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Abstract. We demonstrate a self-phase-locked divide-by-2 synchronously pumped
optical parametric oscillator (SPOPO) based on BiB3O6 (BIBO) a crystal with type I
interaction in the xz plane operating in degenerate regime. The femtosecond SPOPO is
pumped by a KLM Ti:sapphire and uses a 1.5 mm long BIBO crystals cut for collinear
type I (e → o + o) PM in the xz optical plane at an internal angle θ = 11.4º (ϕ = 0º) at
normal incidence. The phase-locking operation was confirmed by splitting at the
beginning the pump into two experimental lines (divided-by-2) overlapping them at the
end of the experimental line setting a Mach-Zehnder interferometer. The SPOPO signal
and idler output (1.5 μm and 1.6 μm aprox. respectively) was frequency doubled (SHG)
and after was overlapped with the pump. The observation of stationary fringes from the
interference established phase coherence. Additionally, we report the generation of a
toothed shape in the spectrum of the overlapped signal and idler pulses of the SPOPO
across 1.5-1.6 μm and 1.6-1.7 μm respectively in the degeneracy regime which can
suggest the fact that an optical comb might have been generated.
Keywords: OPO, Optical frequency combs, optical interferometry, OPG (e → o + o),
SHG (o + o → e), degenerated OPO.

1. Introduction
1.1. Motivation of the project
New and outstanding experiments in the field of frequency metrology are a significant step
toward next-generation "atomic clocks" based on optical rather than microwave frequencies
expecting to be even more than 100 times more accurate than today's best time-keeping systems
[1]. Better clocks based in frequency comb technology will enable to use and improve in many
other research fields and technologies, from medical tests in doctor's offices, to synchronization
of advanced telecommunications systems and precision navigation systems such as nextgeneration global positioning systems, to remote detection and range measurements for
manufacturing or defense applications. Highly accurate measurements of frequencies are also
essential for many other advanced fields of science that require the identification or
manipulation of atoms or molecules, such as detection of toxic biochemical agents, studies of
ultrafast dynamics and quantum computing.
The motivation of this project that led to the writing of this master thesis project has been to
generate a broad, fixed frequency comb by using a self-phase-locked degenerate femtosecond
optical parametric oscillator.
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2. Introduction (principles of operation)
2.1. Introduction to nonlinear optics: polarization and processes. Second-order nonlinear
frequency conversion. Optical parametric oscillators. Phase Matching condition.
When a dielectric material interacts the interaction of an electro-magnetic field, the result is
an induced polarization field in the material. Normally, the response of the material is linear,
making penetration and propagation of several electro-magnetic waves inside the material
without any interaction between waves. However, when the incident electro-magnetic fields are
intense enough, an induced polarization can appear due to nonlinear properties. This effect
derives from the higher order terms of the electromagnetic field contained in the expression of
the polarization vector:
(1)

(2)

(3)

𝑃𝑖 = 𝜒𝑖𝑗 𝜀0 𝐸𝑗 + 𝜒𝑖𝑗𝑘 𝜀0 𝐸𝑗 𝐸𝑘 + 𝜒𝑖𝑗𝑘𝑙 𝜀0 𝐸𝑗 𝐸𝑘 𝐸𝑙 + … = 𝑃𝐿 + 𝑃𝑁𝐿

(2.1)

