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ABSTRACT

Developments in nonlinear optical materials and solid-state lasers led to rapid progress in
nonlinear optics in recent years. Among the many fields of nonlinear optics, χ(2)
parametric processes are among the major tools for generating coherent radiation
indispensable in optical communication, spectroscopy and medical applications.
Involving short pulses with high peak power, high gain parametric processes,
including optical parametric amplification (OPA) and optical parametric generation
(OPG), have been widely used for near- and mid-infrared light sources. Most such
research so far has been demonstrated in bulk crystals. On the other hand, waveguides
can enhance the beam intensity along the whole device and significantly increase the gain
in parametric processes, and have been widely applied in processes such as secondharmonic generation. However a thorough study of the use of waveguides in high-gain
parametric processes is absent. This dissertation addresses the challenges in such
applications and demonstrates how waveguide structures and quasi-phase-matching
(QPM) gratings can be tailored to improve the performance of high gain parametric
processes.
We demonstrate high parametric gain for OPA in reverse-proton-exchange lithium
niobate waveguides with periodically-poled QPM gratings. Picojoule OPG threshold with
picosecond pump pulses near 780 nm is illustrated, which is over two orders of
magnitude lower than that in bulk crystal under similar conditions. Furthermore we
demonstrate control over the temporal properties of the output products from OPG with
picosecond pump pulses near 780 nm. By synthesizing either the QPM gratings or the
waveguide structures we demonstrate one order of magnitude smaller time-bandwidth
products at designed wavelengths and obtain near transform-limited output from OPG.
v

We also illustrate mode demultiplexing for OPA using asymmetric Y-junctions, in which
the signal and idler in different waveguide modes are separated with a contrast of >27.5
dB. The high gain parametric processes in waveguides may therefore find practical
application with the engineerable QPM gratings and waveguide structures.
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CHAPTER 1: INTRODUCTION

Nonlinear optics has been an important application of lasers since their discovery in the
1960s and has become widespread with the recent advances in nonlinear optical materials
and solid-state lasers. Of the many fields of nonlinear optics, optical parametric processes
[1] are among the most widely used tools that can extend the available wavelength ranges
of coherent radiation via frequency conversion. Optical parametric processes have
indispensable applications in optical communication, spectroscopy and medical
instruments.
Many optical parametric processes involve high intensities and rely on high singlepass gain. High intensities are achieved by either using tightly focused beams in bulk
materials or using waveguides; the latter is much more efficient. High parametric gain is
usually achieved in appropriate nonlinear materials such as periodically-poled lithium
niobate (PPLN), which is one of the most efficient nonlinear materials for near- and midinfrared optics. Combining the advantages of waveguides and PPLN, reverse-protonexchange (RPE) lithium niobate waveguides have been one of the most efficient devices
for optical parametric processes. [2] RPE lithium niobate waveguides are also very
versatile because both the waveguide structures and the quasi-phase-matching (QPM)
gratings fabricated by periodic poling can be tailored for specific purposes, including
engineering the tuning curves of second-harmonic generation (SHG), [3, 4] separating
different wavelength components on chip by mode demultiplexing, [5] and facilitating
device integration by using various waveguide structures. [6, 7]
As is shown in this dissertation, engineering of the RPE lithium niobate waveguides
can greatly improve the performance of high gain parametric processes including optical
parametric amplification (OPA) and optical parametric generation (OPG). For optical
parametric generation with 2-ps-long pump pulses near 780 nm we report a record low
threshold of 200 pJ. The temporal properties of the OPG output pulses are improved by
using engineered QPM gratings or using periodic waveguide structures composed of s1

2
bends and directional couplers in a quasi-group-velocity-matching scheme. [8] We also
demonstrate mode demultiplexing of the different frequency components from optical
parametric amplification. With these improvements to the high gain parametric processes,
RPE lithium niobate waveguides have the potential to become integrated tunable light
sources or photon-pair sources [9, 10] and play a more important role in practical
applications.
In this chapter we briefly discuss the principle of optical parametric processes,
describe the basic theory of QPM gratings and RPE waveguides and their fabrication
procedures, and give an overview of this dissertation.

1.1 Optical frequency conversion and parametric processes
Parametric nonlinear optics originates from the polarization response P induced by an
optical frequency electrical field E, which may contain higher order terms of E:
P = ε 0 ( χ (1) E + χ (2) E 2 + ...)

(1.1)

Here χ ( j ) is the jth-order susceptibility tensor. The linear term determines the linear
propagation of optical waves while the higher order terms correspond to nonlinear effects
under strong electrical fields.
In materials like KDP, BBO and lithium niobate the second-order term χ(2)E2 can be
significant under appropriate conditions. As a result optical waves at new frequencies
will appear; this phenomenon is known as frequency conversion. Such a process is called
a χ(2) parametric process, [11] in which both photon energy and photon momentum are
conserved because the state of the dielectric medium is the same before and after the
process. The constraints on photon energy and momentum are illustrated in Fig. 1.1,
using sum-frequency generation (SFG) as an example. Here ωj (j = 1, 2, 3) is the angular
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frequency and kj is the wave vector of the jth interacting wave. The constraint on photon
momentum is often called the phase-matching condition. [12]

Virtual Energy Level

ω2
ω3=ω1+ω2
Real Energy Level
of Electrons in the
Dielectric Medium

ω1

k1

k2

k3=k1+k2
Phase-matching condition

Manley-Rowe condition
Figure 1.1: Diagram of sum-frequency generation, a χ(2) parametric process between
three waves.
The simplest χ(2) parametric process is second-harmonic generation, in which only
two waves are involved and the constraints are simplified to ω3 = 2ω1, k3 = 2k1. Here the
two subscripts 1 and 3 respectively denote the first-harmonic wave and the secondharmonic wave. Second-harmonic generation is widely used for generation of coherent
radiation at short wavelengths in the visible or UV bands.

χ(2) parametric processes involving three waves include sum-frequency generation,
difference frequency generation (DFG) and optical parametric amplification, which are
shown in Fig. 1.2. SFG and DFG are inverse processes of each other. Optical parametric
amplification (OPA) and DFG are similar except for the much higher parametric gain in
OPA. Interactions based on OPA include optical parametric generation and optical
parametric oscillation (OPO). In optical parametric generation, vacuum noise is the input
seed. OPO has an OPA in a resonant cavity. When the parametric gain is very low, the
OPG process is often called parametric fluorescence.
Parametric processes can be more complex. We obtain a resonant parametric process
by putting nonlinear crystals into a cavity, such as in OPO or resonant SHG. [13, 14] We

4
obtain a cascaded χ(2): χ(2) process if the constraints for two χ(2) parametric processes are
simultaneously satisfied in the same device. [15-17] These processes add flexibility to
frequency conversion and introduce new phenomena. Although we may have insights
about them from the two conditions illustrated in Fig. 1.1, quantitative descriptions and
device designs for these complex processes often require numerical simulations.

In

Out

In

Out

ω1

ω1
ω3

ω2

SFG

ω1
ω3

ω2

DFG / OPA

Figure 1.2: Diagrams of various χ(2) parametric processes. The notation is the same as in
Fig. 1.1.
This dissertation discusses high gain parametric processes including optical
parametric amplification, optical parametric generation, and related cascaded processes.
[15, 18, 19]

1.2 Quasi-phase-matching, periodic poling and synthesis of QPM gratings
Quasi-phase-matching was first proposed in theory in the early development of nonlinear
optics. [12] Before parametric gains for quasi-phase-matching schemes were
experimentally demonstrated as being comparable to other methods, [20-24] the phasematching condition of parametric processes was often realized by temperature or angle
tuning in birefringent crystals, which was often limited in applicability by available
material properties.
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The principle and effects of quasi-phase-matching on nonlinear frequency
conversion are illustrated in Fig. 1.3. Figure 1.3(a) shows the phase-matching condition
for a quasi-phase-matching scheme, where the wave vector associated with a periodic
modulation of the properties of the nonlinear medium compensates for the wavevector
mismatch of the interacting waves. Figure 1.3(b) shows the effect of quasi-phasematching on second-harmonic generation using periodically reversed domains as an
example. Instead of perfect phase-matching everywhere like in the phase-matched case,
phase-mismatch is discretely compensated in QPM gratings.

(a)

(b)

Quasi-phasematching

Λ = 2 Lc

k3

k1

k2

Kg

Power

Phasematched
+

-

+

-

+

-

∆k = ∆k0 - Kg = 0
∆k0 = k3 – k1 – k2
Kg = ∆k0 = 2π/Λ
Not phasematched
Distance (z/Lc)

Figure 1.3: (a) The phase-matching condition in a quasi-phase-matching scheme; (b) The
effects of quasi-phase-matching on second-harmonic generation. Lc is the width of the
ferroelectric domains. Λ is the period of quasi-phase-matching.
Although quasi-phase-matching has lower conversion efficiency in SHG than perfect
phase-matching, as shown in Fig. 1.3(b), brings useful flexibility into optical parametric
processes. Among the advantages of QPM is that it allows the use of any convenient
combination of polarizations in the nonlinear interaction, including the case where all
waves are copolarized. Copolarized interactions have the largest nonlinear susceptibility
in many materials and are necessary in cases when only optical waves of one polarization
are supported in a waveguide, as is the case in reverse-proton-exchange waveguides
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fabricated on z-cut lithium niobate wafers. Quasi-phase-matching also enables parametric
processes in isotropic crystals such as GaAs.
QPM structures are most commonly obtained by periodic poling of ferroelectric
crystals like LiNbO3, LiTaO3, and KTP. The most widely used method for periodic
poling makes use of electric fields, with the procedure shown in Fig. 1.4. [25] The
principle is that the spontaneous polarization in a ferroelectric material such as lithium
niobate can be reversed under the influence of a sufficiently large electric field. All the
QPM devices involved in this thesis were fabricated in this way. A number of other
techniques have been used to fabricate quasi-phasematched structures, including
epitaxially-grown structures in semiconductors [26] and total-internal reflections in thin
plates [27, 28].

LiNbO3
Wafer

3 inch
+

High
Voltage
11 kV

+
-

500 µm
Lithographically
Defined
Electrode
Pattern

PPLN
(full wafer)

- + - +- +- +- + - +- + - +

2Lc

Figure 1.4: Procedure of lithium niobate wafer poling with electrical fields.
The tuning behavior of QPM interactions depends on the Fourier transform of the
QPM grating function. The periodic structure in a quasi-phase-matching scheme
generally contains several discrete Fourier components which enable different orders of
quasi-phase-matching. [29] For the simplest case shown in Fig. 1.5(a), a uniform QPM
grating with a period of Λ, the Fourier transform of its grating function has a series of
peaks, which are shown in Fig. 1.5(b). The peak at Λ/m is called the mth-order QPM peak
and has an effective nonlinear coefficient of
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d effm = 2d 0 sin(mπ × DC ) /(mπ )

(1.2)

where d0 is the nonlinear coefficient of the bulk nonlinear crystal and DC is the domain
duty cycle for the ferroelectric domains, defined as the ratio between the reversed domain
width and the QPM period. As an example of higher order quasi-phase-matching the
effects of first-order and third-order quasi-phase-matching on SHG are compared in Fig.
1.5(c).

(a)

(c)

Uniform QPM gratings

+ - + - + - + - + - + -

(b) Fourier transform of the grating
function:

1st order
2nd order

Power

Λ

Λ = 2 Lc

+

-

First-order
Quasi-phasematching
+

-

+

-

Third-order
Quasi-phase-matching

3rd order

Λ /3 Λ /2

Λ

Distance (z/Lc)

Figure 1.5: (a) Diagram of uniform QPM gratings. (b) Demonstration of the QPM peaks
for uniform gratings. The horizontal axis is the inverse of the spatial frequency. (c)
Comparing effects of first-order and third-order quasi-phase-matching on secondharmonic generation. Lc = π /∆k is the width of the ferroelectric domains. Λ is the QPM
period.
In general the QPM gratings can be non-uniform and Fourier synthesis techniques
can be applied conveniently to obtain desired tuning behavior. With such techniques, we
can engineer the spectral amplitude and phases of the tuning curves of nonlinear
interactions [3, 30, 31], fabricate tunable devices on a chip, [32, 33] increase nonlinear
interaction length for short pulses, [34] practice nonlinear physical optics or create 2dimensional nonlinear photonic crystals, [7, 35] and control cascaded parametric
processes.[36]
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Taking engineering of SHG tuning curves as an example, because the nonlinear
conversion in QPM gratings can be conveniently described in terms of transfer functions
in the frequency domain, [37, 38] we only need to synthesize QPM gratings with a
grating function whose Fourier transform is the same as the scaled transfer function. Due
to the limitations on the domain widths from electrical poling, we may need to optimize
the grating domain designs under fabricability constraints to obtain the closest match to
the transfer function. Various approaches had been tried to design QPM gratings
satisfying strict or complex requirements and resulted in practical applications. [3, 4, 30,
31, 36]

1.3 Integrated high gain devices: reverse-proton-exchange lithium niobate
waveguides and waveguide engineering
Waveguides have advantages over bulk materials for applications such as those in optical
communications. [39] One advantage is device integration. Moreover, waveguides are
more efficient than bulk devices in optical frequency conversion.

ω

Confocal focusing
in bulk

L

2ω

ω

Waveguide

2ω

L

Figure 1.6: Comparison of beam propagation in bulk material (confocal focusing
condition) and waveguides.
Figure 1.6 is a comparison between the beam propagation in bulk materials using
confocal focusing and in waveguides. Although small beam size is obtainable in bulk
materials by focusing tightly or creating solitons using nonlinear effects, [32, 40] the
beam sizes in waveguides can be maintained over a longer distance than in bulk materials.
Consequently the conversion efficiency for SHG is proportional to L2 in waveguides
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instead of L in bulk materials using confocal focusing, [41, 42] meaning that waveguides
are more efficient.
Another advantage of waveguides over bulk devices is that the waves involved in a
parametric interaction in a waveguide interact as discrete entities. That is, power is added
to or removed from the entire mode, so that there is no transverse variation in the
conversion efficiency as generally occurs in interactions between Gaussian beams in bulk
media. It is therefore easier to drive waveguide interactions towards depletion without
deleterious effects like gain-induced diffraction or back conversion. [43, 44] Because the
amplitude of the guided modes evolves only along the propagation direction, the
mathematical description of interaction is one-dimensional (as in a plane-wave
interaction), simulation of parametric processes in waveguide devices is simpler than that
in bulk devices.
Several types of lithium niobate waveguides have been developed in the past 20
years, including Ti- or Ni-diffused waveguides, ridge waveguides and annealed- or
reverse-proton-exchange waveguides. Reverse-proton-exchange waveguides are among
the most efficient devices so far, with a normalized efficiency up to 150% /(W-cm2) for
SHG at 1.55 µm. [2] Ridge waveguides fabricated by liquid phase epitaxy or direct
bonding [45, 46] have comparable efficiency but have higher propagation losses and are
not appropriate for long devices that are desired for high-gain parametric processes. In
contrast to ridge waveguides and Ti- or Ni- diffused waveguides which are able to guide
both TM and TE modes, annealed- or reverse-proton-exchange waveguides fabricated on
z-cut wafers only guide TM modes because the doping of protons lowers the refractive
index for TE waves. Although TE modes are absent, TM modes in reverse-protonexchange waveguides are well confined and thus enable high parametric gain.
The RPE process has been an important technique for the fabrication of low-loss
optical waveguides in LiNbO3 and is based on the annealed-proton-exchange (APE)
process [47] which we will describe later. RPE buries proton-exchange lithium niobate
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waveguides and enhances the parametric gain by a factor of >2 over APE waveguides. [2,
48] An empirical model has recently been developed to accurately calculate the
refractive-index profile in RPE waveguides based on the proton-exchange width and
depth, and the annealing and reverse-proton-exchange times. [49]
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Figure 1.7: Fabrication procedure of RPE lithium niobate waveguides.
The fabrication procedure for RPE lithium niobate waveguides is illustrated in Fig.
1.7. Periodic poling as described in Fig. 1.4 is usually the first step before waveguides are
fabricated. After that a ~50 nm-thick layer of SiO2 is sputtered onto the +z face of the
poled congruent lithium niobate wafer. Then waveguides are patterned by contact
lithography with a mask fabricated with a laser pattern generator. The exposed SiO2
regions are etched with buffered oxide etchant (BOE, 1:6) forming a SiO2 mask on the +z
face ready for proton-exchange. The width of the channels on this SiO2 mask hereafter
will be referred to as the waveguide width.
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The following steps are proton exchange, annealing, removing of the remnant SiO2
layer in BOE and reverse proton exchange. As shown in Fig. 1.7, after waveguide
patterns are ready wafers are diced and the chips obtained are put into benzoic acid for
proton exchange, in which protons from the acid replace lithium ions in the patterned
waveguide channels on the chips. When we use z-cut lithium niobate wafers, the protonexchanged regions will have a higher refractive index for the TM modes and thus form
waveguides. .
However such waveguides are not stable and the χ(2) nonlinearity is lost in the
proton-exchanged region. To solve these problems we anneal the chips at about 312 oC in
a furnace. In this annealing procedure protons in the proton-exchanged waveguide
channels are diffused deeper into the chips and form more stable waveguides. The χ(2)
nonlinearity is also restored after annealing. [47] The waveguides thus obtained are called
annealed-proton-exchange waveguides.
The last step in the fabrication of RPE waveguides is reverse proton exchange,
before which the SiO2 mask must be removed to ensure uniformity in the following
procedure. For reverse proton exchange the chips are put into a mixture melt at ~300 oC
which is composed of LiNO3, KNO3 and NaNO3 with an empirical mass ratio of.
30:52.2:17.8. [2, 48] Under such a condition part of the protons in the waveguides will be
replaced by lithium ions in the melt, resulting in a more symmetric proton distribution in
the depth dimension, increasing the mode overlap in parametric interactions and making
a more efficient waveguide for frequency conversion. [2]
In a typical recipe for RPE waveguides designed for SHG of 1.55 µm waves, the
proton-exchange time is ~24 hrs, the annealing time is ~23 hrs and the reverse-protonexchange time is ~25 hrs. The fabrication times for proton exchange and RPE are
affected by the temperature of the baths and the concentration of protons and lithium ions
in the baths. However, we can adequately determine the fabrication time by monitoring
the proton concentration in witness chips that are processed prior to the device chips. [49]
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We have shown the waveguide fabrication procedure for separate chips in Fig. 1.7.
Dicing is done before proton-exchange using dicing markers on the SiO2 layer. To save
device processing time we must fabricate RPE waveguides on a full wafer. [7] Different
from in Fig. 1.7, dicing would be the last step. Proton exchange, annealing and reverseproton-exchange are all done in full wafer. Because the layer of SiO2 is gone in the dicing
step, we add extra poling markers on the edges of the chips as dicing markers. After
poling the –z face of the wafers must be etched in HF for >30 minutes to make these
markers visible on wafer saws.
Straight waveguide on the SiO2 mask

Mode shape
Mode Filter

Adiabatic Taper

Straight waveguide with
QPM gratings

Directional coupler
Photos of different
structures on the
SiO2 mask

Small radius
circular bends

Asymmetric
Y-Junction

Figure 1.8: Various structures on the SiO2 mask for proton exchange.
We can engineer waveguide structures by varying the features on the mask for
waveguide lithography. Figure 1.8 shows various structures developed for device
integration on a lithium niobate chip, including straight structures (mode filters and tapers
[50]) and structures with bends (directional couplers, circular bends [7], s-bends and Yjunctions [8, 51]). Combination of the different structures enables complicated tasks such
as quasi-group-velocity-matching (QGVM). [8]
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For devices with bends, we desire tight bends to accommodate more structures on the
same device. The typical bend radius without introducing extra bend loss is 4 mm for
APE or RPE waveguides fabricated with the conventional processes. [7, 8] This is small
enough for many demonstration tasks but may be too large for optical circuits. In Section
5.1 we will discuss approaches to reduce this bend radius.
3 µm width
5 µm width

8 µm
width

2nd mode
1st mode

Two lowest order modes of 3-µm-wide
and 5-µm-wide waveguides:
lowest order mode for the two arms

First two modes of an
8-µm-wide waveguide:
TM00 and TM10 modes

Figure 1.9: Eigenmode profiles along an asymmetric Y-junction in RPE waveguides
designed for 1550 nm waves.
Tapers are designed to connect waveguides of different widths; asymmetric Yjunctions are designed for mode multiplexing or demultiplexing. [50, 52] Although they
are different in shape and function, for both of them we desire the optical waves to stay in
the same waveguide mode as they propagate through the device. For good performance,
tapers and asymmetric Y-junctions must change slowly enough that the modes evolve
adiabatically. The detailed design method for such devices will be described in Section
2.6.3 using asymmetric Y-junctions as an example.
In both the APE and the RPE waveguides that we fabricated, adiabatic tapers
successfully connected waveguides of different widths (such as 1.5 µm and 14 µm) and
kept the waves in almost pure TM00 modes. [50] Appropriately designed asymmetric Yjunctions in APE waveguides were very successful for mode multiplexing and mode-
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demultiplexing, and showed a mode separation contrast of > 30 dB for 1560 nm waves.
[5]
Asymmetric Y-junctions in RPE waveguides also performed well. Figure 1.9 shows
the eigenmode profiles for 1550-nm waves along an asymmetric Y-junction in RPE
waveguides. For a 4-mm-long asymmetric Y-junction, if we launch a beam as the first
(second) mode at the beginning, it will stay in the first (second) eigenmode along the
whole device. In other words, if we launch the beam from the 3-µm-wide arm, the output
would be in the TM10 mode as shown in Fig. 1.9; if we launch the beam from the 5-µmwide arm, the output would be in the TM00 mode. The requirement for mode multiplexing
is therefore fulfilled. If a beam propagates backwards, the asymmetric Y-junction serves
as a mode demultiplexer. In Chapter 6 we use such a design for mode demultiplexing in
optical parametric generation.

