instability
of the system was not fully understood, but it is most likely caused by thermal issues in the
waveguide. The optical pump power required to observe spectral broadening was around 100
mW. When this amount of optical power is coupled in the waveguide resonator, it substantially
heats the waveguide due the absorption losses. This changes the resonance condition of the
waveguide due to the thermal expansion of the resonator, which either pushes cavity
resonances away from the laser frequency or, in some cases, thermally locks the resonances to
the pump laser frequency at some de-tuning. In addition to such thermal effects, other optical
phenomena, like photorefractive effect, can also lead to similar instabilities [37].

To more reliably produce the observed spectral broadening for the more detailed
characterization, one would have to find correct operating parameters for the system. The
appropriate scanning speed of the optical wavelength for the pump laser should be determined
to decrease the effect of the heating of the waveguide. The scan should be stopped at some yet
to be determined cavity detuning value to produce stable spectral broadening. This scanning
process is used with Kerr frequency combs produced in the optical microresonators [98].
Despite the experimental challenges with the waveguide device, these preliminary results
indicate that the waveguide device could potentially be used as a platform for a miniaturized
CQN comb generator.

Figure 27. The spectral broadening of the fundamental field transmitted through the waveguide. Spectrum a)
was recorded when the wavelength of the fundamental field is further from the cavity resonance and only few weak
side peaks are visible. In figure b) the wavelength is close to the cavity resonance and more spectral broadening
(side peaks) are visible in the spectrum.
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4 Discussion and summary

4.1 Conclusions

In the first part of this thesis, a CW-pumped singly resonant OPO operating close to the signal-
idler degeneracy was studied (Publication I). It was demonstrated, that with suitable spectral
filtering, the OPO could be operated as a singly resonant OPO reliably close to the degeneracy,
where the gain bandwidth of the OPO becomes exceptionally broad. When combined with an
optical frequency comb (OFC) generation described in this thesis, the operation close to the
degeneracy could be a useful, perhaps leading to broadband comb generation.

The most important finding of this thesis was the discovery of a new method to generate
OFCs by CW pumping. This was first demonstrated in Publication II. Most importantly, the
possibility to generate MIR combs with simple near-infrared laser pumping was experimentally
verified (Publication III). The MIR region, in particular the 3 to 5 μm molecular fingerprint
region, is crucial for spectroscopy since many fundamental vibration-rotation bands of
polyatomic molecules lay in this region. The method developed in the current study produces
light that is both spatially and temporally coherent. This means that all the tools for making the
laser spectroscopy methods very sensitive, such as cavity-enhanced methods, are available. In
addition, the OFC is suitable for high-resolution molecular spectroscopy.

The OFC generation method discovered and investigated in the current study is based on
cascaded quadratic nonlinearities, CQNs. Direct MIR OFC generation by near-infrared laser
pumping was achieved by applying the CQNs inside a CW pumped OPO without any active
modulation. The OPO provides a large tuning range of the OFC wavelength. As a proof of
concept, tuning of the center wavelength of the MIR comb from 3 to 3.4 μm was demonstrated
in Publication III. This approach makes it possible to tune the comb spectrum to the optimal
absorption band of a molecule that one wants to probe. Moreover, it was demonstrated that
the CQNs combined with a CW pumped OPO are capable of generating multi-octave spanning
composite OFCs, extending from the MIR to the visible light region. The comb mode spacing
uniformity was confirmed to the Hz level (Publication IV).

Several other key aspects of controlling the OFC were experimentally demonstrated. For
example, a method to control both the offset frequency of the idler comb and the comb mode
spacing was developed (Publication III). This was an important step towards applications of
the comb in the field of molecular spectroscopy since this step allows fine tuning of the comb.
In addition, a simple method of improving spectral qualities of the comb produced by the
CQNs was presented in Publication IV. The method was based on parametric seeding.