where i, j, k, l indices are related with the coordinates frame, 𝜀0 is the permittivity of free space,
(1)
(2)
(3)
𝜒𝑖𝑗 is the linear susceptibility and 𝜒𝑖𝑗𝑘 and 𝜒𝑖𝑗𝑘𝑙 are the tensors of second and third order
nonlinear optical susceptibilities. The first term accounts for the linear part of the polarization
vector whereas the second, the third and beyond account for the nonlinear contribution to the
polarization vector.
In the context of this master thesis, we concentrate on the second-order term which contains
second-order nonlinear susceptibility factor 𝜒 (2) . These second-order nonlinear effects can be
achieved only in a certain group of dielectric crystals with non-centrosymmetric structures. This
includes crystals like lithium niobate (LiNbO3), MgO-doped periodically poled lithium niobate
(MgO-doped PPLN), potassium titanyl phosphate (KTP, KTiOPO4), potassium dihydrogen
phosphate (KDP, KH2PO4), lithium triborate (LBO, LiB3O5), β-barium borate (BBO, βBaB2O4), bismuth triborate (BIBO, BiB3O6), etc.
Different harmonic and parametric processes can be achieved from the second-order nonlinear
(2)
susceptibility tensor 𝜒𝑖𝑗𝑘 . Some of them can be observed in Fig. 1 and they can be divided in
two groups as explained in the Fig. 1. In this master thesis, our experiment is focused in OPO in
addition to SFG, which plays an important role in one part of the experiment. In all these
frequency conversion processes the energy of the photons that take part in the mixing has to be
conserved because of the principle of energy conservation.

(a)

(b)
Figure 1. Schematic diagram of the second-order nonlinear processes: (a) shows the processes
when two electromagnetic waves impinge on the dielectric material: second-harmonic
generation (SHG), sum-frequency generation (SFG), difference-frequency generation (DFG)
and optical parametric amplification (OPA); (b) shows the processes when there is only one
incident field to the material: optical parametric generation (OPG).
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2.2. Introduction to Optical Parametric Oscillators
OPOs basically are devices made of a nonlinear medium in an optical cavity pumped by a
laser source that efficiently converts a high energy pump photon into two lower energy photons.
The two beams originated in the process are called signal and idler. By convention, they have
the shorter and the longer wavelength respectively.
In this nonlinear frequency conversion process, it is strictly necessary that any pair of photons at
different frequencies satisfy the energy conservation condition:
𝜔𝑝 = 𝜔𝑠 + 𝜔𝑖

(2.2)

where 𝜔𝑝 , 𝜔𝑠 and 𝜔𝑖 correspond to pump, signal and idler frequencies. Regarding the output
signal produced by this kind of devices, they can be assumed similar to a laser in terms of
properties of the generated light. Thus, the generated light by an OPO is identical to a light
generated by laser, since both are coherent, monochromatic and collimated sources.
Furthermore, the final output frequencies (𝜔𝑠 and 𝜔𝑖 ) can be tunable by adjusting parameters
such as, crystal temperature, incident angle, applied electric field and pump wavelength, which
implies a great advantage of the OPOs compared with a common laser device [2].

Figure 2. Basic structure of an OPO in which the pump laser, the signal and the idler beams are
represented.
The final output frequencies are determined by other constraints like the gain mechanism inside
crystal, the losses experienced at the mirrors as well as some properties of the dielectric crystal.
Moreover, every photon in the device should accomplish the momentum conservation, or phasematching condition to get amplified (see more in Section 2.3).
When the pump light is not delivered continuously and it is delivered in the form of ultrashort
pulses synchronized with the pulses inside the OPO instead, they receive the name of
Synchronously-Pumped Optical Parametric Oscillators (SPOPOs). This option is only suitable
for ultrashort pulse generation, because a parametric device is not able to store the pump energy
for use at later times [3].
2.3. Introduction to Phase-Matching
When an electromagnetic wave with wavelength λn is propagating in an optical medium, the
wave-vector corresponding to this medium is
𝑘𝑛 =

2𝜋
𝜆𝑛

(2.3)

being n the refractive index of the crystal. In nonlinear materials, the refractive index it is
function of the wavelength, n(λ). Thus, different waves with different wavelengths do not have
the same phase velocities: for an electromagnetic wave with wavelength λ, propagating in an
𝜔
𝜔𝜆
optical medium, 𝜈𝑝 = =
, being λ the wavelength of the wave in vacuum.
𝑘𝑛

2𝜋𝑛(𝜆)