1.4 Parametric interaction of ultra-short pulses
Ultra-short pulses are involved in the high gain parametric processes in this thesis. The
term “transform-limited” is often used when the temporal properties of the ultra-short
pulses are concerned. A transform-limited optical pulse has unvarying instantaneous
frequency in the time domain and equivalently has a flat spectral phase in the frequency
domain; otherwise the pulse has chirp. The time-bandwidth product for a transformlimited pulse is ~0.4 for a well defined pulse shape such as Gaussian or hyperbolic secant.
[38] We can use the time-bandwidth product to characterize the temporal property of a
pulse and check if it is transform-limited.
Group velocity mismatch (GVM) plays an important role in frequency conversion of
ultra-short pulses. The phenomena of parametric processes involving ultra-short pulses
are much different from those involving CW waves because of GVM. An example is
optical switching using a gated mixer, shown in Fig. 1.10.
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Figure 1.10: (a) Group index of the e-wave versus wavelength in z-cut lithium niobate
wafers. δn is the difference between the group indices for 780 nm and 1560 nm waves. (b)
Behavior of SHG in PPLN in the presence of GVM; illustrated using a gated mixer. The
780 nm pulse is the SHG of the 1560 nm gate pulse and its output pulse length is wider
than the gate pulse due to group-velocity-mismatch.
We define the group-velocity-walkoff length as cτ /δn where c is the velocity of light
in vacuum, τ is the pulse length and δn is the difference between the group indices for
780 nm and 1560 nm waves. SHG of the 1560 nm gate pulse is used to select a pulse
from the 1560 nm signal pulse train for optical parametric mixing. Because the group
index in lithium niobate is higher at 780 nm than at 1560 nm, the generated 780 nm pulse
would be longer than the 1560 nm gate pulse and cause crosstalk if the nonlinear
interaction length is longer than the group-velocity-walkoff length. The group velocity
mismatch therefore demands a tradeoff between speed and the parametric gain.
Group velocity mismatch is also a key in optical parametric generation. Due to group
velocity mismatch the parametric gain in OPG in long QPM gratings is much lower for
ultra-short pump pulses than for CW pump. Moreover, the temporal properties of pulsed
OPG are determined by the group velocity mismatches.
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In the typical experiments involved in this thesis, the pulse length τ is 1.6 ps and the
group-velocity-walkoff length between 780 and 1560 nm waves is ~5 mm. If the device
length is much longer than 5 mm and the pump propagation loss is negligible, the output
from OPG would be flat-top pulses whose length is proportional to the group velocity
walkoff between the pump and the signal/idler. On the other hand the signal/idler
bandwidth is inversely proportional to the group velocity walkoff between the signal and
the idler (off degeneracy). The time-bandwidth-product of the signal/idler pulses
therefore is proportional to the ratio between the group velocity walkoffs of the
interacting waves and is inherently determined by the dispersion. This behavior will be
discussed in detail in Chapter 2. In Chapter 4 and Chapter 5 we will discuss approaches
to bypass this limitation. If not specifically noted, in this thesis we define the signal and
the idler in OPA/OPG as the output at the shorter and the longer wavelengths,
respectively.
In reverse-proton-exchange waveguides the material dispersion dominates over
waveguide dispersion and the discussions above are still valid.
Besides GVM, higher order dispersion terms may become significant if the pulse
length is < 100 fs. However in this dissertation the FWHM pump pulse length is between
1.6 ps and 2 ps. GVM therefore dominates and only the GVM and group-velocitydispersion terms are considered in the analyses and simulations for this thesis.

1.5 Previously unsolved problems and overview of this dissertation
Optical parametric amplification and optical parametric generation had previously been
studied in bulk lithium niobate and annealed-proton-exchange waveguides. [38] However
the parametric gains were lower than in RPE waveguides, the output pulses from OPG in
general were far from transform-limited and were not thoroughly studied, and the
signal/idler generated in OPG and OPA were not separated on-chip. These issues are
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addressed in this dissertation by using engineerable QPM gratings and reverse-protonexchange waveguides.
Chapter 2 reviews the theoretical descriptions of χ(2) parametric processes in
waveguides and lists important analytical and numerical results for OPA/OPG and related
cascaded processes. Being essential for engineering of waveguide structures, coupled
mode theory and bend theory are briefly discussed and used to analyze the waveguide
structures including bends, directional couplers and asymmetric Y-junctions.
Chapter 3 demonstrates experiments of high gain optical parametric amplification
with CW waves by the cascading of SHG and OPA and experiments of pulsed optical
parametric generation showing a record-low threshold of 200 pJ/pulse for 2-ps-long
pump pulses near 780 nm.
Chapter 4 discusses the improved temporal properties of the signal and idler from
cascaded OPG which involves simultaneous quasi-phase-matching of two χ(2) parametric
processes using two different orders of QPM peaks. The temporal properties of the output
from OPG are controllable by synthesizing QPM gratings to quasi-phase-match two
parametric processes at desired signal (idler) wavelengths.
Chapter 5 demonstrates the application of quasi-group-velocity-matching in OPG.
Quasi-group-velocity-matching improves the temporal properties of the output from OPG
by arranging the apparent group velocities and the phases of the interacting waves.
Approaches to fabricate tight bends are discussed in Section 5.1.
Chapter 6 reports two-mode optical parametric amplification and demonstrates mode
demultiplexing for OPA using asymmetric Y-junctions. We describe experiments on
shape optimization of asymmetric Y-junctions in Section 6.1.
Chapter 7 is a summary of this dissertation and discusses future directions and
applications of high gain parametric processes using RPE waveguides.
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CHAPTER 2: THEORY AND SIMULATIONS OF PARAMETRIC
PROCESSES AND OPTICAL CIRCUIT COMPONENTS IN
LITHIUM NIOBATE WAVEGUIDES

This chapter contains a theoretical description of χ(2) parametric processes in lithium
niobate waveguides and the theory for optical circuit components including bends,
directional couplers and asymmetric Y-junctions.
Theoretical background for χ(2) parametric processes is discussed in Sections 2.1
through 2.3. In Section 2.1 the coupled equations for OPA/OPG are derived and
analytical results are listed for special cases. Section 2.2 discusses the mechanism of
pulsed optical parametric generation and lists important numerical results obtained from
solving the coupled nonlinear equations. The effects of group-velocity-mismatch on the
temporal properties of the OPG output are discussed. Section 2.3 contains the theory for
cascaded χ(2):χ(2) processes, including the cascading of SHG and OPA for CW pump
waves and cascaded OPG involving simultaneous quasi-phase-matching of SFG and
OPG. With waveguide structures, parametric processes can be integrated into optical
circuits for better performance. One example is mode demultiplexing in OPA. Parametric
processes involving different waveguide modes are described in Section 2.4. The coupled
mode theory and the beam propagation method are briefly discussed in Section 2.5.
Based on numerical simulations from these theories, in Section 2.6 we describe the
design of bends, directional couplers and asymmetric Y-junctions in RPE waveguides.

2.1 Parametric processes in waveguides involving three waves
The optical frequency electric fields in waveguides can be expanded into a weighted sum
of orthonormal modes. The electric field in a particular mode of a waveguide at
frequency ωj can be given as:
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E j ( x, y, z , t ) = Re{γ j E j ( x, y ) Aj ( z , t ) exp[i (ω j t − k j z )]}

(2.1)

where E j ( x, y ) is a waveguide eigenmode in the waveguide cross section, kj is the wavevector, A j ( z , t ) is a slow-varying complex amplitude, and γ j = 2 /(n j cε 0 ) is a

normalization constant, where nj is the refractive index at ωj, c is the velocity of light in
vacuum and ε0 is the permittivity in vacuum. [7] Using this kind of expansion, the form
of the coupled equations for parametric processes in waveguides are the same as those for
plane waves, for cases where only one waveguide mode is involved at each interacting
frequency. Hereafter we will make this assumption.
The optical frequency electric fields in dielectric media satisfy the following
equation: [11]

∂ 2 E ( z , t ) / ∂z 2 = ε 0 µ0 [ε (ω )∂ 2 E ( z , t ) / ∂t 2 + χ (2) E 2 ( z , t )]

ε (ω ) = c 2 k 2 (ω ) / ω 2

(2.2)

Supposing three waves with frequencies around ω1, ω2 and ω3 (ω3 = ω1 + ω2) are
involved in a χ(2) parametric process, the electric field can be approximated as
E ( z , t ) = [γ 1 A1 ( z , t )ei (ω1t − k1z ) + γ 2 A2 ( z , t )ei (ω2t − k2 z ) + γ 3 A3 ( z , t )ei (ω3t − k3 z ) ] / 2 + c.c.
(2.3)
Here c.c is the complex conjugate of the other part in the expression, and Aj(z, t) is the
slowly-varying amplitude envelope of the jth field. For OPA and OPG, the wave near ω3
is called the pump and the waves near ω1 and ω2 are called the signal and the idler,
respectively. As long as the pulse length is much greater than one optical cycle, Eq. (2.2)
can be written as three coupled equations with the slow varying envelope approximation
(SVEA):
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∂A1 / ∂z + (1/ u1 )∂A1 / ∂t − i ( β1 / 2)∂ 2 A1 / ∂t 2
= −iΓ1 A2* A3 d ( z ) exp(−i∆kz ) − (α1 / 2) A1
∂A2 / ∂z + (1/ u2 )∂A2 / ∂t − i ( β 2 / 2)∂ 2 A2 / ∂t 2
= −iΓ 2 A1* A3 d ( z ) exp(−i∆kz ) − (α 2 / 2) A2

(2.4)

∂A3 / ∂z + (1/ u3 )∂A3 / ∂t − i ( β3 / 2)∂ 2 A3 / ∂t 2
= −iΓ3 A1 A2 d ( z ) exp(i∆kz ) − (α 3 / 2) A3
Only the group velocity mismatch and group velocity dispersion terms are included
in Eq. (2.4) since higher order terms are negligible for all the processes considered in this
dissertation. Here uj = 1/(∂kj/∂ωj) is the group velocity, kj is the wavevector, and βj =
∂2kj/∂ωj2 is the group velocity dispersion coefficient at ωj with j = 1, 2 or 3. d(z) is the
normalized QPM grating function; for a uniform QPM grating d(z) = 1.
∆k = k3 - k1 -k2 - K g is the wave-vector-mismatch of the interacting waves in QPM grating,
and Γj= [(8π2d02)/(n1n2n3cε0λj2Aeff)]1/2 is the parametric gain coefficient. n1, n2 and n3 and

α1, α2, and α3 are the refractive indices and the power attenuation coefficients of the three
waves involved in the χ (2) process, λj is the vacuum wavelength, and d0 is the nonlinear
coefficient of the bulk nonlinear crystal. Aeff is the effective area for the nonlinear process
in a waveguide: [39, 53]

Aeff = 1/ | ∫

∞

∫

∞

−∞ −∞

d ( x, y ) E1 ( x, y ) E 2 ( x, y ) E 3* ( x, y )dxdy |2

(2.5)

This area is the inverse square of the weighted mode overlap integral of the eigenmode
functions for the three waves in the cross section of the waveguide. The weight function
d ( x, y ) is the QPM grating function in the same cross section, which would be the same
as d(z) if the gratings are pependicular to the waveguides.
Near degeneracy, i.e. for ω1 ≈ ω2 ≈ ω3/2, Γ 32 /4 is equal to η SHG , the normalized
nonlinear conversion efficiency for SHG, where:
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2
η SHG = PSH /(PFH
L2 )

(2.6)

In general the parametric gain coefficients Γj in Eq. (2.4) are functions of the center
frequencies of the three waves; corrections are needed when the bandwidths of the
interacting waves are comparable to the center frequencies, as has been observed in the
case of QPM OPG in GaAs. [54] However, in this dissertation the approximation of Eq.
(2.3) is valid since the largest bandwidth is much smaller than the center frequencies.
For convenience in simulation, we replace the electric field envelopes Aj(z, t) with a
variable Bj(z, t) = Aj(z, t)/ ωj1/2. The photon number density Nj(z, t) is proportional to Bj2(z,
t). The equations for Bj(z, t) are

∂B1 / ∂z + (1/ u1 )∂B1 / ∂t − i ( β1 / 2)∂ 2 B1 / ∂t 2 = −iΓB2* B3 d ( z ) exp(−i∆kz )
∂B2 / ∂z + (1/ u2 )∂B2 / ∂t − i ( β 2 / 2)∂ 2 B2 / ∂t 2 = −iΓB1* B3 d ( z ) exp(−i∆kz ) (2.7)
∂B3 / ∂z + (1/ u3 )∂B3 / ∂t − i ( β 3 / 2)∂ 2 B3 / ∂t 2 = −iΓB1 B2 d ( z ) exp(i∆kz )
Here Γ = [(16π3d02)/(njnknlε0λ1λ2λ3Aeff)]1/2 is the adjusted parametric gain coefficient. We
have neglected loss terms in Eq. (2.7). The propagation losses in RPE waveguides are as
small as <0.15 dB/cm and do not significantly affect the qualitative properties of high
gain parametric processes.
Eq. (2.7) can be further simplified for CW waves by neglecting the time-derivative
terms on the left hand side. For OPA in uniform QPM gratings without pump depletion,
we can further omit the last equation and obtain:

∂B1 / ∂z = −iΓB2* B3 exp(−i∆kz )
∂B2 / ∂z = −iΓB1* B3 exp(−i∆kz )

(2.8)

For these equations we have analytical solutions for the signal and idler at the end of
a straight waveguide with a QPM grating length of L:
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B1 ( L) = exp[−i∆kL / 2 + iϕ1 (0)] ×
{B1 (0)[cosh(Γ ''* L) − i∆kL /(2Γ ''* )sinh(Γ ''* L)]
+ B2* (0)(Γ '/ Γ ''* ) exp(i∆ϕ ) sinh(Γ ''* L)}
B2 ( L) = exp[−i∆kL / 2 + iϕ 2 (0)] ×

(2.9)

{B1* (0)(Γ '/ Γ '') exp(i∆ϕ )sinh(Γ '' L)
+ B2 (0)[cosh(Γ '' L) − i∆kL /(2Γ '')sinh(Γ '' L)]}
Here Γ’ = Γ L B3, Γ’’ 2 = Γ’ 2 – (∆kL/2)2, ϕj(0) is the initial phase of the jth wave and

∆ϕ = ϕ3(0) - ϕ1(0) - ϕ2(0) - π/2 is the initial phase difference. Assuming that the gain
term Γ’ is larger than the phase-mismatch term ∆kL/2, the photon number densities from
OPA are

N1 ( L) = N1 (0)[cosh 2 (Γ '' L) + (∆kL / 2Γ '') 2 sinh 2 (Γ '' L)]
+ N 2 (0)(Γ '/ Γ '') 2 sinh 2 (Γ '' L)
+ 2(Γ '/ Γ '')[ N1 (0) N 2 (0)]1/ 2 sinh(Γ '' L)
[cosh(Γ '' L) cos ∆ϕ + (∆kL / 2Γ '')sinh(Γ '' L) sin ∆ϕ ]
N 2 ( L) = N 2 (0)[cosh 2 (Γ '' L) + (∆kL / 2Γ '') 2 sinh 2 (Γ '' L)]

(2.10)

+ N1 (0)(Γ '/ Γ '') 2 sinh 2 (Γ '' L)
+ 2(Γ '/ Γ '')[ N1 (0) N 2 (0)]1/ 2 sinh(Γ '' L)
[cosh(Γ '' L) cos ∆ϕ + (∆kL / 2Γ '')sinh(Γ '' L) sin ∆ϕ ]
If N2(0) = 0 the photon number densities at L are

N1 ( L) = N1 (0)[cosh 2 (Γ '' L) + (∆kL / 2Γ '')2 sinh 2 (Γ '' L)]
N 2 ( L) = N1 (0)(Γ '/ Γ '')2 sinh 2 (Γ '' L）

(2.11)

When the phase-matching condition is satisfied, i.e. ∆k =0, we have

N1 ( L) = N1 (0) cosh 2 (Γ ' L)
N 2 ( L) = N1 (0)sinh 2 (Γ ' L）
(2.12)
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Under the high gain limit [38]
N1 ( L) ≈ N 2 ( L) ≈ N1 (0) exp(2 η SHG PL) /2
(2.13)
which can be used to estimate the threshold of OPG. The OPG threshold is
conventionally defined as the pump pulse energy corresponding to a gain of 1010 or 100
dB. For a 1-ps-long pump pulse and a 1-cm-long QPM grating in RPE waveguides with

ηSHG ~ 100%/(W-cm2), the OPG threshold Ethr= Pτ = ln 2 (1010 )τ /(4η SHG L2 ) is ~130 pJ.
The practical OPG threshold for picosecond pulses would be higher than this rough
estimation since the group velocity mismatch is neglected in deriving Eq. (2.13). More
precise OPG threshold can be obtained from numerical methods which we will describe
in Section 2.2.
As another special case, if N2(0) = N1(0), ∆k = 0 and the gain is high, for which we
obtain
2
N1 ( L) ~ N 2 ( L) ~ 4 N1 (0) cosh 2 (Γ ' L) cos（
∆ϕ / 2）

(2.14)

In Section 5.3 we will use this result to explain the output spectra of OPG from quasigroup-velocity-matching devices.