First steps towards miniaturization of the comb generator were demonstrated in Publication
V. Instead of a bulky free-space system, a compact, integrated waveguide device was developed.
This was the first time spectral broadening by continuous-wave pumping was demonstrated in
such an integrated quadratic nonlinear device. Previous demonstrations were with pulsed laser
systems, in which the waveguide was used to spectrally broaden an already existing OFC [79,
99]. The use of the integrated waveguide device allows shrinking of the physical size of the
comb generator considerably. In addition, the optical pumping level needed for the comb
generation can be reduced since the waveguide structure enhances nonlinear processes.
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4.2 Discussion and suggestions for future research

One of the most intensively studied new approaches for optical frequency comb generation
over the past decade is the Kerr comb, which is based on third-order (cubic) nonlinearities in
optical microresonators [31, 76, 100-103]. The comb generation in these microresonators is
based on four-wave mixing and the related nonlinear refractive index n2. The third-order
nonlinearities are typically weak, so one needs strong optical pulses (fs pulses) or optical
resonators with high finesse (high Q factor), where the high finesse is achieved in the
microresonators.

In the current study, to overcome the restrictions mentioned, a new OFC generation
method was discovered and developed based on CQNs that essentially mimic cubic
nonlinearity but which can be much stronger [34, 37]. For example, CaF2, a typical crystalline
material for CW pumped microresonator comb generators, has the nonlinear refractive index
n2 in the scale of 10−15 to 10−16 cm2 W−1 [104]. Within the effective n2 approximation discussed
in Section 2.3, the effective nonlinear refractive index caused by the CQN can be orders of
magnitude higher than this [105]. The CQN thus makes it possible to generate an OFC in a
CW pumped nonlinear system in an optical cavity with modest finesse (Publications II - V)
[74]. Because the typical laser gain or microresonator materials (such as CaF2) possess inversion
symmetry, they cannot have second-order nonlinearities.

The new approach based on CQNs has many similarities with the Kerr comb generation, it
can be used as a versatile platform for studying the physics of the Kerr combs without the
typical restrictions arising from material properties.

Another research group also used the same principles for the experimental comb generation
as described in this thesis. Ricciardi et al. [74, 106] experimentally demonstrated the comb
generation in a setup that was based on cavity-enhanced SHG (Figure 5), which is otherwise
similar to the scheme investigated in the current study but without the OPO. This cavity-
enhanced SHG setup makes it simpler to study the nonlinear interactions behind the comb
generation processes but has some experimental disadvantages compared with the comb
generation inside an OPO used in Publications II–IV where the OPO crystal and the SHG
crystal are in the same optical cavity, Figure 8. For example, the OPO gives access to the MIR
spectral region through a near-infrared region pump laser. In contrast, the SHG comb is
restricted to the spectral region where the pump laser works (or to a shorter wavelength region),
which is typically the near-infrared region. Additionally, to generate an SHG comb without an
OPO, one needs to lock the pump laser to the optical enhancement cavity, which can be
challenging, especially in the presence of strong thermal effects (see also Publication V). In the
OPO setup, the comb is generated without active modulation or locking.

Hansson et al. [107] and Leo et al. [77, 108] published articles that explore theoretical aspects
of the comb formation by this SHG process. They explained the comb generation process
through quadratic modulation instability. Their simulations also indicated that cavity-enhanced
SHG systems can lead to several different comb states. In the current study, the existence of
various states of the CW-pumped CQN combs was experimentally found and investigated. For
example, we observed that different comb states produced intermode beat signals with different
line widths. One topic for the future research is to extend the theoretical models to the comb
generator based on the OPO setup. It would also be important to find the experimental
conditions under which the CW-pumped quadratic systems produce stable optical cavity
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solitons, which are predicted by the theoretical models [77]. Note that the occasionally observed
narrowing of the intermode beat signals and pulsing of the output described in this thesis might
be indications of such conditions.

In future research, experimental issues with the waveguide device need to be solved. For
example, the waveguide device experiences thermal instabilities if the light fields are highly
absorbed. Therefor one needs to manufacture waveguides with low propagation losses.
Moreover, some nonlinear processes, such as photorefraction, can degrade the performance of
a waveguide device. These processes need to be studied so that they can be taken into account.
The capabilities of the waveguide device to function as OFCs in the MIR also need to be
studied. Finally, rigorous experimental verification of the OFC needs to be carried out when
the waveguide device is capable of producing a stable comb output.
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