As we explain in the previous Section 2.2, energy conservation should be satisfied at the photon
level for any nonlinear interaction in a crystal. This is extensible to the momentum conservation
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as well, which should be conserver at anytime. For example in the case of the OPO, as there are
three different frequencies ωp, ωs and ωi, each wave will have different momentum k: kp, ks and
ki. Thus, in the momentum conservation case, the relation between the three waves in an OPO
will be expressed as:
Δ𝑘 = 𝑘𝑝 − 𝑘𝑠 − 𝑘𝑖

(2.4)

If (2.4) results Δ𝑘 ≠ 0, the phase-mismatch between the three interacting waves in the
oscillator, which implies that no specific process is preferred in the cavity and several lowefficiency competing processes would occur simultaneously. However, when the phasematching is perfect, Δ𝑘 = 0, only one nonlinear process of interest is considered. This
expression is called phase-matching condition:
Δ𝑘 = 0

(2.5)

As a result, we can neglect all other nonlinear processes that are possible under the general
nonlinear polarization vector expression (2.1) showed in Section 2.1 because they are extremely
weak. The phase-matching condition (2.5) applies to processes such as the OPO, SHG and
DFG, all in which the tensor χ2 plays the main role. All these processes are examples of threewave mixing interactions.
There are two commonly use methods to provide phase-matching. The traditional one works in
birefringent crystals compensating for the dispersion by choosing the appropriate polarization of
the interacting waves. The second technique is the quasiphase-matching based on periodically
poled nonlinear crystals. In the context of this master thesis, we have provided phase matching
by birefringent phase-matching.
2.3.1. Birefringent Phase-Matching
Birefringent phase matching is a technique for achieving phase matching of a nonlinear
process by exploiting the birefringence of a nonlinear crystal. As birefringent crystals have
different indices of refraction at the same wavelength, phase-matching is achieved by the proper
choice of wavelengths, polarizations and angles with respect to the crystal's principal axes.
There are two kinds of nonlinear crystals: uniaxial and biaxial crystals, depending upon the
number of the axis of anisotropy. Besides, there are two types of BPM for second-order
nonlinear processes. Type I and type II. For type I, both signal and idler waves at frequencies
have the same polarization and the pump wave is polarized orthogonal compared to the first
two. For type II the signal and idler are orthogonally polarized. All electromagnetic waves,
polarized transversally to the optical axis and propagating along the optical axis, will sense the
same index of refraction.
In the case of the uniaxial crystals, there are two different refractive indexes: the ordinary index
of refraction, no, and extra-ordinary index of refraction, ne. The electric field polarized
perpendicular to the optical axis will always sense the ordinary index of refraction and this one
is called the ordinary beam. The beam polarized orthogonally to the ordinary beam, called the
extraordinary beam, has a non-zero projection on the optical axis and senses the extraordinary
refractive index, ne(θ), which depends on the propagation angle according to the relation:
−1/2

sin2 𝜃 cos2 𝜃
𝑛𝑒 (𝜃) = � 2 +
�
𝑛𝑒
𝑛𝑜2

where 𝜃 is the angle between the optical axis and the propagation direction.

(2.6)
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The capability to modify one of the refractive indexes by rotating the crystal this angle 𝜃 makes
possible to modify the beam trajectory inside of the crystal so, according with the expression
(2.6), it makes possible to modify the k vector in order to accomplish the phase-matching
condition: Δ𝑘 = 0.
The case of biaxial crystals, where 𝑛𝑥 ≠ 𝑛𝑦 ≠ 𝑛𝑧 are somewhat more complicated and they
have been studied thoroughly by Hobden [4].