2.2 Theory for pulsed OPG in waveguides
In SHG and OPO experiments using short pulses, appropriately adding chirps to the QPM
gratings and pump pulses could result in a compressed output pulse. [55, 56] We may
expect that such a technique will also work for OPG and improve the temporal properties
of the output from pulsed OPG. However the situation is different in OPG because it is
seeded with vacuum noise and different signal (idler) frequencies inherently have random
phases, which cannot be removed by simply adding chirps. In this section we will
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describe the numerical simulation methods for waveguide OPG and discuss the temporal
properties of pulsed OPG.
For an exponential process like OPG, the pulse length and bandwidth are mainly
determined in the process before the pump is depleted. Therefore a good approximation is
to solve the coupled nonlinear equations for OPG without pump depletion. Ignoring the
third equation in Eq. (2.7) and neglecting the second order dispersion terms, the first two
equations become

∂B1 / ∂z + (1/ u1 − 1/ u3 )∂B1 / ∂η3 = −iΓB3 (η3 ) B2*d ( z ) exp(−i∆kz )
∂B2 / ∂z + (1/ u2 − 1/ u3 )∂B2 / ∂η3 = −iΓB3 (η3 ) B1* d ( z ) exp(−i∆kz )

(2.15)

where η3 = t – z/u3 is the shifted time variable centered on the peak of the pump pulse.
Suppose the signal input for OPG (random noises) is a sum of fields at a series of
discrete frequencies (ω1 +Ωn, n = 1, 2, 3 …) with random phases ϕn while the idler input
is zero:
B1 (0, t ) = ∑ B1n (0) exp(−iΩ n t − iϕn )
n

(2.16)

B2 (0, t ) = 0
We may directly use Eq. (2.16) as the initial fields. The properties of pulsed OPG can be
derived by using many sets of {ϕn } and averaging their different outputs.
Alternatively we use the following approach to study the OPG process more
deterministically. Because Eq. (2.15) can be converted into a second-order partial
differential equation for either B1 or B2, the output at z would be
B1 ( z , t ) = ∑ B1n ( z , t ) exp(−iϕn )
n

B2 ( z , t ) = ∑ B2 n ( z , t ) exp(−iϕ n )
n

(2.17)
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where B1n(z, t) and B2n(z, t) are independent of the random phases. We therefore may
solve Eq (2.15) for a series of different Ω n with initial fields B1 (0, t ) = B1n (0) exp(−iΩ n t )
and B2 (0, t ) = 0 , and obtain B1n(z, t) and B2n(z, t).
In the time domain < | B j ( z , t ) |2 >= ∑ | B jn ( z , t ) |2 ; in the frequency domain
n

< | B j ( z , Ω) |2 >= ∑ | B jn ( z , Ω) |2 (j = 1 or 2). We thereby are able to obtain the parametric
n

gain and the temporal properties of the signal and the idler without explicitly including
the random phases in the simulation.
Under special conditions the coupled equations in Eq. (2.15) have analytical
solutions. If B2(0, t) = 0 and d(z) = 1 (for a uniform QPM grating), Eq. (2.15) is
comparable to the up-conversion problem in Ref. [57] and we can derive:
z

B2 ( z ,η2 ) = −iΓ ∫ dyB1* (0,η 2 + ν 21 y ) B3 (η 2 + ν 23 y ) R exp(−i∆ky )
0

(2.18)

where η2 = t – z/u2, ν21 = 1/u2-1/u1 and ν23 = 1/u2-1/u3 are group velocity walkoffs, and R
is the normalized Riemann function [58] which depends on the pump and the group
velocity walkoffs.
When the pump is a continuous wave satisfying B3(0) = B30, the normalized Riemann
function is

R = iI 0 (2ΓB30 y ( z − y ))

(2.19)

where I0 is the modified bessel function of the second kind. When the pump is a
hyperbolic secant pulse satisfying B3(0, t) = B30 sech(t/τ3), where τ3 is the pulse length,
the normalized Riemann function is a hypergeometric function: [57, 58]
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R = F * (n, − n;1, b)
n = iΓB30τ 3 / ν 13ν 23 ,

(2.20)

b = sinh( yν 13 / τ 3 )sinh[( z − y )ν 23 / τ 3 ]sech(η3 / τ 3 ) sinh[(η1 −ν 21 y ) / τ 3 )
We can use these anaylytical solutions under special conditions to validate our
numerical simulation codes. Solutions to Eq. (2.15) obtained by the Split-Step FastFourier-Transform (FFT) method [59] match well with these analytical solutions.
For the rest of this section we will show that the temporal properties of OPA and
OPG are mainly determined by the group velocity mismatches between the three
interacting waves, as is also verified by numerical simulations. We only consider up to
the second order dispersion terms.
L

Pump at ω3

u3= c/n3g
u2= c/n2g

Idler at ω2
Signal at ω1

u1= c/n1g

Figure 2.1: Typical diagram of the group velocity walkoffs in optical parametric
amplification or optical parametric generation. n gj (j = 1, 2, 3) is the group index. L is the
QPM grating length.
To understand the scaling behavior of the pulse lengths and bandwidths in OPG,
consider the following qualitative arguments. Suppose the OPA input wavelength is ω1
and both the QPM gratings and the pump pulse has no chirp. As shown in Fig. 2.1, for
typical cases in PPLN the group velocity walkoff between the idler and the pump is much
larger than that between the signal and the idler. The idler pulse length τ2 therefore is
proportional to ν 32 L = L(1/ u3 -1/ u2 ) = (n3g − n2g ) L / c which is the group velocity walkoff.
Similarly the signal pulse length τ1 is proportional to ν 31 L = L(1/ u3 -1/ u1 ) = (n3g − n1g )
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L / c . For OPG, the input is vacuum noise and its bandwidth is wide. However, as long as

group velocity dispersion is negligible in the signal (idler) band, the above estimates of
pulse length are valid.
To obtain the bandwidth for the OPG output, we must consider the phase-matching
conditions for various input signal (idler) frequency components. [60] The wave-vector
mismatch for OPG in a uniform QPM grating is

∆k = k3 − k1 − k2 − K g
2
2
= ∆ω3ν 32 − ∆ων
1 12 + β 3 ∆ω3 / 2 − ( β1 + β 2 ) ∆ω1 / 2

(2.21)

We have a constraint ∆k (∆ω1 / 2) ~ 2 G ln 2 [61] for the FWHM bandwidth of
OPA/OPG with a fixed parametric gain G=ΓL. If the pump frequency is fixed, i.e. ∆ω3 =
0, we can derive the OPG signal bandwidth ∆ω1 : [41, 62, 63]

∆ω1 ∝ 1/(ν 12 L)

off degeneracy

∆ω1 ∝ 1/ ( β1 + β 2 ) L near degeneracy

(2.22)

From Eq. (2.22), the signal bandwidth is inversely proportional to the group velocity
mismatch between the signal and the idler (ν 12 L ) for off-degeneracy conditions (ω1 >>

ω2). For near-degeneracy conditions (ω1 ≈ ω2) it is inversely proportional to the square
root of the sum of the second order dispersion coefficients ( β1 + β 2 ). The same
conclusion holds for the idler.
For the case of off-degenerate operation, the time-bandwidth products for the signal
and the idler can be estimated from the above pulse lengths and bandwidths:

τ 1∆ω1 ~ ν 31 /ν 21 = δ n31 / δ n21
τ 2 ∆ω2 ~ ν 32 /ν 21 = δ n32 / δ n21

(2.23)
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which are proportional to the group velocity walkoff ratio of the three interacting waves,
revealing the strong connection between the temporal properties of OPG and the group
velocity mismatches. Here δ n31 =| n3g − n1g | , δ n12 =| n1g − n2g | and n gj (j = 1, 2, 3) is the
group index. Note that the behavior of the time-bandwidth can be qualitatively different
for cases where the signal and idler group velocities lie on opposite sides of the pump
group velocity [64], and is discussed in section 2.3.2.
By numerically solving Eq. (2.15) we confirmed that the time-bandwidth product of
the signal/idler from OPG has a minimum determined by the ratios shown in Eq. (2.23).
[15, 65] We further verified that the temporal properties of OPG products cannot be
improved by simply adding chirps to the QPM gratings and the pump pulses like in the
case of SHG or OPO. [37, 38, 66, 67]
The complete set of Eq. (2.7) is necessary for quantitative analyses such as
calculating photon conversion efficiency of pulsed OPG in the limit of strong pump
depletion, for which we can no longer obtain a solution in the form of Eq. (2.17). The
random phases therefore must be incorporated in the input signal like in Eq. (2.16) and
we must average the numerical results for many different sets of random phases to
compare to experimental results. For these simulations we also need to estimate the
amplitudes of the initial noise field in RPE waveguides. Using the approximation of one
photon per mode [32, 61] we can estimate the noise power level at
Pnoise ~ ωδν =

ω cδλ

λ2

(2.24)

Here δλ is the noise bandwidth. For OPG in typical RPE waveguides with 1-cm-long
QPM gratings, the vacuum noise power in the 10 nm gain bandwidth around 1560 nm is
~0.16 µW.
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2.3 Theory for cascaded χ(2): χ(2) processes
Cascaded χ(2): χ(2) processes are more complex than single-step χ(2) processes like SHG
or OPA. Here we describe the theory for the cascading of SHG and OPA with CW waves
[7, 17, 42] and the theory for cascaded OPG [15] with a pulsed pump. Both processes are
in waveguides and only one waveguide mode is considered for each wave.

2.3.1 Theory for the cascading of SHG and OPA
Cascading of SHG and DFG/OPA is a preferred operation mode for optical frequency
mixers used in optical communications because all the inputs are in the communication
band.

ω2 = 2ωp - ω1

SHG
OPA

Out

In

ω1

ωp

ω2

2ωp

Figure 2.2: Diagram of the cascading of SHG and OPA.
We may directly use a 780-nm-band CW wave as the pump for a 1.5-µm-band OPA.
However this scheme needs mode filters and directional couplers to combine the two
input waves and also requires a high power CW pump laser in the 780-nm band, which is
less convenient than a pump also in the communication band. Alternatively, we use the
scheme shown in Fig. 2.2, where the pump for the 1550-nm band OPA is the SHG of a
strong pump near 1550 nm. The pump and the signal are launched into the same fiber
with a wavelength division multiplexing (WDM) coupler and then coupled into a RPE
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waveguide. In Section 3.1 we will demonstrate high parametric gain for OPA in RPE
waveguides with this approach.
The cascading of SHG and OPA in uniform QPM gratings can be described with
four coupled equations: [17]

dAp / dz = −iΓASHG Ap * exp(−i∆k SHG z ) − α Ap
dASHG / dz = −iΓAp 2 exp(i∆kSHG z ) − 2iΓA1 A2 exp(i∆kOPA z ) − α SHG ASHG
dA1 / dz = −iΓASHG A2* exp(−i∆kOPA z ) − α A1

(2.25)

dA2 / dz = −iΓASHG A1* exp(−i∆kOPA z ) − α A2
Here Aj is the envelope of the optical-frequency electrical field. The subscripts 1, 2, p,
SHG are for the input signal, the idler, the pump and the SHG of the pump, respectively.

α is the propagation loss for the pump, the signal and the idler in the 1550-nm band; αSHG
is that for the SHG product in the 780-nm band. ∆kSHG = k SHG − 2k p − K g and
∆kOPA = k SHG − k1 − k2 − K g are the mismatches in wave vectors for the SHG and OPA
processes in uniform QPM gratings, respectively. The same gain parameter Γ =
[(8π2d02)/(nSHG np2cε0λp2Aeff)]1/2 can be used in all the equations because λ1 ~ λ2 ~ λp =
2λSHG and the refractive indices of the three waves in the 1550-nm band are close to each
other. The parameters involved in the calculation of Γ have the same definition as those
in Eq. (2.4). We have η SHG = Γ 2 , Pp = Ap2 from the definition of Ap. Here Pp is the pump
power.
When phase matching conditions are satisfied for both the SHG and OPA processes,
the depletion of the pump wave and the SHG product is negligible, and the losses satisfy

α SHG ~ 2α (a good approximation for APE and RPE waveguides), we have analytical
solutions to Eq. (2.25):
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Ap ( z ) = Ap (0) exp(−α z ) = Ap exp(−α z )
ASHG ( z ) = ΓAp 2 z exp(−2α z )
A1 ( z ) = A1 (0) exp(−α z ) cosh{Γ 2 Ap 2 [1 − (1 + 2α z ) exp(−2α z )] /(4α 2 )}

(2.26)

A2 ( z ) = A1 (0) exp(−α z ) sinh{Γ 2 Ap 2 [1 − (1 + 2α z ) exp(−2α z )]/(4α 2 )}
If the losses are negligible, the conversion efficiency η from signal to idler in the low
gain limit for the cascading of SHG and OPA is the same as that for the cascading of
SHG and DFG: [16, 17]

η (dB) ≈ 10 log(η SHG 2 Pp 2 L4 / 4)

(2.27)

In the high gain limit, the parametric gain for the signal and the idler is

G (dB) ≈ 10 log[exp(η SHG Pp L2 ) / 4]

(2.28)

Real devices have much lower parametric gains than Eq. (2.28) due to propagation
losses, pump depletion in SHG or OPA and parasitic processes through higher-order
quasi-phase-matching. We can numerically solve Eq. (2.25) to fully consider the losses
and pump depletion. In the absence of defects in the devices and the parasitic processes,
the parametric gain monotonically increases with the length of the QPM gratings. We
therefore fabricate waveguides with the longest possible QPM gratings for experiments
of cascading SHG and OPA.

2.3.2 Theory for cascaded OPG
Cascaded OPG, in which the sum of the signal or idler wave with the pump wave is
involved in the interaction, can improve the temporal properties of OPG with ultra-short
pump pulses. [15] Figure 2.3 illustrates the situation for cascaded OPG involving sumfrequency generation between the signal and the pump. kp, ks, ki and kSFG are the wavenumbers of the pump, signal, idler and the sum-frequency waves. ∆kOPG (∆kSFG) is the
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wave-vector mismatch in the OPG (SFG) process. We may engineer QPM gratings to
simultaneously satisfy both phase-matching conditions.

(a) Photon energy conservation conditions
SFG
OPG

Back conversion of SFG
cascaded OPG
signal

signal

pump

sum
frequency

idler

back-converted
pump

pump
signal

(b) Phase-matching conditions
kp

ks

ki

∆kOPG

kSFG

kp

ks

∆kSFG

Figure 2.3: A diagram of the situation for cascaded OPG involving simultaneous quasiphase-matching of optical parametric generation and sum-frequency generation between
the pump and the signal.
Conventional OPG has been described in Eq. (2.4) while equations for cascaded
OPG can be obtained by adding terms for the sum-frequency generation:
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∂As / ∂z + (1/ u s )∂As / ∂t =
iΓ1s Ai* Ap d ( z ) exp(−i∆k1 z ) + iΓ 2 s Ap* Ag d ( z ) exp(−i∆k2 z )
∂Ai / ∂z + (1/ ui )∂Ai / ∂t = iΓ1i As* Ap d ( z ) exp(−i∆k1 z )
∂Ap / ∂z + (1/ u p )∂Ap / ∂t =

(2.29)

iΓ1 p As Ai d ( z ) exp(i∆k1 z ) + iΓ 2 p As* Ag d ( z ) exp(−i∆k2 z )
∂Ag / ∂z + (1/ u g )∂Ag / ∂t = iΓ 2 g As Ap d ( z ) exp(i∆k2 z )
Here we use the subscripts j = s,i,p,g for signal, idler, pump and the sum-frequency
wave. Γqj= [(8π2d02)/(njnknlcε0λj2Aeffq)]1/2 and Aeffqare the parametric gain coefficient and
the effective area for OPG (q = 1) and SFG (q = 2), and ∆k1 = k p - k s - ki − K g OPG and

∆k2 = k g - ks - k p − K g SFG are the wave-vector mismatches in the OPG and SFG processes,
respectively. We assume that pulse durations and device lengths are such that group
velocity dispersion can be neglected.
As we discussed in Section 2.2, it is difficult to find analytical solutions in general
that could give insight into the dynamics of even the conventional OPG, so we carry out
numerical simulations using a fast Fourier transform (FFT) split-step method to solve Eq.
(2.29). [59] The simulation results show that the cascaded processes can lead to a variety
of additional phenomena and may improve the temporal properties of OPG output.
Reviewing the properties of conventional OPG will help us understand the properties
of cascaded OPG. For conventional OPG, numerical simulations gave results similar to
Eq. (2.23). The time-bandwidth product of the signal has a minimum determined by the
ratio between the group index differences δnsp/δnsi. Here δ nsp =| nsg − n pg | , δ nsi =| nsg − nig | ,
and n gj is the group index.
Recall the discussion in section 1.4 that we can use the time-bandwidth product to
check if a pulse is transform-limited; it is therefore possible to obtain transform-limited
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signal when δnsp/δnsi < 1, especially if the group index of the pump is between those of
the signal and the idler. [64, 68, 69]
Pump, 1.03 µm

(a) δnsp/δnsi <1

Idler, 3.5 µm
Signal, 1.46 µm
Pump, 780 nm

(b) δnsp/δnsi >1

Idler, 1719 nm
Signal, 1428 nm

(c)
Group index

2.6

Sum frequency
505 nm

2.5

Pump
780 nm

2.4
2.3

Signal
1428 nm

Idler
1719 nm

2.2
0.5

1

1.5

2

Wavelength (µm)

(d)

sum frequency, 505 nm
Pump, 780 nm
Idler, 1719 nm
Signal, 1428 nm

Figure 2.4: (a) Diagram of group velocity walkoff for pulsed OPG with the pump group
index being between those of the signal and the idler. (b) Diagram of group velocity
walkoff for pulsed OPG with the pump group index being higher than those of the signal
and the idler. (c) Group indices for the four waves involved in a typical cascaded OPG
process like that shown in Fig. 2.3. (d) Diagram of group velocity walkoff for cascaded
OPG, showing that the effective group index of the signal is the same as that of the sum
frequency and is higher than that of the pump. The nonlinear material is lithium niobate
for all the figures here.
The diagram in Fig. 2.4(a) illustrates the group velocity walkoff in such a case. As a
practical example, this condition holds in both LiNbO3 and LiTaO3 for a signal
wavelength between 1.38 µm and 1.63 µm when the pump wavelength is 1.03 µm. [64]
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Figure 2.4(b) illustrates the more common situation, where the group index of the
pump is larger than those of the signal and the idler and δnsp/δnsi > 1. In this case the
minimum time-bandwidth product is approached at the high gain limit with a grating
length of about 2.5 times the group-velocity-mismatch length between the signal and
pump. Transform-limited output can not be easily obtained. In materials like BBO,
transform limited output had been realized by collinear or noncollinear birefringent phase
matching in bulk materials using the particular material properties (which is typically
pumped with blue or green lasers). [70, 71] However, in proton-exchange lithium niobate
waveguides all three waves are collinear and TM polarized and such configurations are
not possible.
Alternatively we can use cascaded OPG to obtain transform-limited output because
the extra wave involved may have higher group index than the pump so that the signal
(idler) involved in the extra parametric process would have an effective group index
higher than that of the pump.
This is illustrated in Fig. 2.4(c) and (d), where the sum frequency wave of the 780nm pump and the 1430-nm signal is at 505 nm. As shown in Fig. 2.3, SFG and its back
conversion co-exist in cascaded OPG. Signal photons generated in the back conversion of
SFG interact somewhat as though they had the same group index as that of the sum
frequency wave, which is higher than that of the pump. We thereby are able to alter the
effective group velocity and control the temporal properties of the OPG products using
cascaded OPG, bypassing the material limitations.
From the material dispersions and the above discussion we can predict the
wavelength ranges that permit transform-limited output pulses for a selected cascaded
OPG process. The extended range of transform-limited OPG output in bulk PPLN is
shown in Fig. 2.5. Similar effects would also appear in RPE waveguides and other
nonlinear materials.
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Figure 2.5: The transform-limited output ranges permitted by cascaded OPG (OPG and
SFG between the pump and the signal/idler) in bulk PPLN, if we limit the idler
wavelength to <4 µm. The double-line shaded region is for the conventional OPG and the
single-line part is the extra region permitted by cascaded OPG.

2.4 Parametric processes involving different waveguide modes
The nonlinear efficiency of parametric processes in waveguides is inversely proportional
to the effective area defined in Eq. (2.5):
2

−∞

η ∝ 1/ Aeff =

∫ ∫ d ( x, y ) E

1, jk

∗
3, np

( x, y ) E2,lm ( x, y ) E

( x, y ) dx dy

(2.30)

∞

Here d ( x, y ) is the grating function in the cross section of the waveguide, which can be
engineered by controlling the distribution of the reversed domains in the QPM gratings.
[7, 51] E1, jk ( x, y ), E2,lm ( x, y ) and E3,∗ np ( x, y ) are the normalized electric fields for the
eigenmodes of the three interacting waves in the same cross section.
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Eigenmodes can be obtained by solving the scalar eigenmode equation for a
refractive index profile n(x,y)

(∂ 2 / ∂x 2 + ∂ 2 / ∂y 2 ) E ( x, y ) + [n( x, y ) 2 − neff 2 ]k0 2 E ( x, y ) = 0

(2.31)

Here k0 is the vacuum wave-vector for the propagating wave and neff is the effective
refractive index for the eigenmodes, and the refractive index profile n(x,y) can be
obtained from a diffusion model [47, 49] for RPE waveguides: [63].
RPE waveguides can be designed so that the quasi-phase-matching condition has no
first-order dependence on the waveguide width, referred to as a non-critical design, which
can greatly ease fabrication tolerances. [53] If we define the parity of a parametric
process as the sum of the parity of the interacting waveguide modes in the width
dimension, empirically only the “even” parametric processes have a noncritical
waveguide width while the “odd” processes have a monotonically varying QPM period as
a function of the waveguide width. An example of an “even” process is one in which the
pump and the signal are in the TM10 mode and the idler is in the TM00 mode, which is
used to demonstrate mode demultiplexing for OPG in Chapter 6. Such an “even” process
requires regular QPM gratings that are relatively easier to fabricate than the tilted or
staggered QPM gratings required for odd processes. [51] The theoretical noncritical
waveguide width can be obtained by solving Eq. (2.31) for different waveguide widths,
calculating the QPM periods for the desired parametric process and then finding the
minimum in the curve of QPM period versus waveguide width.
To prepare different waveguide modes for parametric processes we need complex
waveguide structures such as asymmetric Y-junctions. In the next section we will
describe theories needed to design and optimize such waveguide structures.
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2.5 Coupled mode theory and beam propagation method in waveguides
We may use either coupled mode theory or the beam propagation method (BPM) to
simulate wave propagation in waveguides. [43, 44, 72, 73]
If the refractive index profile along the propagation dimension is slowly varying, the
evolution of mode content along a waveguide can be treated with the local coupled-mode
theory. [43, 44] The coupled mode equations for such a problem are:

dAp ( z )
dz

z
= ∑ κ pq ( z ) Aq ( z ) exp  j ∫ ( β p ( z ) − β q ( z ) )dz 
 0

q≠ p

κ pq ( z ) =

1
2 n p ( z )nq ( z )[n p ( z ) − nq ( z )]

(2.32)

∂n 2 ( x, y, z ) *
E p ( x, y, z ) Eq ( x, y, z )dxdy
∫∫A
z
∂
∞
Here κpq(z) is the coupling coefficient between the pth and qth modes, which is inversely
proportional to the difference between the effective refractive indices of the two coupled
local modes. Ap(z), np(z), βp(z) and Εp(x, y, z) are the slowly varying amplitude, the
effective refractive index, the propagation constant and the normalized modal electric
field of the p-th order local normal mode. n(x, y, z) is the refractive index profile.
Hereafter we normalize the z dimension to the device length L. Suppose only the
coupling between the pth and qth modes is considered and a beam is launched at the start
of the device in the qth mode.
In the low conversion limit, the power converted into the pth mode at the end of the
device is
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2

1

Pp = ∫ [κ pq ( z ) exp( j δβ ( z ) L z )]dz
0
z

z

1
2π
(n p ( z ') − nq ( z '))dz '
δβ ( z ) = ∫ ( β p ( z ') − β q ( z '))dz ' =
z0
zλ ∫0

(2.33)

z

=

2π
∆n pq ( z ')dz '
zλ ∫0

Here λ is the wavelength of the beam and δβ(z) is the average difference between the
propagation constants of the pth and qth local eigenmodes from 0 to z. For the devices
considered here, typically δβ(z) monotonically decreases only by a factor of ~2 from the
beginning to the end of the device. The power conversion as a function of the device
length L therefore is determined by the amplitude of the Fourier transform of the coupling
coefficient κpq(z) at spatial frequencies close to the average value of δβ(z)L over the
length of the device. A larger δβ(z)L results in less power conversion due to more
cancellations in the integration. To minimize coupling between two target modes we
therefore prefer a longer device length L and a larger index difference ∆npq(z).
Alternatively we may choose appropriate shapes for the devices to lower the coupling for
a fixed length; in Section 2.6.3 we will discuss the shape optimization of asymmetric Yjunctions using the coupled mode theory.
Although the coupled mode theory is more appropriate for devices such as Yjunctions [52] and multimode interference devices [74], the beam propagation method is
preferable if visualization of the mode conversion along the propagation is desired or
nonlinear interactions are considered. With the slowly-varying-envelope approximation
and paraxial wave approximation the wave equation for a weakly guided waveguide is:
2ik0 n ∂u / ∂z = (∂ 2 / ∂x 2 + ∂ 2 / ∂y 2 )u + [n( x, y, z ) 2 − n 2 ]k0 2u
u = u ( x, y , z )

(2.34)
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Here E ( x, y, z ) = u ( x, y, z ) exp[i (ωt − nk0 z )] is the scalar electric field, n(x, y, z) is the
index profile, k0 is the vacuum wave-vector and n is a reference refractive index. Once
the refractive index profile is known and the input field is given, the scalar electrical field
along the device can be obtained using the BPM. If nonlinear processes are considered in
BPM, the BPM equations will be similar to the nonlinear equations for parametric
processes like Eq. (2.4). The difference is that two transverse spatial dimensions are
involved in BPM instead of the one time dimension is involved in Eq. (2.4). The SplitStep-FFT method [59] therefore can also be used to solve the BPM equations.
In the next section we discuss the design of various waveguide components by
considering the coupled mode theory or using the beam propagation method.

2.6 Waveguide components for optical circuits: bends, directional couplers and
asymmetric Y-junctions
Basic components for optical circuits in RPE waveguides are shown in Fig. 1.8 and are
used for various purposes in this dissertation. The quasi-group-velocity-matching
structure in Chapter 5 is composed of directional couplers and s-bends, and the two-mode
OPA devices in Chapter 6 depend on asymmetric Y-junctions for mode demultiplexing.
In this section we will describe the theory and design of bends, directional couplers and
asymmetric Y-junctions in RPE waveguides.

2.6.1 Bends
There are two types of bends in waveguides: a circular bend and an s-bend. The former
has a constant curvature over the whole length while the latter has a varying curvature
along its length. If the minimum bend radii are the same, it is often difficult to fabricate a
circular bend with a loss comparable to an s-bend. For the applications in this thesis we
use cosine-type s-bends with a shape function:
y = ( A / 2){1 + cos[π (1 + x / L)]}

(2.35)
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where x, y are the length and height dimensions respectively, A is the height and L is the
length. For RPE waveguides, this shape function is the center line of the waveguides
defined on the SiO2 mask for proton exchange.
Tight bends with small radii are desired in optical circuits for denser integration. The
limiting factor is the increasing loss with smaller bend radii. Propagation loss in bends
includes radiation loss coming from mode coupling into radiation modes, transition loss
coming from the mode mismatch at the junction of curvature discontinuity and scattering
loss coming from the roughness or defects in the waveguide structure. The scattering loss
is the same in bends as in straight waveguides and is often negligible in RPE waveguides.
Therefore we can obtain tighter bends only by reducing radiation loss and transition loss.
The minimum bend radius without significant radiation loss and the waveguide shift
required to compensate for the transition loss can be obtained by using BPM [75, 76] or
solving Eq. (2.31) with the effective index method using absorbing boundary conditions.
[77, 78]

Bent waveguide
Shape of the
waveguide

Equivalent straight waveguide
x

z

z

R
x
n’(x) = n(x) (1 + x/R)

n(x)
Refractive
index profile
x

x

Figure 2.6: The effective index method. Bends are treated as equivalent straight
waveguides.
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The effective index method is illustrated in Fig. 2.6, in which a bent waveguide is
treated as an equivalent straight waveguide with an adjusted index profile. This
approximation is valid when the bend radius is much larger than the mode size in the
waveguide. Estimated by this method, the smallest bend radius without significant
radiation loss for a desired waveguide mode is approximately [79]
Rmin ~ ρ nmax/(neff – n0)

(2.36)

where neff is the effective index of the desired eigenmode in a straight waveguide, ρ is the
mode size, and nmax and n0 are respectively the maximum and minimum refractive index
in the waveguide. We will use this formula in Section 5.1.1.
Because the major difference between the eigenmodes of a tight bend and those of a
straight waveguide is a shift of the mode center, we may minimize the transition loss by
shifting the relative center position of the waveguides at the joints of different curvatures.
Mode coupling can be maximized with an approximate shift of (π2neff2ρ4)/(λ2R) in the
correct direction, [76] where neff, ρ, λ, and R are the effective mode index, the mode size,
the wavelength in vacuum and the radius of curvature, respectively. Examples will be
discussed in Section 5.1.2.

2.6.2 Directional couplers
Directional couplers are composed of two nearby waveguides that often have the same
index profiles. Based on the coupled mode theory the power transfer rate in a directional
coupler is: [44, 80]
P ( z ) = P0 sin 2 [π L /(2 LDC )]

(2.37)

Here LDC is the coupling length for complete power transfer, which can be estimated
from LDC ~ (λ/2)/ (n1 – n2), where n1 and n2 are the effective refractive indices for the two
lowest-order eigenmodes in the cross-section of the directional coupler. Although we can

44
solve Eq. (2.31) to obtain the eigenmodes for a directional coupler and estimate the
coupling length, our current waveguide model may have >20% error in such an
estimation. In practice we empirically determine the length of a directional coupler for a
chosen spacing between the two arms.

2.6.3 Design and shape optimization of asymmetric Y-junctions
Based on the discussion in Section 2.5, a higher mode contrast for mode multiplexing
using asymmetric Y-junctions generally requires a more adiabatic device. The result is a
smaller branching angle and a longer device, which limits the integration capability. Here
we describe how to shorten the length of asymmetric Y-junctions in diffused waveguides
such as RPE lithium niobate waveguides while maintaining a high mode contrast in mode
multiplexing. In the approach, we engineer the local mode coupling coefficients by
modifying the shape of the Y-junctions on waveguide masks.

x

L

wb

wa + wb

φ

d

θ

wa
z
Figure 2.7: The mask design of an adiabatic asymmetric Y-junction. The maximum
separation d between the two arms is much smaller than the Y-junction length L.
For the asymmetric Y-junction mask design in Fig. 2.7 θ and φ are the branching and
tilt angle, respectively. The waveguide widths wa and wb are constant along the two arms.
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In more complex designs these parameters are functions of z. To simplify the description,
hereafter we normalize the z dimension to the device length L.
Suppose a beam is launched at the start of the device in the qth mode and only the
coupling between the pth and qth modes is considered. According to the discussion in
Section 2.5, to minimize the power conversion we usually prefer a longer device and a
larger index difference ∆npq(z). If we want to reach the design target with relatively
shorter devices the only way is to choose appropriate shapes for the asymmetric Yjunctions. To focus on the effects of the device shape we adhere to the optimal waveguide
widths that are obtained by considering the coupled mode theory.
-3

6

x 10

5

n0 - n1

4
3
780nm
1550nm

2
1
0
0

2

4
6
Waveguide Width (µm)

8

10

Figure 2.8: The simulated refractive index difference between the first and second
eigenmodes in typical RPE waveguides. n0 and n1 are the effective refractive indices for
the first two modes. The solid and dashed curves are for 780 nm and 1550 nm waves
respectively.
The waveguide width at the start of the device in Fig. 2.7 (w = wa + wb) is chosen to
maximize the index difference between the first two eigenmodes there. The optimal
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values of w correspond to the non-critical maxima of the curves in Fig. 2.8, which in
theory are 7 µm for 1550 nm waves and 5 µm for 780 nm waves in RPE waveguides.
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II. x = - f(z) d/2 - wa/2
f (z) = z
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Figure 2.9: (a) The shape of our conventional asymmetric Y-junctions. I and II are the
center traces of the two arms. (b) Varying the device shape by the “shifting” approach. (c)
Varying the device shape by the “stretching” approach. The dashed curves in (b) and (c)
are the conventional designs.
The two arms near the end of the Y-junction in Fig. 2.7 are far apart. If we launch a
beam backwards from this end of the Y-junction, the first order mode of each arm should
adiabatically evolve into one of the first two modes in the coupled region of the Yjunction, as we showed in Fig. 1.9. The key design parameter is δw = |wa - wb|, the width
difference between the two arms, which should be a balance of two constraints: be large
to ensure a high index difference between the two arms and be small enough to avoid
making the second mode of the wider arm relevant. Once w is fixed we have limited
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choices for wa and wb, which can be experimentally checked. We fix the waveguide
widths along the two arms as the optimal set of (wa, wb) to keep the best balance between
the two constraints for δw.
For the shape optimization we start from our conventional design shown in Fig. 2.9(a)
in which φ = 0. The center trace of both arms can be described with the same function f(z)
= z and each arm has a constant local slope of θ (z)L/2 = d/2[df(z)/dz] = d/2. The coupling
coefficient between the pth and qth modes is κpq(z) and the power conversion from the
qth mode into the pth mode at the end of the device is given by Eq. (2.33) in the low
conversion limit.
To minimize the mode coupling in devices with a fixed length, it is reasonable to
keep the inner edge-edge separation between the two arms monotonically increasing from
0 to the maximum. The shape variations should be adiabatic to avoid extra loss. Under
these constraints the shape variation can be decomposed into two independent
components.
The first one called the “shifting” approach is shown in Fig. 2.9(b). The two arms are
shifted together in the x dimension with an amplitude s(z) while the inner edge-edge
separation is not affected. As a result, the center of the two arms become x = f(z) d/2 +
wb/2 + s(z) and x = -f(z) d/2 -wa/2+ s(z) where f(z) = z. The local tilt angle becomes φ(z) =
ds(z)/dz while the branching angle θ (z) is still constant.
The second one called the “stretching” approach is shown in Fig. 2.9(c). With the
start and end fixed, the two arms are stretched or compressed together in the z-dimension
so that φ(z) = 0 while θ(z) = d/L [df(z)/dz] is varying along z. In this approach f(0) = 0 and
f(1) = 1 but f(z) can vary nonlinearly with z.
For these designs we can deduce the coupling coefficients and the power conversion
formula from the known results for the conventional design in Fig. 2.9(a).
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In the “shifting” approach the formulae become
2

1

s
Pp = ∫ [κ pq
( z ) exp( j δβ ( z ) L z )]dz
0
s
pq

x
( z)
κ ( z ) = κ pq ( z ) + φ ( z )κ pq
x
κ pq
( z) =

(2.38)

1
∂n 2 ( x, y, z ) *
∫∫ ∂x E p ( x, y, z ) Eq ( x, y, z )dxdy
2 n p nq (n p − nq ) A∞

κpq(z) describes the device variation along the z dimension while κxpq(z) describes the
asymmetry of the device in the x dimension.
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Figure 2.10: (a) The two coupling coefficients between the first two modes in the
conventional design in Fig. 2.9(a); (b) the optimal device shape obtained from the
“shifting” approach.
We show in Fig. 2.10(a) the typical coupling coefficient functions κ01(z) and κx01(z)
for the conventional design in Fig. 2.9(a). The shape of κ01(z) is like an asymmetric
“Gaussian”, which reaches maximum at an inner edge-to-edge arm separation of d = 3
µm and exponentially decreases with larger d. Αt d = 12 µm κ01(z) is 15 dB lower than
the maximum. In contrast κx01(z) monotonically decreases with d. In theory we can cancel
the coupling coefficient κs01(z) by choosing s(z) as
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z

z

0

0

s ( z ) = ∫ φ ( z ')dz ' = − ∫ κ 01 ( z ') / κ 01x ( z ')dz '

(2.39)

In Fig. 2.10(b) we show the optimal shape deduced from Eq. (2.39) which satisfies

κspq(z) = 0 and is close to a rotated version of the conventional design. The subtle shape
variations are critical to cancel the mode coupling. When the coupling between the first
mode and the second mode is completely canceled, the coupling between the second
mode and the third mode reaches maximum. However, the “shifting” approach may still
be useful because higher-order modes are often irrelevant.
In the “stretching” approach the formulae become
2

1

Pp ( f ) = ∫ [κ ( z ) exp( j δβ ( f ( z )) L z )]dz
f
pq

(2.40)

0

κ pqf ( z ) = κ pq ( f ) f '( z )
Unlike the “shifting” approach, here the conversion efficiency can not be completely
canceled because the integral of κfpq(z) over the length of the device is fixed under the
constraints of f(0) = 0 and f(1) = 1. However we may obtain a desired target function

κfpq(z) by varying f(z). Similar to the “shifting” approach, details of the shape are also
critical to the performance. For a device with κ01(z) in Fig. 2.9(a) we may apply the
“stretching” approach by “stretching” the portion where d increases from 0 to 12 µm and
“compressing” the remaining portions to keep the same device length. This approach may
reduce the mode coupling in a short device while increasing coupling in a long device.
We can also obtain the power conversion for a combination of the “shifting” and the
“stretching” approaches:
2

1

Pp ( f , s ) = ∫ [κ pq ( f ) f '( z ) + κ ( f ) s '( z )]exp( j δβ ( f ( z )) L z )dz
x
pq

0

(2.41)
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Variational analyses and numerical simulations show that the low crosstalk levels
(typically -30dB) are limited by fabrication errors. Totally canceled crosstalk in diffused
waveguides is difficult to achieve experimentally since the devices are designed with the
simulated optimal shapes, whose accuracy is limited by the precision of our waveguide
model. Moreover, the mask we fabricated may not reflect the designed fine features near
the coupled region of an asymmetric Y-junction. Despite these limitations, we are able to
observe the predicted tendency in experiments, which will be discussed in Section 6.1.
The shape optimization approaches discussed in this section are also useful for other
adiabatic devices, including bends, Ψ-junctions [81] and polarization splitters. [82]

2.7 Summary of Chapter 2
This chapter includes theoretical descriptions of χ(2) parametric processes in RPE
waveguides and the theory for optical circuit components.
After deriving coupled equations for χ(2) parametric processes in waveguides
involving three waves, we listed analytical solutions under special conditions. Then we
analyzed the gain and temporal properties of the outputs from optical parametric
generation. We further discussed cascaded processes including the cascading of SHG and
OPA for CW waves and cascaded OPG with pulsed pumps. These theoretical
descriptions will apply to the experiments in Chapters 3-5. For the purpose of mode
demultiplexing, a parametric process must involve higher order waveguide modes. We
described such processes in Section 2.4 before further discussing various optical circuit
components. Based on the coupled mode theory and beam propagation method in Section
2.5 we can design optical circuit components including bends, directional couplers and
asymmetric Y-junctions. The basic theory on bends and directional couplers applies to
the design of quasi-group-velocity-matching devices that are used in Chapter 5. As a
specific application of the coupled mode theory we discussed the optimization of
asymmetric Y-junctions in Section 2.6.3, which will be experimentally verified in Section
6.1.