3. Objective of the experiment
3.1. Frequency combs. Introduction and generation
3.1.1. Introduction to frequency combs
Properties of femtosecond mode-locked lasers open a broad family of potential applications
lie in areas such as communications, high speed electronics and signal processing [5]. Thus,
they can be used as a ‘ruler’ to measure frequency intervals as well as it can be used as a
‘frequency bridge’ to connect distant frequency domains [6], [7]. For this reason, the ability to
generate and manipulate very short pulses is highly desirable.
Researchers all over the world have been devoted since 2000 in the development of novel
techniques in the family of the frequency combs. Since then, many advantages have been
accomplished, until the international recognition in 2005 to Theodor W. Hänsch and John L.
Hall. They shared half of the 2005 Nobel Prize in physics for their strong contributions to the
development of laser-based precision-spectroscopy, including the optical frequency comb
technique. In 2006, new techniques in the femtosecond combs spanned to the extreme
ultraviolet regime, enabling frequency metrology in that region of the spectrum apart from the
other previously enabled. It might open the door to unprecedented spectral resolution, making it
possible for scientists to study the fine structure of atoms and molecules with coherent XUV
light [8].
Frequency combs are a very precise tool for measuring different wavelengths —or
frequencies— of electromagnetic waves. By recent advances in ultrafast lasers, they can
accurately measure much higher frequencies than any other tool. Thus, today they already play
an important role in metrology laboratories and physics research and they are starting to become
commercially available [1].
In terms of appearance, a frequency comb is a light source which spectrum consists of a series
of discrete, equally spaced elements. The strictly knowledge of the space between consecutive
elements make possible such a great family of applications. In the frequency domain, it is
possible to represent a perfect frequency comb, called Dirac comb, as a series of Dirac´s delta
functions spaced according to the expression (see Fig. 3):
𝑓(𝑛) = 𝑓0 + 𝑛 𝑓𝑟

(3.1)

where n is an integer, fr is the comb tooth spacing and f0 is the carrier offset frequency, which is
smaller than fr. This can be used like a ruler to measure the light emitted by lasers, atoms, stars,
or other objects with extraordinarily high precision.
Either fr and f0 are two degrees of freedom for any frequency comb. As explained above, they
can be generated by a broad number of mechanisms, and in any of those the two degrees of
freedom can be modulated and stabilized in order to generate a useful comb for mapping optical
frequencies into the radio frequency for the direct measurement of optical frequency. The type
of laser used to make the comb is critical to the precision of the ruler. The shorter the laser
pulses, the broader the range of frequencies in the comb.
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The timing between pulses determines the teeth spacing of the frequency comb. Therefore, the
faster the pulse repetition rate, the wider the teeth spacing, making each individual tooth easier
to identify.
Besides, the stability of the laser determines the width of the individual comb teeth. A highly
stabilized laser produces very fine teeth, enabling highly precise measurements of specific
frequencies or changes in frequency. Other optical components such as mirrors, special crystals
and other techniques also are used to make the comb teeth as perfectly spaced as possible.

Figure 3. A Dirac comb is an infinite series of Dirac delta functions spaced at intervals of T
which corresponds with the value of the repetition rate of the pump laser.
3.1.2. Frequency comb´s generation
Amplitude modulation of a continuous wave laser and the stabilization of the pulse train
generated by a mode locked laser are the most commonly used methods of frequency comb´s
generation. In the context of this master thesis, generation by stabilization of a mode-locked
laser is very suitable for our experience. Deep studies about frequency comb´s generation by
amplitude modulation of a CW laser were made by K.P. Ho and J.M. Kahn [9].
Mode-locked lasers produce a series of optical pulses separated in time by the round-trip time of
the laser cavity. Every single pulse is repeatedly reflected within a mirrored cavity. The pulse
has a continuous train of very brief and closely spaced frequencies, regularly spaced in time. In
other words,

(a)

(b)