CHAPTER 3: HIGH PARAMETRIC GAIN IN REVERSE-PROTONEXCHANGE LITHIUM NIOBATE WAVEGUIDES: OPA AND LOWTHRESHOLD OPG

Many applications require compact sources of tunable near- and mid-infrared ultra-short
pulses with low average power. As one such source, parametric frequency converters that
offer very wide tunability and require only a single pump laser have already been studied
in detail. [1] Without external resonators, cavity length stabilization, or seed signals, the
single-pass optical parametric generator (which is an optical parametric amplifier with
>1010 gain) offers inherent simplicity when compared with other frequency conversion
systems, such as the synchronously-pumped optical parametric oscillator [83] and the
continuum-seeded optical parametric amplifier [84]. However, single-pass pulse OPG has
a high threshold and the temporal properties of the generated pulses depend strongly on
the properties of the nonlinear materials.
Recently, ultra-short-pulse OPG systems have been studied extensively to obtain
lower threshold, better pulse properties and higher conversion efficiency. In bulk
materials, a threshold as low as 54 nJ with 500 fs pump pulses was reported for PPLN
crystal by utilizing the high nonlinear coefficient of QPM materials. [85] Near-transformlimited (temporal and spatial) pulses were obtained with OPG in specific wavelength
configurations. [64, 68, 69] Single-pass conversion efficiency of 40% was reached by
matching the group velocities of the interacting waves. [71] One current challenge for
practical OPG systems is to further lower the OPG threshold to levels attainable directly
from laser oscillators while keeping good temporal properties of the pulses. A higher
parametric gain is needed for this purpose.
In this chapter we demonstrate high parametric gain with OPA and low-threshold
OPG in reverse-proton-exchange PPLN waveguides. Section 3.1 describes the design and
fabrication parameters of the RPE waveguides for such experiments. In Section 3.2 we
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experimentally explore OPA with a CW pump by the cascading of SHG and OPA, where
an internal (external) gain of 7 (6) dB is obtained for both the signal and the idler with
only 175 mW CW pump power. Section 3.3 contains experimental results for OPG with
picosecond pump pulses. A pump pulse with a FWHM of 1.8 ps at 769.6 nm yields a low
OPG threshold of 200 pJ. The quasi-phase-matched OPG demonstrates up to 33%
saturated photon conversion efficiency (internal) with 1 nJ pump pulses. The single-pass
OPG is tunable from 1.15 µm to 2.3 µm for pump wavelengths between 770 nm and
789.5 nm. Section 3.4 sums up this chapter. Different approaches to improve the
temporal properties of waveguide OPG will be discussed in Chapters 4 and 5.

3.1 RPE waveguides for OPG and OPA
As discussed in Section 1.3, the trade-off between focusing tightly for high intensities
and focusing loosely to avoid diffraction is eliminated in waveguides. Thus, waveguide
geometry can increase the parametric gain by tightly confining the optical fields over
long interaction lengths and thereby lower the OPG threshold. [86] An OPG threshold of
380 pJ had been obtained in APE waveguides for picosecond pump pulses near 780 nm.
[38] Because the refractive-index profile in the depth dimension in RPE waveguides is
more symmetric than that of APE waveguides and thus the mode overlap is improved, the
parametric gain in RPE waveguides is higher and the OPG threshold can be even lower.
Due to the phase-matching conditions, usually only a single waveguide mode is
involved at each wavelength for parametric processes in waveguides. With z-cut
congruent lithium niobate crystals, only TM modes can satisfy phase-matching
conditions using d33. Moreover, in proton-exchange z-cut lithium niobate, only TM
modes are guided and the TM00 mode is often chosen for the best mode overlap in the
parametric process.
However, for an optical parametric amplifier, the waveguide is of necessity
multimode at the pump wavelength even if it supports a single mode at signal and idler
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wavelengths, posing a challenge for mode-launching. In multimode APE waveguides, a
segmented tapered waveguide is one of the most effective ways to launch the pump beam
into the TM00 mode. [50] In typical RPE waveguides, however, because the proton dose
is lower and thus the refractive index difference is smaller than in APE waveguides,
simpler adiabatic tapers also work well.
In our typical RPE devices for OPG, the waveguide width increases from 2 µm in
the mode filter region to 7.5 µm in the nonlinear interaction region. The typical mode
filter and taper lengths are 2 mm and 3 mm, respectively. By launching the pump from
the mode filter side, > 99% of the power can be coupled into the TM00 mode at the end of
the taper. The remnant power in the higher-order pump modes is too low to reach OPG
threshold before the OPG of the TM00-mode pump is in the deep saturation regime, and
therefore has no effects on our results.
With long QPM gratings in RPE waveguides, we can obtain high parametric gain
even with a CW pump, which will be demonstrated in Section 3.2 with the cascading of
SHG and OPA. As we described in Section 2.3.1, the cascading of SHG and OPA
requires two input waves in the 1550-nm band. The only difference between these OPA
devices and the OPG devices is the mode filter width, which is now 3.5 µm to launch
both the pump and the signal waves in the TM00 waveguide mode.

3.2 Continuous-wave OPA using the cascading of SHG and OPA
Although high parametric gain was experimentally demonstrated in waveguides for SHG
[2] and DFG [16, 17, 87], only -5 dB internal parametric gain for the idler was obtained
using ~ 200 mW CW pump power in annealed-proton-exchange waveguides. The reasons
are the lower nonlinear efficiency in APE waveguides than in RPE waveguides and the
shorter QPM-grating length of 41 mm. [17] When RPE waveguides were first tried for
the cascading of SHG and OPA, an internal (external) gain of 5 (1.8) dB had been
observed with a high loss of 0.35 dB/cm in the waveguides. [42] The external gain can be
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further improved by using RPE waveguides with a low propagation loss of <0.15 dB/cm
which we recently fabricated. Here we demonstrate OPA in such low-loss RPE
waveguides with 58-mm-long uniform QPM gratings, in which the cascading of SHG
and OPA results in up to 7 (6) dB internal (external) gain for both the signal and idler. As
we illustrate in Fig. 2.2, in this process the driving wave for the 1550-nm band OPA is
the SHG product of a strong pump wave near 1550 nm.
Pump
WDM
58-mm-long QPM grating

Signal

Figure 3.1: The configuration for the cascading of SHG and OPA in a RPE waveguide.
The pump and signal are combined using a WDM coupler and then launched into a
waveguide.
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Figure 3.2: The power spectrum of the cascading of SHG and OPA in a RPE waveguide
with a 58-mm-long QPM grating and 175 mW pump power. The gains shown are the
internal gains.
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In the configuration shown in Fig. 3.1, the pump at 1542.6 nm and the signal at 1548
nm are combined with a fiber WDM coupler and then coupled into the RPE waveguides
on a fiber pig-tailing stage at room temperature. We measure the output with an optical
spectrum analyzer (OSA) and calculate the signal (idler) gain by comparing peaks in the
OSA traces with or without launching the pump wave. An example is shown in Fig. 3.2
showing an internal signal (idler) gain of 7 dB, where the pump (signal) power is 175
(0.44) mW and the input signal level measured at the end of the device without launching
the pump is set as 0 dB. Considering the <0.15 dB/cm propagation loss in the 1550-nm
band in a 63-mm-long waveguide, the external gain is ~6 dB.
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Figure 3.3: The external signal (idler) gain for the cascading of SHG and OPA in a RPE
waveguide with a 58-mm-long QPM grating. The solid (dashed) curves are from
simulations and the cross (circle) symbols are from measurements for the signal (idler).
The black curves are from numerical simulations while the gray curves are from Eq.
(2.26) in which pump depletion is neglected.
Figure 3.3 shows the external OPA gain for the signal (idler) as a function of the
pump power. The cross (circle) symbols are from experimental measurements for the
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signal (idler) while the solid (dashed) curves are from simulations with 0.15 dB/cm loss
for waves ~1540 nm and 0.3 dB/cm loss for waves ~770 nm. The normalized nonlinear
coefficient η0 for SHG was ~100%/W-cm2. The black curves are numerical simulation
results for Eq. (2.25) while the gray curves are obtained from the analytical formulae Eq.
(2.26) in which pump depletion is neglected. The substantial difference between the black
curves and the gray curves means that pump depletion is significant when the pump
power is >50 mW. The numerical simulation results with the pump depletion in SHG
fully considered match well with the experimental results for a pump power <175 mW.
When the pump power is >175 mW, notable discrepancy between the numerical and
experimental results occurs and in the experiments the gain decreases with higher pump
power. Possibly this discrepancy comes from non-uniformity in the long waveguides and
QPM gratings. The pump is now significantly depleted; the simple theory in Section 2.3.1
cannot correctly predict the outcome in the regime of strong pump depletion. [42]
Another possible source for the discrepancy is the parasitic processes caused by
higher-order quasi-phase-matching in the long QPM gratings, which are not included in
the analysis in Section 2.3.1 and are difficult to eliminate. Such parasitic processes
include the sum-frequency generation between the pump wave and the second-harmonic
wave which generates green waves and the SHG of the second-harmonic wave near 770
nm which generates blue waves. High intensity green and blue waves would cause
photorefractive damage (PRD) in congruent lithium niobate crystals at room temperature;
[88, 89] the RPE waveguide devices therefore are heated to > 100 °C to avoid serious
PRD. This is absolutely necessary for pulsed OPG where the peak pump power is >100
W which we will discuss further in Section 3.3.
Since the external OPA gain for the idler is >0 dB with 100-mW pump power,
waveguide OPO may be constructed by using RPE lithium niobate waveguides as the
gain media and using a fiber loop to form a cavity.
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3.3 Experimental results for low-threshold OPG
OPG is OPA with >1010 parametric gain and uses vacuum noise as the input. In Section
2.1 we have estimated a picojoule OPG threshold in RPE waveguides for picosecond
pump pulses near 780 nm.

Mode-locked
Ti:Sapphire laser
760~830nm,
82MHz, 1.8ps

PPLN waveguide
at 120°C
Beam separation with
dichroic mirrors and
filters
Input
objective

Output
objective

Figure 3.4: The experimental setup for waveguide OPG.
As shown in Fig. 3.4, in the OPG experiments the pump laser is a mode-locked
Ti:Sapphire laser generating 1.8 ps (FWHM) transform-limited pulses around 780 nm
with a repetition rate of 82 MHz. A variable attenuator is used to control the peak power
of the pulses while an acousto-optic modulator (AOM) at 10-kHz repetition rate with 1%
duty cycle is used to lower the average power, as a precaution to avoid photorefractive
damage in the congruent LiNbO3 waveguides. The chips are heated to 120 °C for the
same reason. The RPE waveguides are fabricated with a proton-exchange time of 24.5
hrs at 171 °C, an annealing time of 22 hrs at 312 °C, and a reverse-exchange time of 25
hrs at 300 °C. 0.5-mm-thick PPLN samples with QPM periods ranging from 15 µm to
16.65 µm and various grating lengths are used in the experiment. The effects of cascaded
OPG which we described in Section 2.3.2 are excluded in this chapter and will be
discussed in the following two chapters.
The conventional-OPG pump throughput and photon conversion efficiency curves
(internal) with 1.8-ps pump pulses at 769.6 nm are shown in Fig. 3.5. The signal
wavelength is centered at 1350 nm, with a bandwidth of 10 nm. In this measurement the
QPM gratings have a period of 15.75 µm and is 40-mm long, which is >6 times the
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signal-pump group-velocity-mismatch length. The waveguide is 7-µm wide in the
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Figure 3.5: The pump throughput and the internal signal-photon conversion efficiency in
single-pass OPG with a 40-mm-long QPM grating in the absence of cascaded OPG. The
1.8-ps-long (FWHM) pump pulse is at 769.6 nm and the signal wavelength is centered at
1350 nm.
The curves in Fig. 3.5 show an OPG threshold of 200 pJ, matching well with the
calculated threshold of 190 pJ, using the theory for OPG in Section 2.2 and the measured
normalized SHG conversion efficiency (internal) of 90 %/(W-cm2) from similar samples.
The maximum saturated internal photon conversion efficiency is 33%, matching the
value of 35% estimated from simulations. The decrease in efficiency after saturation
comes from SHG of the pump and other parasitic cascaded processes at high pump power.
The typical OPG tuning behavior of the RPE waveguides is shown in Fig. 3.6. The
waveguide width is 7.5 µm and the 18-mm-long QPM grating has a period of 16.25 µm.
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The theoretical prediction fits the measurements well. In a similar waveguide with a
different QPM period, the output wavelengths range from 1.15 µm to 2.3 µm for pump
wavelengths between 770 nm and 789.5 nm. The upper limit of the idler tuning range is
the cutoff wavelength of the waveguide, which is estimated to be 2.5 µm for the RPE
waveguides used in this experiment. Although the OPG threshold is lower for near
degenerate operation, it is a weak function of the pump wavelength within the tuning
range.

Signal/Idler Wavelength (nm)

2100

1800

1500

1200
764

766

768

770
772
774
Pump Wavelength (nm)

776

778

Figure 3.6: Pump tuning curve of a RPE PPLN waveguide at 120 °C. The dotted curve is
a simulation based on our waveguide dispersion model. [49] The circle symbols are
measurements. The output wavelength ranges from 1245 nm to 2005 nm for pump
wavelength between 768.4 nm and 777.5 nm.
As we do not have a loss coefficient function versus wavelength, we do not include
the loss terms in the coupled equations for the simulation. While this assumption may
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cause discrepancy in comparing the experimental and numerical results, the effects prove
to be small in practice.
The two-photon absorption process in waveguides can also affect the OPG threshold.
The high-order quasi-phase-matched SHG of the 780-nm pump generates blue radiation
near 390 nm, which is above the two-photon absorption edge. For low-gain devices with
a SHG conversion efficiency below 10 %/(W-cm2), it would dominate and deplete the
pump before the OPG threshold can be reached. However, for the high gain RPE
waveguides, we can ignore it because the OPG gain is exponential while the SHG gain is
quadratic in the grating length.
In congruent lithium niobate crystals, photorefractive damage is caused by green
light or waves with even shorter wavelengths which are generated by parasitic processes.
If the intensities of those waves are high the waveguides are slowly damaged by this
effect even if they are heated up to 150 °C. This problem can be solved by replacing the
congruent material with MgO-doped or near-stoichiometric lithium niobate crystals in
which the PRD threshold is much higher. [45, 46, 90, 91]

3.4 Summary of Chapter 3
In this chapter we have demonstrated that periodically-poled RPE lithium niobate
waveguides can operate as high gain parametric devices for OPA and OPG.
After describing the design parameters of the waveguides, we presented CW OPA
with 7 (6) dB internal (external) gain for both the signal and the idler by SHG to generate
the pump, followed by OPA. With a pulsed pump, and in the absence of cascaded OPG,
we demonstrated thresholds as low as 200 pJ for picosecond optical parametric
generation in RPE waveguides. A saturated internal photon conversion efficiency of 33%
was obtained with 1 nJ of pump energy for a 1.8 ps (FWHM) pump pulse at 769.6 nm.
The signal wavelength tuning range was from 1.15 µm to 2.3 µm with a pump
wavelength between 770 nm and 789.5 nm.
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Besides a low threshold for OPG, good temporal properties of the output pulses are
also important. In the next two chapters we will explore different approaches to improve
the temporal properties of the OPG output.
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CHAPTER 4: CASCADED OPTICAL PARAMETRIC GENERATION
IN REVERSE-PROTON-EXCHANGE LITHIUM NIOBATE
WAVEGUIDES

In the previous chapter we described low-threshold OPG in RPE lithium niobate
waveguides. In this chapter we begin exploring approaches to improve the temporal
properties of the pulsed OPG.
As we discussed in Sections 2.2 and 2.3.2, the temporal properties of the pulses
generated by conventional OPG depend strongly on the dispersion of the nonlinear
material, and the bandwidth of the output pulses are usually much broader than the
transform limit, except for special combinations of pump, signal and idler wavelengths.
[64, 68] A challenge for practical OPG systems is to obtain OPG output with good
temporal properties under general conditions. Cascaded OPG is one of the approaches to
solve this problem.
In general one can narrow the spectrum of the signal and idler by adding extra
frequency filters, at the expense of added complexity and substantial energy loss.
However, this high loss can be avoided in cascaded OPG which uses an extra parametric
process as the filter. Cascaded OPG can only occur at signal wavelengths where OPG and
another parametric process are simultaneously phase-matched, which is illustrated in Fig.
2.3 using the case where the extra parametric process is the sum-frequency generation
between the pump and the signal. When the group velocity of both the signal and idler
waves is faster than the pump wave while the extra wave at the sum frequency is slower
than the pump wave, simulations and experimental results show that the temporal
properties of the cascaded OPG products can be better controlled than those of the
conventional OPG products. [15]
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In the early sections of this chapter we study the effects of cascading on pulsed OPG.
In Section 4.1 we will discuss the effects of cascaded OPG on the photon conversion
efficiency and pump depletion for OPG in uniform QPM gratings. In Section 4.2 we will
study details of cascaded OPG in uniform QPM gratings of different lengths and
demonstrate the improvements of temporal properties in cascaded OPG. Using a
frequency-resolved cross-correlator, [92] we directly identify and distinguish the products
from cascaded OPG and conventional OPG in both the frequency domain and the time
domain.
Another important aspect for practical applications, the wavelength tuning ability, is
different for conventional OPG and cascaded OPG. In the experiments described in
Chapter 3, the signal and idler wavelengths from conventional OPG are widely tunable
by tuning the pump wavelength (or the device temperature). However the center
wavelength of the signal from cascaded OPG is not a strong function of the pump
wavelength or the device temperature. In a RPE waveguide with a pump wavelength
~780 nm and a uniform QPM grating having a period around 16.2 µm it can only be
tuned by several nanometers around three wavelengths: 1190 nm, 1280 nm, or 1430 nm
because the extra phase-matched process in cascaded OPG limits the tuning ability of the
device.
These three wavelengths correspond to the three strongest cascaded processes in
uniform QPM gratings; other cascaded processes are insignificant. Besides optical
parametric generation with first-order QPM ( K g = K gOPG = ∆kOPG ), these three cascaded
processes involve also second-harmonic generation of the signal, which generates yellow
light around 595 nm by second-order QPM ( 2 K g = K gSHG = ∆kSHG ), sum-frequency
generation between the pump and the idler which generates green light around 550 nm by
second-order QPM ( 2 K g = K gSFG ,1 = ∆k SFG ,1 ), and sum-frequency generation between the
pump and the signal which is illustrated in Fig. 2.3 and generates green light around 500
nm by third-order QPM ( 3K g = K gSFG ,2 = ∆kSFG ,2 ), respectively. The gain coefficient for
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the extra parametric process can be calculated from Eq. (1.2) if the duty cycle of the
uniform QPM grating is known.
Although, as we discuss above, the tuning ability of cascaded OPG in a single device
is limited, we can engineer QPM gratings and realize wide-band tuning by using several
devices of different designs. By phase-modulating QPM gratings to synthesize desirable
frequency responses we are able to control the wavelength of the near-transform-limited
signal from cascaded OPG. With these engineered QPM gratings we may widely tune the
signal wavelength by switching between different devices on the same chip, and
temperature tune over a narrower wavelength range, while retaining controlled temporal
properties. We will discuss phase-modulated QPM gratings in Section 4.3.
Without losing generality, in this chapter we only consider the strong cascaded OPG
processes involving sum-frequency generation. With strong enough SFG gain, not only is
the signal (idler) transform-limited, but so also is the visible SFG product. This
phenomenon is similar to up-converted parametric generation. [93]
If not otherwise specified the basic experimental setup in this chapter is the same as
that in Section 3.3.

4.1 Effects of cascaded OPG on photon conversion efficiency and pump depletion
Although the OPG threshold is not affected, the presence of cascaded OPG significantly
changes the photon conversion efficiency and pump depletion.
In the experiments reported in this section, the FWHM of the pump pulses is 1.8 ps,
all the interacting waves are in the TM00 mode, the QPM grating periods in the devices
are 16.45 µm and the chips are heated to ~ 130 °C. The RPE waveguides are fabricated
with our usual procedure described in Sections 1.3 and Section 3.3 with a protonexchange depth of ~1.84 µm. The sum-frequency generation in cascaded OPG is between
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the idler and the pump using 2nd-order QPM. The pump is around 770 nm and the signal
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Figure 4.1: The internal pump throughput ratio and signal photon conversion efficiency.
(a) for a 12-mm-long QPM grating, no cascaded OPG contributes; (b) for an 18-mm-long
QPM grating, with contributions from cascaded OPG.
The internal pump throughput and signal photon conversion efficiency curves for
two different grating lengths are compared in Fig. 4.1. For the same pump power range,
the cascaded products are negligible in the devices with a 12-mm-long QPM grating, but
become significant for a longer grating length of 18 mm. Although more pump depletion
is observed for the longer QPM gratings, less signal photon conversion is recorded
because the sum-frequency output accompanies the emergence of cascaded OPG. The
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thresholds for both cases are near 200 pJ, confirming the results from numerical
simulations that the OPG threshold is a weak function of the grating length when it is
>2.5 times the group-velocity-walkoff length between the signal and the pump.

4.2 Effects of Cascaded OPG on temporal properties
The temporal properties of cascaded OPG in uniform QPM gratings can be revealed by
numerical simulations using the methods described in Section 2.3.2. Such results are
illustrated in Fig. 4.2, using an example involving OPG and the sum-frequency
generation between the signal near 1428 nm and the pump near 780 nm.
Pump wave
~ 780 nm

Conventional OPG Signal ~ 1410 nm
Cascaded OPG Signal ~ 1428 nm
Sun-frequency products ~ 505 nm

L0

Figure 4.2: Illustration of the evolution of different pulse shapes for conventional OPG
and cascaded OPG. No propagation loss is considered for the pump. L0 is the build-up
length for the sum-frequency generation in cascaded OPG, defined in Eq. (4.1).
If we fix the grating length and increase the pump power, conventional OPG will
reach threshold first, with dips appearing at wavelengths where the quasi-phase-matching
conditions for sum-frequency generation are satisfied. If the length of the QPM grating is
much longer than the group-velocity-walkoff length between the signal and the pump, the
output signal pulse would have a flat-top shape due to group-velocity-mismatch, if the
pump is lossless. Further increasing the pump power, the cascaded OPG will reach its
threshold if the QPM grating length is longer than build-up length L0 for SFG, to be
defined in Eq. (4.1).
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The sum-frequency generation in cascaded OPG has a build-up length L0 because
both SFG and its back conversion are involved.
In pure sum-frequency generation, the power distribution among the interacting
waves oscillates following sin 2 ( η SFG PL) = sin 2 [π L /(2 L0 )] [11] where ηSFG is the
normalized gain parameter in the sum-frequency generation and P is the peak pump
power. L0 is half the oscillation period, after which the back conversion of sum-frequency
generation starts if there is no input sum frequency wave. Although the sum-frequency
generation in cascaded OPG is more complex than pure sum-frequency generation, it still
has a characteristic length which we call the build-up length and keep the notation L0:
L0 ~ (π / 2) / η SFG P

(4.1)

As shown in Fig. 4.2, only after this length does the back conversion of sum-frequency
generation start and does cascaded OPG occur. The cascaded OPG signal photons
therefore are generated in the rear part of the QPM gratings.
We may roughly estimate L0 = 5 mm with ηSFG = 10%/W-cm2 for a peak pump
power of 100 W which is near the OPG threshold for picosecond pulses. By numerically
solving Eq. (2.29) we obtained L0 ~ 12 mm. The discrepancy between these values for L0
comes from the group-velocity-mismatch neglected in deriving the analytical estimation.
The threshold of cascaded OPG is higher than that of conventional OPG because
sum-frequency generation is required. Once the threshold is reached, however, intrinsic
to the cascaded process, the cascaded signal is synchronized to the pump and the group
velocities of the waves are effectively matched, so that the cascaded OPG grows up
exponentially faster than the conventional OPG products. In addition, if the QPM grating
is much longer than L0, the cascaded OPG products become dominant, and the whole
output pulse would be near transform-limited.