Figure 4. (a) each pulse contains many different frequencies modulated likeness of an envelope.
Represented in the time domain; (b) the same electromagnetic waves are represented in the
frequency domain. Each "tooth" of the comb is a different color, arranged according to how fast
the light wave oscillates in time. It is clear to see that the last one looks like a comb.
3.2. Previous work
In the context of this master thesis, we developed the experiment as the combination of two
previous scientific articles in the field of second-order nonlinear conversion by using optical
parametric oscillators carried out by A. Esteban-Martin et al. at Institute of Photonic Sciences
(Spain) and Samuel T. Wong et al. at Stanford University (USA).
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Femtosecond OPO pumped by a KLM Ti:sapphire laser based on BiB3O6 (BIBO) generates
signal and idler pulses across 1.4-1.6 μm and 1.6-1.87 μm respectively for collinear type I phase
matching in the xz optical plane. The high nonlinear gain and large spectral acceptance for type
I interaction in the xz plane of BIBO permit rapid and continuous tuning across the near infrared
range by simple fine adjustment of OPO cavity delay or through small changes in the pump
wavelength (in the vicinity of 800 nm). The first demonstration of this effect was reported
in [10], providing the rapid, broadband and static tuning features of BIBO crystals in
femtosecond OPOs directly pumped by the Ti:sapphire laser.
In addition, the spectral acceptance bandwidth supported by the system becomes very large
since the group velocity mismatch (GVM) between signal and idler pulses is very small and
vanishes near degeneracy [11]. In particular, is reported that the pump-signal and the pump-idler
GVM is less than 1.2 fs/mm and it varies from 35 fs/mm to nearly zero close to degeneracy.
In the other hand, [12] demonstrated a stable degenerate synchronously pumped femtosecond
OPO (SPOPO) as a divide-by-2 subharmonic generator by employing a type I phase-matched
MgO:LiNbO3 crystal as the nonlinear crystal at 80 MHz mode-locked Ti:sapphire laser with
180 fs pulses pumped at 775 nm. The SPOPO generated transform-limited 70 fs phase-locked
output pulses centered at 1550 nm. In the past, implementations of type I degenerate modelocked OPOs were avoided.
To test the phase-locking between the pump and signal/idler pulses in the degenerate and non
degenerate regime, the pump was divided-by-2. The SPOPO signal and idler output (1.5 μm and
1.6 μm aprox. respectively) were frequency doubled (SHG) and after was overlapped with the
pump comb at low angle between the beams. The observation of stationary fringes from the
interference established phase coherence.

Figure 5. Measurements obtained from
frequency doubling the SPOPO output and
interfering with the pump: (a) observed
fringes and lack of satellite beat notes when
phase locked; (b) observed satellite beat notes
and lack of fringes when unlocked.

Figure 6. Signal and idler SPOPO spectra for
degenerate (blue) and non degenerate regime
(red). The degenerate SPOPO forms a broad
spectrum centered at 1550 nm. In the non
degenerate SPOPO, the signal and idler pulses
oscillate at different frequencies.

The SPOPO signal and idler frequencies are half that of the pump and was demonstrated they
remain in the phase-locked (degenerate) regime until doubling the SPOPO comb to compare
with the pump comb for confirming the phase coherence. It is shown in the Fig. 6 the spectrum
of both degenerate and non degenerate signal and idler pulses of the SPOPO.
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4. Experimental setup
The configuration of the experimental setup is shown in Fig. 7. The pump laser provides
transform-limited pulses at 76 MHz, tunable around 800 nm. At the beginning, a half-wave
plate provides extraordinary pump polarization to help the second-order nonlinear processes
inside the crystals. The pump is split into two beams: the SPOPO comb and the pump comb. In
the SPOPO comb two second-order nonlinear processes are achieved: first OPO in the first
crystal and after SHG in the other one.
The SPOPO branch uses two 1.5 mm long BIBO crystals cut for collinear type I (e → o + o)
PM in the xz optical plane at an internal angle θ = 11.4º (ϕ = 0º) at normal incidence. The end
faces have broadband antireflection (AR) coating (R < 1%) for the pump over 800–840nm and
for a signal and idler over 1400–1600 nm. A set of lenses, AR coated (R < 1%) at 800nm, are
used to focus the beams to a beam waist radius ω0 ≈ 25 μm inside the BIBO crystals and
collimate it after to the next step.
The OPO is configured in a standing-wave cavity comprising two concave reflectors M1 and
M2 (r = 100 mm), one high reflector (HR) plane folding mirror and one plane mirror acting as a
5% output coupler (OC), mounted on a translation stage to allow variation of the cavity length
with micrometer precision. The mirrors HR, M1, and M2 are highly reflecting (R > 99%) over
1.45–1.65 μm and highly transmitting (T > 90%) at 800 nm.
The second harmonic generator is configured by a lens which comprises the beam into the
BIBO crystal to generate SHG (o + o → e). A second lens is used to collimate the beam to the
beam splitter beyond. A set of spectral filters may be used centered away from the degeneracy
to 1.5 or 1.6 μm to block most of the SFG and transmit only the SHG of the signal and the idler.
In order to probe the phase-locking between the pump and signal/idler pulses, the SPOPO signal
and idler output were frequency doubled (SHG) by a BIBO crystal and was overlapped beyond
–by using a beam splitter– with the pump comb in such a way they set a Mach-Zehnder
interferometer. A set of lenses comprised the beam into the crystal and after collimated it again
well featured ready to the interferometry in the beam splitter.
The pump comb cavity length was controlled by a delay line mounted on a translation stage to
allow the adjustments of the cavity length with micrometer precision.

Figure 7. Schematic of the Ti:sapphire-pumped SPOPO as a divided-by-2 subharmonic
generator based on the xz-cut BIBO with type I (e → o + o) interaction. The original
polarization of the beam from the Ti:sapphire laser is ordinary (perpendicular to the optic table).
The HWP changes the polarization of the pump to extraordinary (parallel to the optics table).
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5. Results
The experimental results consist in a series of spectrums and images obtained through the
high sensibility IR camera and a spectrum analyzer (in blue and in red respectively) (see Fig. 7).

(a)

(b)

Figure 8. Measurements obtained from frequency doubling de SPOPO output and interfering
with the pump for a: (a) degenerated SPOPO and; (b) non degenerated SPOPO.
The reported fringes in Fig. 8 (a) demonstrate the coherence in the degenerated regime of a
SPOPO based on BIBO a crystal with type I (e → o + o) interaction in the xz plane. It is worthy
to highlight the toothed shape in the top of the spectrum which can suggest the generation of a
frequency comb. In the same way, no interference effect is reported in the non degenerated
regime (see Fig. 8 (b)).

Figure 9. (a) Spectrum of the pump beam; (b) spectrum of the degenerate signal and idler
beams after frequency doubling through SHG by a BIBO crystal in the SPOPO comb and; (c)
spectrum of the non degenerate signal and idler beams after frequency doubling through SHG
by a BIBO crystal in the SPOPO comb.
6. Conclusions
The reported fringes in Fig. 8 (a) demonstrate the coherence in the degenerated regime of a
SPOPO based on BIBO a crystal. In the same way, no interference effect is reported in the non
degenerated regime (see Fig. 8 (b)). It is worthy to highlight the toothed shape in the top of the
spectrum (see Fig. 8 (a)) which can suggest the fact that an optical comb might have been
generated. However, it is still under study if this implies a frequency comb generation itself.
This is still under research.
In conclusion, we have demonstrated the stability of a degenerated Ti:sapphire pumped
femptosecond OPO based on BIBO crystal with type I (e → o + o) interaction in the xz plane.
To our knowledge, this is the first demonstration of a self-phase-locked divide-by-2 type I
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SPOPO in the xz plane of BIBO crystals operating in degenerate regime. The features provided
by the resonator as well as the interferometer focused in the development of a more robust and
stable frequency comb are currently limited only by the available mirrors and it might be readily
extended using more suitable coatings.
It would be suitable to use a set of spectral filters to block 1.5 μm or 1.6 μm frequencies
centered away of the degeneracy to block most of the SFG –which always is produced in a
BIBO crystal under the conditions reported– and transmit only the SHG of the signal and the
idler.
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