69
These numerical results are experimentally verified with several different approaches,
including comparing results from the same device at different pump power levels
(Section 4.2.1), comparing results for different QPM grating lengths ranging from 6 mm
to 42 mm (Section 4.2.2), and comparing properties of the signal (idler) in different
frequency ranges for the same device at a fixed pump power level using a frequencyresolved cross-correlator (Section 4.2.3). Before showing experimental results using each
of these approaches in the following subsections we will describe how we recorded signal
(idler) pulse shapes.

```Reference beam
(part of the pump)
Scandelay
Signal

Silicon
Detector
Beam
splitter LiIO3 Greencrystal pass-filter

Figure 4.3: A diagram of the frequency-resolved cross-correlator. The scan-delay ensures
that the pump and signal pulses temporally overlap in the LiIO3 crystal and have
maximum efficiency for sum-frequency generation. By replacing the LiIO3 crystal and
the silicon detector with a GaAsP photodiode we obtain a cross-correlator without
frequency resolvability.
Cross-correlation based on two-photon-absorption [94, 95] is used in Sections 4.2.1
and 4.2.2, while frequency-resolved cross-correlation [92] is used in Section 4.2.3. The
former uses a GaAsP photodiode while the latter uses a piece of LiIO3 crystal and a
silicon detector. The experimental setup for the latter is shown in Fig. 4.3. By angle
phase-matching the type-I sum-frequency generation between the signal (idler) and a
reference beam split from the pump wave, the 0.25-mm-thick LiIO3 crystal serves as a
tunable band-pass filter with a filter function of sinc 2 [(λ − λ0 ) / ∆λ ] . The bandwidth ∆λ
of the filter is ~38 nm for signal near 1430 nm. The center wavelength λ0 is determined
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by the tilting angle of the LiIO3 crystal. Using this “filter” we can obtain the pulse shape
in selected spectral bands. [92] By replacing the LiIO3 crystal and the silicon detector
with a GaAsP photodiode we obtain a cross-correlator without frequency resolvability.

4.2.1 Temporal properties of OPG output at different pump power levels for a 18-mmlong QPM grating
The dynamics of the cascaded OPG process is clear from the temporal properties of the
output, as shown in Fig. 4.4, which corresponds to the same device used for Fig. 4.1 (b).
The shape and length of the pulse is measured with a cross-correlator based on the twophoton-induced photocurrent using GaAsP photodiodes, [94, 95] using a small portion
split from the pump as the reference beam. When the pump power is increased, new
peaks appear in both the frequency domain and the time domain. These new peaks
correspond to the cascaded OPG output.
If we consider only the cascaded product component, the time-bandwidth product of
the generated signal is 0.51 with a pulse length of 1.9 ps and a bandwidth of 1.4 nm. The
conventional OPG product has a time-bandwidth product of 4.4. Time-bandwidth product
for a transform-limited Gaussian pulse is 0.441. By making use of the cascaded process,
we have generated a signal with a much reduced time-bandwidth product close to the
transform limit.
The signal bandwidth in cascaded OPG is much narrower than that in conventional
OPG. As a result, although in Fig. 4.4(b) the temporal peak of the cascaded OPG is lower
than the conventional OPG peak, on the top four curves in Fig. 4.4(a) spectral peak of the
cascaded OPG is higher. The peak positions in the spectra in Fig. 4.4(a) shift from
conventional-OPG to cascaded-OPG with increasing pump pulse energy.
The time delay between the two different types of OPG products is 3.6 ps in Fig.
4.4(b), meaning that the majority of the cascaded OPG signal is generated near the end of
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the 18-mm-long QPM grating. In a longer QPM grating a greater portion of the output
would be in the cascaded component, which we will discuss in Section 4.2.2.
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Figure 4.4: (a) Power spectra from optical spectrum analyzer traces (b) Cross-correlation
traces for the output from OPG in an 18-mm-long QPM grating. Both cover the same
pump power range from 0.3 nJ to 1.2 nJ. Note the peak positions in the spectra shift from
conventional-OPG to cascaded-OPG with increasing pump pulse energy. Crosscorrelation traces also show both products.
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4.2.2 Cascaded OPG for QPM-grating lengths ranging from 6 mm to 42 mm at pump
powers resulting in a constant photon conversion efficiency
Figure 4.5 shows the power spectra and the pulse shapes of the OPG signal from
waveguides with uniform QPM gratings of different lengths.
QPM Grating
Length

(a)
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1350
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0
5
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Figure 4.5: (a) The power spectra and (b) the pulse shapes for the signal from optical
parametric generation in lithium niobate waveguides with different QPM-grating lengths.
The photon conversion efficiencies for all these traces are ~10% except for the 6-mmlong grating for which it is only 2%. The peak of the conventional OPG products is set as
the time zero for all the curves in (b). All the curves are normalized to their maxima.
All the devices are fabricated side-by-side on the same chip and the duty cycles of
the QPM gratings are nominally 50%. The OPG threshold is around 200 pJ for the
devices with a QPM-grating length over 18 mm, the same as was obtained in Chapter 3.
For a fair comparison for the different QPM-grating lengths, the pulse shape and
spectrum data are taken at pump powers resulting in a total photon conversion efficiency
of ~10%, except for the 6-mm-long grating, which has only 2% efficiency with the
maximum available pump power. This exception does not affect our conclusions in the
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following because cascaded OPG output is absent in the shortest 6-mm-long QPM
gratings.
The pulse shapes were again obtained from cross-correlation based on two-photonabsorption in GaAsP photodiodes with a reference beam split from the pump. [94, 95] In
such a measurement the signal and the idler in the entire frequency band were
simultaneously recorded. Although the idler was not removed by a filter, according to
simulations it would only slightly affect the pulse shape recorded by the cross-correlator
because the group velocity mismatch between the signal around 1420 nm and the idler
around 1750 nm was < 1/10 of that between the signal (idler) and the pump near 784 nm,
[96] so that the signal and idler pulses are nearly overlapping in time. We will revisit this
conclusion in Section 4.2.5 after we have discussed more experimental details of
cascaded OPG.
By comparing different curves in Fig. 4.5 to simulations we can identify the
conventional OPG and cascaded OPG products both in the frequency domain and in the
time domain. In the frequency domain, the narrow peaks around 1428 nm correspond to
the cascaded OPG products. In the time domain, the time zero is set at the peaks of the
conventional OPG products.
Comparing the curves in Fig. 4.5 we can see how cascaded OPG and conventional
OPG compete with each other. Only for gratings longer than 18 mm does the extra signal
peak from cascaded OPG dominate in the frequency domain and become distinguishable
in the time domain. When we isolate the cascaded OPG signal around 1428 nm from the
conventional OPG signal in the time domain by deconvolving the cross-correlation traces
for long QPM gratings, a time-bandwidth-product of ~0.4 is obtained for the cascaded
OPG signal. The power spectra of the signal from QPM gratings shorter than 18 mm
show strong interferences between the two different processes. We can deduce from Fig.
4.5 that the build-up length L0 for the sum-frequency generation is ~12 mm for a pump
power above the OPG threshold. These results complement those in Section 4.2.1, where
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the evolution of the pulse shapes at various pump power levels in a device with an 18mm-long QPM grating was analyzed.

4.2.3 Frequency-resolved cross-correlation measurements
We have found the correspondence between the signal peaks in the time domain and the
frequency domain and identified the conventional OPG and cascaded OPG peaks either
by varying the pump power level, as in Section 4.2.1, or by comparing devices of
different lengths as in Section 4.2.2. In a different approach, we can directly identify
cascaded OPG and conventional OPG products by measuring a single device at a fixed
pump power, using the frequency-resolved cross-correlator shown in Fig. 4.3.

(Arb. Units)

(a) Signal power spectrum
Peak 2

Peak 1

Time (ps)

1390

1400

1410
1420
Signal Wavelength (nm)

1430

1440

Peak 1

0
5.5
Peak 2
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Figure 4.6: (a) The signal power spectrum at a pump power level resulting in a photon
conversion efficiency of ~10% with a pump wavelength of 784.4 nm. (b) Pulse shapes of
the OPG signal in different wavelength ranges with a 38-nm-wide sinc2-shape band-pass
filter. In order to show the correct relative power the curves in (b) are not normalized.
Baselines are shifted to indicate center signal wavelength for each trace, which can be
read out from the x-axis of (a). On each curve, peak 1 corresponds to the conventional
OPG products and peak 2 corresponds to the cascaded OPG products.
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Results from such a measurement are shown in Fig. 4.6, including the power
spectrum and the pulse shape for the signal from a device with a 34-mm-long QPM
grating at a pump power level resulting in a photon conversion efficiency of ~10%.
Each curve in Fig. 4.6(b) is a frequency-resolved cross-correlation trace,
corresponding to a wavelength range whose center is determined by the band-pass filter
in the frequency-resolved cross-correlator. This center wavelength is indicated by the
baseline of each curve and can be read out from the x-axis of Fig. 4.6(a). From the peakintensity variations in the different curves in Fig. 4.6(b) we can deduce the
correspondence between the two peaks in the frequency domain and the two sets of peaks
in the time domain. The conventional OPG products and the cascaded OPG products are
respectively marked as peak 1 and peak 2. Although the large bandwidth of the thin LiIO3
crystal used in our frequency-resolved cross-correlator limited the contrast between the
peaks on different curves in Fig. 4.6(b), the cascaded OPG and conventional OPG
products are nevertheless identified and are consistent with results discussed in Sections
4.2.1 and 4.2.2.

4.2.4 Study of cascaded OPG and conventional OPG under different levels of pump
depletion
By summing up the frequency-resolved cross-correlation traces in different wavelength
ranges we can restore the pulse shape for the whole signal band with the idler
contribution removed.
Figure 4.7 shows the power spectra and the pulse shapes under different levels of
pump depletion obtained this way for the device used for Fig. 4.6. The dash-dotted curves
were obtained at a pump power level resulting in a photon conversion efficiency of ~20%
when the pump wavelength was 782.8 nm and cascaded OPG was absent. All other
curves were obtained when the pump wavelength was 784.4 nm and the cascaded OPG
signal was near 1428 nm. The photon conversion efficiency was respectively about 10%,
20% and 30% for the solid, dashed and dotted curves.
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The experimental results match the simulation results obtained from solving Eq.
(2.29), which are similar to the data, and for clarity are not shown in the figure. We can
explain the different pulse shapes in Fig. 4.7(b) with the mechanisms of conventional
OPG and cascaded OPG.
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Figure 4.7: (a) The signal power spectra and (b) the pulse shape for OPG in a waveguide
with a 34-mm-long QPM grating. In both figures, the dash-dotted curves (1) correspond
to a pump wavelength of 782.8 nm and a photon conversion efficiency of ~20%;
cascaded OPG is absent. For the solid (2), dashed (3) and dotted (4) curves, the pump
wavelength is 784.4 nm, strong cascaded OPG is present, and they respectively
correspond to a total photon conversion efficiency of about 10%, 20% and 30%. All the
curves in (a) are normalized to their maxima and the baselines are shifted for a clear
comparison in their peak positions, while the curves in (b) are not normalized and hence
show a correct comparison in photon conversion efficiencies.
The dash-dotted curve in Fig. 4.7(b) corresponds to conventional OPG with no
cascading. Because the grating length of 34 mm was much longer than the groupvelocity-walkoff length of ~5 mm between the signal and the pump, the output signal
pulse would have a flat-top shape due to group-velocity-mismatch if the pump were
lossless, as illustrated in Fig. 4.2. However the propagation loss for the pump was ~0.3
dB/cm in the waveguides and the pump depletion was significant when the photon
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conversion efficiency was 20%, and the gain depends exponentially on the pump power,
so that most of the conventional OPG signal photons are generated in the front part of the
QPM grating. The signal pulse shape thus became asymmetric.
The solid, dashed and dotted curves in Fig. 4.7 correspond to combinations of
cascaded OPG and conventional OPG under different levels of pump depletion and can
be explained by further considering the mechanism of cascaded OPG which involves
sum-frequency generation and its back conversion.
The pump power was slightly higher than the cascaded OPG threshold for the solid
curve (2) in Fig. 4.7(b). Because the QPM grating length of 34 mm in the experiments
was longer than the build-up length L0 of ~12 mm at such a pump power level, cascaded
OPG and conventional OPG coexisted. The exponential growth of cascaded OPG is
much faster than that of conventional OPG because of the apparent group-velocitymatching between the signal (idler) and the pump. More photons therefore came from
cascaded OPG than conventional OPG. The portion of signal photons coming from
cascaded OPG was 85%.
In the cascaded OPG with strong pump depletion, not only does the back conversion
of SFG coexist with SFG, the back conversion of OPG also coexists with OPG. For the
dashed and dotted curves in Fig. 4.7(b), because the back conversion of OPG is becoming
stronger with the even higher pump power, both the bandwidth and the pulse length of
the cascaded OPG signal increased while the photon conversion efficiency no longer
increased. Now more pump photons are converted into signal and idler photons in the
front part of the QPM gratings via conventional OPG. We thus obtained the pulse shapes
shown by the dashed and dotted curves in which conventional OPG dominates.
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4.2.5 Pulse shapes of the signal and the idler from OPG and the optimized grating
length for cascaded OPG
In Section 4.2.2 we asserted that we can obtain an accurate pulse shape for the signal by
cross-correlation measurements without removing the idler. Here we experimentally
verify it by comparing the solid curve in Fig. 4.7(b) to the solid curve on the fifth row
(from top) in Fig. 4.5(b), which correspond to the same QPM grating length of 34 mm
and the same photon conversion efficiency of ~10%. Although both the signal and the
idler were measured in the case of Fig. 4.5(b) while only the signal was measured by the
method used in the case of Fig. 4.7(b), the pulse shapes observed for the output were
similar, confirming that the presence of the idler does not significantly affect the pulse
shapes measured without frequency resolving the cross correlation.
For a detailed comparison, we show the signal and idler pulse shapes in Fig. 4.8,
obtained by summing up the frequency-resolved cross-correlation traces for the signal
and the idler from a device with a 42-mm-long QPM grating at a pump power level
resulting in a photon conversion efficiency of ~20%. The two curves were calibrated for
the efficiencies of the sum-frequency generation in the LiIO3 crystal at the signal (idler)
wavelengths. The peak positions in the two traces are slightly different because the group
velocity of the idler near 1.8 µm is slightly faster than that of the signal near 1.4 µm.
We can deduce the optimized grating length by comparing curves in Fig. 4.8 to those
in Fig. 4.7. In contrast to the signal pulses from a 34-mm-long QPM grating shown in Fig.
4.7, the signal and idler pulses in Fig. 4.8 have three peaks. These peaks are at around -1
ps, 4 ps and 6.5 ps for the idler. We obtained this complex pulse shape because the 42mm-long grating was almost three times longer than the build-up length (~12 mm) of the
sum-frequency generation in cascaded OPG. At a lower pump power level we even
obtained a square pulse shape [15] because the pulse length of the pump in the crosscorrelation was comparable to the time interval between the three peaks, smearing out the
cross-correlation. The optimized grating length is therefore ~34 mm to obtain cascaded
OPG signals with the best temporal properties.
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Figure 4.8: The pulse shapes of the signal and idler obtained by summing up the
frequency-resolved cross-correlation traces from a 42-mm-long QPM grating at a pump
power resulting in a photon conversion efficiency of ~20%. The shadowed regions under
the curves correspond to the cascaded OPG products while the other regions correspond
to the conventional OPG products.

4.3 Controlled cascaded OPG with engineered QPM gratings
To explore wide-band tuning of the transform-limited signal from cascaded OPG which
is distinguishable from a background of conventional OPG signal, we design devices to
generate various signal wavelengths from cascaded OPG.
As we discussed at the beginning of this chapter, cascaded OPG is weakly dependent
on the pump-wavelength or temperature so that the signal wavelength tuning range is
only several nanometers in uniform QPM gratings. Tuning over a broad range of signal
wavelengths requires another method for controlling cascaded OPG. Devices with a QPM
period ΛOPG for OPG and different QPM periods ΛSFG for sum-frequency generation will
allow such control.
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Several approaches [3, 4, 30, 36] exist for engineering such multi-component
gratings. For this demonstration we chose phase-modulated-gratings because of their
loosest fabrication tolerances. In periodically poled lithium niobate, the phase modulation
is realized with a poling mask which periodically shifts the center positions of the
domains with a period Λph, as illustrated in Fig. 4.9(a). The shifting function is designed
by numerical optimization to have QPM peaks with desired positions and amplitudes in
the Fourier spectrum. [4]
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Figure 4.9: (a) A diagram of the phase modulated gratings. The center positions of the
domains shift by an amount calculated from an optimized periodic phase function. Λph is
the phase modulation period. (b)(c) Simulated QPM peaks of phase-reversal gratings
designed with Λ1 = ΛOPG = 16.45 µm, δ = 0.4 µm and Λ2 = Λ1 - δ = 16.05 µm (see text for
definition of the symbols). The grating duty cycle is 1/3 and the two peaks near Λ1 and Λ2
have the same area in the spatial frequency domain.
To understand the properties of phase-modulated gratings, we study their simplest
form, a phase-reversal grating, [3] the simplest phase-modulated-gratings with a QPM
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period Λ and a 50% duty cycle of phase-reversal. These gratings have two first-order
QPM peaks of the same amplitude close to each other in the Fourier spectrum at Λ1 = Λ +

δ / 2 and Λ2 = Λ − δ / 2 where δ = 2Λ2/Λph << Λ. When the domain duty cycle is 50%,
there is no second-order peak and only two third-order QPM peaks at Λ1 /3 and Λ2 /3.
When the domain duty cycle is 1/3 there is only one second-order QPM peak at ΛSFG =

Λ/2 and no third-order QPM peak, which is shown in Fig. 4.9(b) and (c). If we want
different amplitudes for the two first-order QPM peaks at Λ1 and Λ2, we can no longer
use simple phase-reversal gratings, so we design phase-modulated gratings with the
method described in Ref. [4]. The general features of higher order QPM peaks for such
phase-modulated gratings are similar to those of the phase-reversal gratings, but offer
more degrees of freedom to tailor details of the spatial Fourier spectrum.
For simplicity we prefer phase-modulated-gratings with a domain duty cycle of ~1/3,
using the first-order QPM peak at Λ1 = ΛOPG for OPG and the strongest second-order
QPM peak at ΛSFG = Λ/2 = ΛOPG/2 − δ /4 for sum-frequency generation. In the devices
fabricated, ΛOPG = 16.45 µm and the nominal domain duty cycles are ~40% in the 18mm-long QPM gratings while δ varies. In order to keep a low OPG threshold, the
designed amplitude ratio between the two peaks at Λ1 and Λ2 is 7:3 so that the normalized
gain parameter η for OPG is nominally 70% of that in a uniform QPM grating. Both in
simulations and in second-harmonic generation measurements, the sum of η at the two
peaks Λ1 and Λ2 is >90% of η in a uniform QPM grating and the peak amplitude ratio is
close to the designed value 7:3. For these parameters a series of second and third-order
QPM peaks exist while the one at ΛSFG is the strongest.
Figure 4.10 shows that the measured wavelengths of the signal from the strongest
cascaded OPG match well with the simulations and vary almost linearly with δ in the
signal wavelength range from 1280 nm to 1370 nm. The simulations are based on the
waveguide dispersion from a model of reverse-proton-exchange lithium niobate
waveguides without any adjustable parameters. [49] Similar to the results from uniform
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gratings, the signal peaks at these wavelengths had narrow bandwidths (such as 1.5 nm),
indicating that near-transform-limit signal pulses were obtained. Although for δ ≠ 0 a
weak signal from cascaded OPG appeared around 1280 nm which corresponded to the
second-strongest second-order QPM peak, we can design more sophisticated QPM
gratings to avoid this problem, though these require precise control of the waveguide
uniformity and QPM grating duty cycles and await future experiments. [31]
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Figure 4.10: The wavelengths of the signal from the strongest cascaded OPG in different
phase-modulated-gratings. δ is a parameter describing the QPM grating design, defined
in the text and shown in Fig. 4.9. The solid line is from simulations without any
adjustable parameter and the circle symbols are from experimental results.

4.4 Summary of Chapter 4 and problems in cascaded OPG
In summary, we experimentally studied cascaded optical parametric generation in RPE
waveguides in congruent lithium niobate with uniform QPM grating of various lengths.
By using a frequency-resolved cross-correlator, we characterized the temporal properties
of the signal generated in cascaded OPG and studied the process in the strong-pumpdepletion regime. We also demonstrated control over the signal wavelength from
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cascaded OPG by using phase-modulated-QPM gratings. By switching between
waveguides with different grating designs and fine tuning the pump wavelength or device
temperature, obtaining transform-limited and wavelength-tunable signal from cascaded
OPG is possible.
Similar to conventional OPG, two problems limit practical applications of cascaded
OPG in reverse-proton-exchange congruent lithium niobate waveguides. The most severe
problem is photorefractive damage by the green and blue waves generated in the devices,
even if we heat the chips to 130 °C. The blue wave comes from parasitic secondharmonic generation of the pump and most of the green wave comes from the sumfrequency generation involved in cascaded OPG. Although the latter is necessary in
cascaded OPG and eliminating other parasitic products is difficult, this problem may be
solved with new photorefractive-damage-resistant materials. [45, 46, 91] The second
problem is the bottleneck in power conversion efficiency. Both cascaded OPG and
conventional OPG using ultra-short pulses have a bottleneck in conversion efficiency
because only part of the leading edge of the pump pulse participates in the nonlinear
interactions. Further improvement requires more sophisticated QPM gratings engineered
for cascaded OPG and may require new techniques.
Such an alternative to cascaded OPG to improve the temporal properties of the OPG
products is to compensate for the group velocity mismatch between the signal (idler) and
the pump with periodic waveguide structures. [8] Simulations and experimental results
show that the signal generated in such a device also have well-controlled temporal
properties, which is discussed in Chapter 5.
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CHAPTER 5: APPLICATION OF QUASI-GROUP-VELOCITYMATCHING IN OPTICAL PARAMETRIC GENERATION IN
REVERSE-PROTON-EXCHANGE WAVEGUIDES

The temporal properties of the output have long been a limiting factor for the application
of optical parametric generation. In Chapter 4 we demonstrated controllable temporal
properties at desired wavelengths with cascaded OPG in lithium niobate waveguides. The
control of temporal properties can also be achieved by directly manipulating the effective
group velocities of the interacting waves. [15, 70, 71] Group-velocity-matching in
nonlinear interactions has been frequently studied in recent years. In bulk materials used
for χ(2) nonlinear interactions it was realized by using different polarizations or tilting the
wave fronts. [70, 71] Such approaches are prohibited in reverse-proton-exchange
waveguides on z-cut lithium niobate wafers because only TM modes are guided and the
wave fronts in waveguides cannot be tilted. In this chapter we report the application of an
alternative approach, quasi-group-velocity-matching (QGVM), [8] for OPG in reverseproton-exchange lithium niobate waveguides.
With 1.6-ps-long pump pulses near 785.1 nm we have obtained near degenerate
output pulses with a time-bandwidth product as low as 1.1 from a device with QGVM.
Compared to a much larger time-bandwidth product of 10.5 for near degenerate OPG in a
device without QGVM, the temporal properties of OPG pulses are significantly improved.
In this chapter we first discuss the technique to fabricate tight bends that are required
in the QGVM devices. We then describe the design of quasi-group-velocity-matching
devices and demonstrate OPG with such designs.
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5.1 Enabling technique: tight bends in RPE waveguides
Although a small bend radius is desired in PPLN waveguides to enhance device
integration, it is limited by rapidly increasing radiation losses with decreasing bend radius.
In Ti or Ni diffused lithium niobate waveguides techniques such as MgO in-diffusion
reduced the acceptable bend radius to 5 mm. [97] However, for annealed- or reverseproton-exchange waveguides the smallest bend radius with negligible bend losses is
already 4 mm and MgO in-diffusion will not help further.
Based on the theory in Section 2.6.1, we experimentally tested two different
approaches to reduce the bend radius: 1) increasing the index difference in the waveguide
by deeper proton-exchange, and 2) adding air trenches beside the waveguides by wet
etching after proton-exchange. We choose the former for the QGVM experiments
because the fabrication procedure is simpler and the overall loss is lower.

5.1.1 Tight bends fabricated by a RPE process with a deeper proton-exchange depth
To avoid bend loss, the smallest bend radius R is 4 mm for s-bends in a typical reverseproton-exchange waveguide, [49] for which the proton-exchange depth is 1.84 µm, the
annealing time is 23 hrs at 310 °C and the time of reverse-proton-exchange is 25 hrs at
300.5 °C. We are able to reduce R to 1 mm without introducing extra bend loss by
increasing the proton-exchange depth to 2.39 µm. Correspondingly the noncritical
waveguide width [53] becomes 6.5 µm.
By increasing the proton-exchange depth, we not only increase the effective
refractive index of the waveguide modes, but also shrink the mode size in the dimension
of the waveguide width. From Eq. (2.36) the minimum bend radius thereby is much
smaller than that for devices fabricated with the conventional RPE process.
One difference in the waveguide design for the new process is that the coupling loss
between straight waveguides and bends must be considered for a small bend radius. For a
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joint between a straight waveguide and a bend with R = 1 mm, the necessary shift to
optimize the mode coupling is ~1 µm, which is close to an estimation using the
eigenmode size, the wavelength, the bend radius, and the method described in Section
2.6.1. When this shift is included in the waveguide design the bend loss for a cosine-type
s-bend with a minimum bend radius of 1 mm is negligible. Such a tight s-bend is one of
the key components in QGVM devices.
The price of a higher proton-exchange dose is a higher propagation loss in straight
waveguides, <0.25 dB/cm for waves near 1570 nm (compared to that of <0.15 dB/cm
with the conventional process) and <0.5 dB/cm for waves near 785 nm. This higher
propagation loss is mainly scattering loss caused by the larger quantity of defects in the
waveguides with a higher proton dose.
The proton-exchange depth in the new fabrication process is optimized for a balance
between the smaller bend loss and the higher propagation loss in 6.5-µm-wide straight
RPE waveguides. To find the optimal depth, we measured losses and SHG efficiency for
devices with different proton-exchange depths. For a proton-exchange depth <2.39 µm
the minimum bend radius with negligible bend loss is >1 mm. For a proton-exchange
depth a little higher than 2.39 µm, the propagation loss for the pump wave is more than
twice that of the signal and the idler because the scattering loss is higher at the pump
wavelength than at the signal/idler wavelengths. We therefore selected a proton-exchange
depth of 2.39 µm, for which the propagation loss of the pump is about twice that of the
signal and idler, which is similar to waveguides fabricated with the conventional process.
The smallest bend radius for circular bends with negligible bend loss is larger than
that for s-bends [7] and we experimentally determined it to be ~2 mm for RPE
waveguides fabricated with the new fabrication process. U-turns with such a small bend
radius can be fabricated on chips and is been used in applications such as OTDM on a
lithium niobate chip. [7]
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5.1.2 Tight bends fabricated by adding air trenches along the outside edge
As shown in Fig. 5.1, low-loss tight s-bends in RPE lithium niobate waveguides can be
fabricated by simultaneously creating air trenches along the outside edge of the bends and
shifting the waveguides at the joints between the straight and curved waveguides. [98]
100 µm

Etched trenches
Waveguides

Photo of s-bends on a chip

The edge to edge
distance ∆

The transition
shift δ

Cross-section of three adjacent etched trenches
10 µm

Figure 5.1: Diagram for the air trenched s-bends and a photo of s-bends on a chip. In the
photo of s-bends, the white stripes are the waveguide openings on the SiO2 mask and the
curved dark stripes with black edges are the etched trenches. The photo on the bottom is
the cross section of three adjacent etched trenches on a witness sample under microscope.
Air trenches along the outside edge of the bends can reduce the radiation loss [98]
because the index difference is increased and the mode coupling between guided modes
and radiation modes is effectively reduced. By using the effective index method
described in Section 2.6.1, we conclude that a deeper trench and a shorter distance
between the trenches and the waveguides will result in a smaller bend radius. A trench
depth on the order of the eigenmode size (typically 3 µm) limits the bend radius to ~1.5
mm in simulations. For this bend radius the necessary transition shift to optimize the
mode coupling is ~1.1 µm in theory.
Air trenches are fabricated by wet-etching of the proton-exchange regions on the +z
face of the z-cut lithium niobate wafers based on the differential hydrofluoric acid (HF)
etching rate of lithium niobate, i.e. that the HF etching rate for the –z face or the proton-

89
exchanged regions is >1000 times faster than for the +z face. [99] As a first step in the
fabrication procedure, blank lithium-niobate wafers are carefully cleaned and covered
with a layer of SiO2 on the +z face by sputtering. Then lithography is done on the SiO2
layer to define the trench patterns. Having done proton exchange in benzoic acid and
obtained an exchange depth being equal to the desired trench depth, we put the wafer into
violently stirred 50% HF solution at room temperature for >10 hrs to completely etch
away the proton exchanged regions and obtain smooth trench walls. Then we flat polish
the -z face and clean the wafer to ensure good poling quality in the following fabrication
procedures. After that we follow the typical procedure in Fig. 1.7 to create reverseproton-exchange waveguides. [2] Before the step of >10 hrs HF etching, it is essential
that we avoid creating defects outside the trench regions, otherwise the waveguide loss
will increase substantially.

Table 5.1: The lowest loss measured for s-bends with air trenches and transition shifts
Minimum Bend Radius 4 mm 3 mm 2 mm 1.5 mm 1 mm
Bend length (mm)
13
10.3 7.4
6
4.4
Bend loss (dB)
0
0.3
1.1
1.5
6.3

In experiments we fabricated 8-µm-wide waveguides with 2.7-µm-deep trenches
beside s-bends. After etching, the distances between the trenches and the waveguides
vary from 0.5 µm to 10.5 µm. The designed shifts at the joints vary from 0 to 2 µm. To
explore bend losses in QGVM designs, the lengths of the bends are chosen to exactly
compensate for the group velocity mismatch between 780 nm and 1550 nm waves after
they both pass an 8-mm-long straight waveguide. We estimate the bend loss from the
throughput ratio for 1550-nm waves in the straight vs. the bent waveguide. For different
minimum bend radii, the lowest losses are listed in Table 5.1. S-bends with a minimum
bend radius of 4 mm are used as the base because their throughputs are close to those of
the straight waveguides, indicating negligible bend loss. The bend loss increases
exponentially when the minimum bend radius decreases from 3 mm to 1 mm.
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Details of the measurements for s-bends with a minimum bend radius of 1.5 mm are
shown in Fig. 5.2. The bend loss improves by 8 dB compared to the devices without
trenches and shifts at the joints of different curvatures. The curves show that a shorter
distance between the trenches and the waveguides is preferable and the transition loss can
be greatly improved by shifting the waveguides at the joints, with an optimal shift value

Throughput of the S-Bends
(arb. units)

> 1 µm.

δ = 1µm

8dB

δ = 2µm
δ = 0.25µm
δ=0

0.5

2.5

4.5

6.5 8.5 10.5
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no trenches

Figure 5.2: The throughput of the s-bends with different distances ∆ between the trench
and the waveguides and different transition shifts δ at the joints which are defined in Fig.
5.1. The minimum bend radius in the s-bends is 1.5 mm.
Besides s-bends, we also fabricated circular bends. With a bend radius of 2.5 mm, a
trench depth of 2.7 µm, about 1-µm distance ∆ between the trenches and the waveguides
and 2-µm shifts δ at the joints, the 180° circular bends have a bend loss of 1.5 dB. The
main loss in these devices may have come from the scattering loss caused by the
roughness on the trench walls.
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We may further improve the devices by optimizing the waveguide widths on both
sides of the joints between straight waveguides and bends to obtain a higher mode
coupling efficiency. [100]
This approach of adding air trenches is limited by the roughness of the trench walls
with current wet-etching method, which causes ~1 dB/cm propagation loss for 1550-nm
band waves. An alternative is to use the method of dicing plus polishing [45, 46] which
may create smoother trench walls and result in a lower propagation loss.

5.2 Quasi-group-velocity-matching device design
With the design and the fabrication procedure of low-loss tight-radius bends available we
are able to design quasi-group-velocity-matching devices.
S-bend creating longer optical
path, whose length is L2

Directional couplers separating
785 nm and 1570 nm waves

Lg

785 nm
LDC

L1

LDC

Lg

1570 nm

One QGVM section

Figure 5.3: Diagram of near-degenerate optical parametric generation using waveguides
with one quasi-group-velocity-matching section, designed for a pump wave near 785 nm
and signal and idler waves near 1570 nm. Lg is the length of each section of QPM
gratings, LDC is the length of each directional coupler and L1 is the length of the straight
waveguide between the two directional couplers.
The QGVM scheme shown in Fig. 5.3 is similar to that used for second-harmonic
generation. [8] The length Lg of each QPM grating is ~4.8 mm, approximately the groupvelocity-walkoff length between 1.6-ps-long pulses at 785 nm and 1570 nm. The length
LDC of each directional coupler is ~1 mm, designed to couple the 1570-nm waves into an
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adjacent waveguide while keeping the 785-nm waves in the straight path. The two
directional couplers are connected with a straight waveguide (length is L1) and a bend
arm composed of two s-bends (total length is L2) so that the signal and the idler (with a
faster group velocity than the pump) will propagate through a longer optical path than the
pump. To ensure that the pulse envelopes of the pump and signal (idler) efficiently
overlap in every QPM grating the optimal design must satisfy:

L2 − L1 = (ngp / ngs ,i − 1)(rLg + L1 + 2 LDC )

(5.1)

Here ngj (j = p, s, i respectively corresponds to the pump, signal and idler) is the group
index in straight waveguides. Near degeneracy the same QGVM design works for both
the signal and the idler because ngs ≈ ngi and the typical bandwidth of the directional
couplers is >100 nm. The ratio r is a noncritical adjustable parameter with an optimal
value slightly > 1 since the group index in the s-bends is slightly smaller than that in
straight waveguides.
The bend arm in a QGVM section is composed of two cosine-type s-bends. The
length L’ of each s-bend is:
L' =

2L

π

E (− a 2 ),

a=

πA
2L

(5.2)

Here A is the height and L = L1/2 is the length of a cosine-type s-bend described by Eq.
(2.35), whose minimum radius of curvature is R = 2L2/ (π2 A). Function E(x) is the
complete elliptic integral of the second kind for x. [58] We can combine Eq. (5.1) and Eq.
(5.2) to solve A and L for desired designs.
In order to have more QGVM sections within a limited device length we prefer
shorter L1; the approximate length is proportional to the minimum bend radius R in the sbends. To avoid bend loss, the smallest R is 4 mm in typical RPE waveguides fabricated
with our conventional process and 1 mm in the new process where the proton-exchange
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depth is increased to 2.39 µm, as described in Section 5.1.1. Using Lg ~ 4.8 mm, LDC ~1
mm, r = 1, and group indices estimated from SHG measurements, the typical length of L1
is 13.7 mm with the conventional process and 4.5 mm with the new process. With the
latter we are able to design devices with four QGVM sections on a 60-mm-long chip.
We design devices with both the conventional process and the new process described
in Section 5.1.1 to check the effects of multiple QGVM sections and the propagation
losses on the gain and temporal properties of the OPG output. The device structures are
similar for the two fabrication processes. The pump wave near 785 nm in the free-space
TEM00 mode is converted into almost pure TM00 waveguide mode at the beginning of the
device by a single-mode filter, followed by QPM gratings and QGVM sections as shown
in Fig. 5.3.
The waveguide widths and the mode filters are optimized. For the conventional
process, the waveguide width is 1.5 µm in the mode filter and 8 µm otherwise. For the
new process, the mode filter is a 1.5-µm-wide segmented waveguide with a duty cycle of
20% [50] and the waveguide width is 6.5 µm in other regions.
If not otherwise specified the chips are heated to 130 °C in the experiments to avoid
photorefractive damage. The basic experimental setup is the same as that in Fig. 3.4.

5.3 Experimental results of OPG with QGVM
For 1.6-ps-long pump pulses near 785 nm the OPG threshold of the devices with four
QGVM sections is 100 pJ. This is half the 200 pJ threshold in a conventional device with
a continuous 25-mm-long QPM grating (the same as those in Chapter 3) and is a
consequence of the more effective interaction of the pump and signal (idler) pulses with
matched group velocities.
At a pump power level slightly above the OPG threshold when pump depletion is
negligible, we measured the auto-correlation traces of the signal (idler) pulses using two-
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photon-absorption in a silicon photodiode [101] and recorded the power spectrum with an
optical spectrum analyzer. The pump wavelength is 785.1 nm and the signal and the idler
waves are near degeneracy.
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Figure 5.4: (a) Auto-correlation traces and power spectra of the output from a device with
four QGVM sections; (b) those from a conventional device without QGVM. The solid
curves correspond to a device temperature of 130 °C while the dotted curves correspond
to a device temperature of 121.3 °C. The pump wavelength is 785.1 nm for all. The total
length of QPM gratings is 24 mm in both cases. The pulse lengths and bandwidths in the
figures are FWHM.
The solid curves in Fig. 5.4(a) show the results from a device with four QGVM
sections at 130 °C. The bandwidth of the signal (idler) near 1503 (1645) nm is 15 (18)
nm, the pulse length is 0.56 ps assuming a Gaussian pulse shape, and the time-bandwidth
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products are 1.1 for both the signal and the idler. The dotted curves show the output from
the same device at 121.3 °C with the signal and idler merging at 1570 nm. The pulse
length is 0.44 ps, the bandwidth is 28 nm, and the time-bandwidth product is 1.5.
As a comparison, Figure 5.4(b) shows the results from a conventional device without
QGVM, that the bandwidth is >50 nm, the pulse length is 1.7 ps and the time-bandwidth
product is 10.5. The total QPM grating lengths in both cases are 24 mm. The OPG output
from a device with four QGVM sections thus is much closer to the transform limit than
that from a conventional device.
In the experiments we vary the device temperature T and the pump wavelength λp,
establishing that for the same device with QGVM the pulse length is a weak function of T
and λp while the bandwidth is a strong function of them.
Figure 5.5 shows the power spectra for a device with the simplest QGVM design,
which has only one QGVM section and is fabricated with the conventional process. T is
fixed at 130 °C for curves in Fig. 5.5(a). λp is fixed at 781.2 nm for curves in Fig. 5.5(b)
and their baselines indicate the various device temperatures which can be read from the
vertical axis. Due to a filter effect coming from the carrier phase mismatch generated in
the QGVM section the power spectrum changes significantly when λp varies by 0.3 nm
or T varies by 2 °C. This filter effect notably contributes to the improvement in temporal
properties of the OPG output.
While the experimental results are consistent with numerical simulations, a more
insightful explanation of this filter effect comes from the analytical solutions to optical
parametric amplification with CW waves. For CW OPA we can drop the terms
corresponding to the group velocities in Eq. (2.7) and obtain analytical solutions like Eq.
(2.9) when pump depletion is negligible.
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Figure 5.5: The power spectra of the output from a waveguide with one QGVM section.
The total length of QPM gratings is 9.6 mm. The device temperature T is fixed at 130 °C
in (a). The pump wavelength λp is fixed at 781.2 nm in (b). The baselines of the curves in
(b) indicate the device temperature, which can be read from the vertical axis. All the
traces are normalized to their maxima. The bandwidths shown in the figures are FWHM.
Suppose the phase mismatch between the three interacting waves is φ = φ(λs,i) =
2 π [n(λ p ) L1 / λ p − n(λs ) L2 / λs − n(λi ) L2 / λi ] at the beginning of the second QPM section,
originating from the two different paths in a QGVM section. λj (j = p, s, i) is the
wavelength and n(λj) is the average refractive index over the corresponding waveguide
length. With negligible pump depletion for OPA in a uniform QPM grating in a straight
waveguide, the output signal photon flux is:

N s = N s 0 {cosh 2 Γ '' Lg + [∆k /(2Γ '')]2 sinh 2 Γ '' Lg } + N i 0 (Γ '/ Γ '') 2 sinh 2 Γ '' Lg +
2(Γ '/ Γ '') sinh Γ '' Lg N s 0 N i 0 {cosh Γ '' Lg cos φ + [∆k /(2Γ '')]sinh Γ '' Lg sin φ }
Γ '' = Γ '2 − ∆k 2 / 4,

∆k = k p − k s − ki − 2π / Λ
(5.3)
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Ns0 (Ni0) is the input photon flux of the signal (idler), Lg is the length of the QPM grating,

Γ’ is the parametric gain coefficient for ∆k = 0, kj (j = p, s, i) is the wave vector, and Λ is
the QPM grating period. For OPA Γ‘>> ∆k/2 and α is real.
This solution can be simplified to N s ≈ 4 N s 0 sinh 2 ΓLg cos 2 (φ / 2) in the high gain
regime if ∆k ≈ 0 and Ns0 = Ni0, which are satisfied in the QPM gratings for OPG with the
QGVM scheme. Each QGVM section thus is equivalent to a combination of an amplifier
with exponential gain and a frequency filter determined by the carrier phase mismatch.
Because φ(λs,i) vary by several π within the > 150 nm bandwidth for near-degenerate
OPA with Lg ~ 4.8 mm, the signal power spectrum has several peaks and valleys and
their positions vary when φ(λs,i) changes with T and λp, as shown in Fig. 5.5.
By comparing the results shown in Fig. 5.4 and Fig. 5.5 we can deduce the effects of
multiple QGVM sections. Side peaks are significant in the spectra in Fig. 5.5 when the
device has only one QGVM section, but are negligible in Fig. 5.4(b) when the device has
four QGVM sections. The reason is that each extra QGVM section is an extra frequency
filter and the main peak is thus selected out. However the bandwidth of the main peak
only varies slightly, possibly because each QGVM section randomly introduces a
different phase-mismatch function φ(λs,i) and the overall effect is not optimal. More
detailed studies need precise control of the carrier phases in each QGVM section, which
may be realized in the future by using electro-optical phase shifters.[102]
We also measure and simulate different devices to explore the consequences of the
propagation losses. The propagation loss of the pump does not affect the frequency
response but does reduce the parametric gain in the QPM gratings near the end of the
device and prevents us from obtaining an even lower OPG threshold. The propagation
loss of the signal and idler only reduces the photon conversion efficiency.
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5.4 Summary of Chapter 5
With quasi-group-velocity-matching structures in reverse-proton-exchange lithium
niobate waveguides we demonstrated an OPG threshold of 100 pJ, half of that in
conventional devices described in Chapter 3. We obtained a time-bandwidth product as
low as 1.1 for OPG outputs near degeneracy, compared to >10 in conventional singlegrating devices
Different from cascaded OPG in Chapter 4, here waveguide structures instead of
QPM gratings are engineered to change the apparent group velocities of the interacting
waves. Although the improved time-bandwidth products shown in this chapter are larger
than those in Chapter 4, they are for signal wavelengths near degeneracy instead of far
away from degeneracy. Considering the scalability of QGVM structures, quasi-groupvelocity-matching is an effective approach to improving the temporal properties of the
OPG output and may find its place in applications based on OPG or optical parametric
fluorescence, such as photon pair generation. [9]
Since the number of QGVM structures is important and more sections of QGVM
means a longer waveguide, further improvements to the temporal properties of the OPG
output would require a lower propagation loss in the waveguides.
The QGVM structure is not limited to RPE waveguides and we may implement it in
other types of waveguides such as ridge waveguides or Ti- or Ni-diffused waveguides.

CHAPTER 6: TWO-MODE OPTICAL PARAMETRIC
AMPLIFICATION USING ASYMMETRIC Y-JUNCTIONS

Optical parametric amplifiers are important sources for tunable ultra-short infrared pulses
and are also useful photon sources. [1, 9] Channel waveguides can be used to enhance the
intensities of the interacting waves over long interaction lengths, lowering the required
pump power. One of the most efficient waveguides in lithium niobate reported to date is
based on reverse-proton-exchange which we described in Section 1.3. [2] However,
separating the photons of different wavelengths generated in these waveguides is difficult,
especially near degeneracy. Inside the waveguides all the waves are propagating in the
same direction and cannot be separated by angular selection. Outside the waveguides
prisms or filters work only for wavelengths away from degeneracy and are difficult to
integrate; polarization techniques fail because only TM modes are guided. In this chapter
we demonstrate that mode demultiplexing with asymmetric Y-junctions is a good
approach to separate the signal from the idler for parametric amplifications in annealedor reverse-proton-exchange lithium niobate waveguides, which we test conveniently with
optical parametric generation (vacuum noise amplified with ~1010 gain).
Demultiplexing with asymmetric Y-junctions involves higher order modes besides
the TM00 waveguide mode. Integrated optical devices using higher order modes have
many useful functions, including mode multiplexing in periodically poled lithium niobate
optical frequency mixers, [8] cascaded semiconductor all-optical switches, [103] and
silica-based waveguide arrays. [104] For these devices, low crosstalk is the key to good
performance. Two main types of mode multiplexing are asymmetric Y-junctions [52, 105,
106] and MMI devices. [74] Asymmetric Y-junctions have been studied since the early
days of integrated optics. Due to their adiabatic property asymmetric Y-junctions have
advantages over MMI devices, including wide bandwidth, low excess loss, and simple
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configuration. In step-index waveguides, MMI devices are easier to fabricate than Yjunctions with sharp vertices. [107, 108] On the other hand, in diffused waveguides such
as annealed- or reverse-proton-exchange PPLN waveguides asymmetric Y-junctions are
relatively easier to fabricate because the refractive-index profiles are smooth in such
waveguides. [47, 49]
This chapter is organized as following. In Section 6.1 we explore asymmetric Yjunctions with their shapes optimized using the theory in Section 2.6.3. Then in Section
6.2 we describe the design parameters of asymmetric Y-junctions used in the OPG
experiments. After that we discuss the threshold, mode demultiplexing and tuning curve
measurements for OPG involving TM10 modes in Section 6.3.

6.1 Experiments on the shape optimization of asymmetric Y-junctions
We design and fabricate asymmetric Y-junctions for 1550-nm waves in annealed- or
reverse-proton-exchange waveguides to explore the effects of shape optimization, which
is studied by comparing the mode multiplexing performance of the conventional and the
optimal devices side-by-side on the same chip.
We characterize the mode multiplexing in PPLN waveguides using the nonlinear
mode-mixing method, [5] where the amplitudes of different nonlinear interaction peaks in
the SHG tuning curve are used to calculate the mode content out of a Y-junction. If we
launch the first-harmonic wave for SHG into one arm of a Y-junction, the output firstharmonic wave will contain mode components including the TM00 mode and the TM10
mode. The SHG tuning curve will have several peaks at the second-harmonic frequencies
corresponding to the TM00, TM10 and TM20 waves, etc. The amplitudes of the peaks are
determined by the mode contents in the first-harmonic wave and the efficiencies of the
nonlinear interactions involved. In other words with known empirical or simulated
nonlinear efficiencies we can deduce the mode contents by identifying the peak
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amplitude ratios on a SHG tuning curve. This method was described in detail in Ref. [5]
and was successfully used to measure mode contrast ratios over 30 dB.
Annealed- or reverse-proton-exchange waveguides are respectively chosen to
experimentally demonstrate the two different approaches in shape optimization described
in Section 2.6.3, the shifting approach and the stretching approach. In this section wa, wb
and θ have the same definition as in Fig. 2.7.
For the “shifting” approach we use annealed-proton-exchange waveguides [47] with
wa = 5 µm and wb = 4 µm. These waveguides have a proton-exchange depth of 1.3 µm
and are annealed at 330 oC for 26 hrs. For a conventional Y-junction and an optimized Yjunction designed for 1550 nm waves with the same branching angle θ = 0.0072, the
measured mode contrasts from multiplexing are listed in Table 6.1. P0, P1, and P2 are the
powers in the lowest three modes for the 1550-nm-band waves past the Y-junctions.
“Wide (narrow) arm” means the SHG tuning curves are obtained with the pump wave
launched from the wide (narrow) arm of the asymmetric Y-junction at the beginning of
the waveguide.

Table 6.1: The mode contrast comparison between the conventional design and the
design optimized by the “shifting” approach for asymmetric Y-junctions in \annealedproton-exchange waveguides.
Wide arm

Narrow arm

P1/P0 (dB)

P0/P1 (dB)

P2/P1 (dB)

Conventional

-12.0

-12.3

< -17.8

Optimal

-16.5

-15.7

-11.8

Improvement

4.5

3.4

<-6

Compared to the conventional design, the optimized design better suppresses the
crosstalk between the first and second modes by >3.4 dB, but increases the crosstalk
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between the second and third modes by >6 dB. Fabrication errors limit the mode
contrasts and cause the difference between the measured P1/P0 and P0/P1. Devices with a
smaller branching angle and >20 dB contrast in the conventional design show less
improvement with the optimization because the mode coupling caused by fabrication
errors dominates over that due to the nominal design. However the tendencies match the
theory in Section 2.6.3.
Reverse-proton-exchange waveguides are used to test the “stretching” approach. The
proton-exchange depth is 1.85 µm, the annealing time is 23 hrs at 310 oC and the reverseexchange time is 22.5 hrs at 300.5 oC. We choose wa = 5 µm and wb = 3 µm or wa = 4.5
µm and wb = 3.5 µm for comparison. In the design the function f(z) defined in Section
2.6.3 is

 z − ( z − z0 ) 2 / z0 ,
0 ≤ z ≤ z0
f ( z) =  0
2
 z0 + ( z − z0 ) /(1 − z0 ), z0 < z ≤ 1

(6.1)

which is a “quadratic stretching” around z0 where the coupling coefficient κ01(z) is
maximal. In this type of shape optimization z0 is the only critical parameter. From the
waveguide models we estimate that the maximum of κ01(z) is reached at z0 = 0.1375 for a
2-mm-long Y-junction with θ = 0.016. We design devices with z0 in the range between
0.1 and 0.15 to accommodate simulation and fabrication errors.
Comparing the optimized designs to a conventional Y-junction with the same
branching angle, we observe 10 dB better performance in mode multiplexing in short
devices (θ = 0.016) and 3 dB worse performance in long devices (θ = 0.008), which
follows the tendency we expect from the theory in Section 2.6.3. For the designs with
different wa and wb, the nominal optimal ones with wa = 5 µm and wb = 3 µm show 3 dB
less improvement than the non-optimal ones with wa = 4.5 µm and wb = 3.5 µm because
the fabrication errors again dominated over that due to the nominal design.
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According to the above experimental results for the two different shape optimization
approaches, designing the shape of the asymmetric Y-junctions properly can improve
their performance in mode multiplexing. However, the performances are limited by
fabrication errors and a more precise waveguide model is also necessary for better
designs. For this reason, conventional designs are used in the OPG experiments in the
following sections.

6.2 Waveguide structure and asymmetric Y-junctions for the OPG experiments
Mode demultiplexing with asymmetric Y-junctions is based on the adiabatic variation of
the refractive index distribution along the device. Depending on from which end the
waves are launched, within a wavelength range asymmetric Y-junctions are efficient
mode multiplexers or demultiplexers. [5, 109] For waves near 1550 nm, a power contrast
>30 dB between the TM00 and TM10 modes has been demonstrated. [5] To realize mode
demultiplexing in OPG, we use an asymmetric Y-junction as a mode multiplexer for the
pump and as a mode demultiplexer for the signal and the idler.
→ pump
Narrow arm

Quasi-phase-matching
gratings

→ output
Pump
signal
idler

Mode filter

Wide arm
Pump mode multiplexer
(4-mm-long)

Signal/idler mode demultiplexer
(4-mm-long)

Figure 6.1: Typical device for OPG with two waveguide modes.
Figure 6.1 shows the design of such a device and illustrates how the modes of the
interacting waves evolve along it. On the input side, the TEM00 pump beam launched into
the narrow arm of the mode multiplexer is converted into the TM10 waveguide mode.
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Then the pump propagates through the quasi-phase-matching region and generates signal
and idler in two waveguide modes (the TM10 mode and the TM00 mode). [5, 51] On the
output side, the signal and idler waves in different modes will emerge from the two
different arms of the mode demultiplexer. The widths of the two arms of the asymmetric
Y-junctions are 2 µm / 3 µm on the input side and 3 µm / 5 µm on the output side,
respectively, designed for the pump near 780 nm and the signal (idler) near 1560 nm to
obtain the best mode multiplexing/demultiplexing contrast between the also TM00 and
TM10 modes.[18]
In the OPG experiments the chips are heated up to 130 °C. The quasi-phasematching periods of the gratings are 16.45 µm. The devices are fabricated with our
typical procedure described in Section 1.3. [49] The FWHM of the pump pulses is 1.8 ps.
For different purposes we choose various waveguide widths from 8 µm to 14 µm in the
interaction region and design devices with or without the mode demultiplexer for the
signal and the idler. The basic experimental setup is the same as that in Fig. 3.4.
(a)

10 dB
20 dB
30 dB

(b)

+

Figure 6.2: Illustration of the measurement of mode contrast out of a mode multiplexer
by using a camera. (a) Mode shape recorded on a camera for an almost pure TM10 mode,
which has two lobes. (b) Simulated cross section of the output mode (in the width
dimension of the waveguide) when different power ratios (noted in the legend) between
the TM00 and TM10 mode contents are considered.
Without the mode demultiplexer we can deduce the mode contrast out of the mode
multiplexer by monitoring the output intensity distribution of the transmitted pump.
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Almost pure TM00 or TM10 modes are obtained when we launch a CW wave near 780 nm
in the TEM00 mode from the wide or narrow arm of the mode multiplexer for the pump.
For a wave converted into almost pure TM10 mode, we can tune the wavelength to find
the highest contrast between the peak intensities of the two lobes recorded on a camera,
which is shown in Fig. 6.2(a). On the other hand, we can simulate the peak contrast
between these two lobes by supposing different power ratios between the TM00 mode and
TM10 mode contents, which is illustrated in Fig. 6.2(b). By comparing the measurements
to the simulations we can deduce the mode contrast between the different mode contents
out of a mode multiplexer. The highest mode contrast measured is >30 dB for near-780nm waves.
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6.3 Optical parametric generation involving both TM00 and TM10 waveguide modes

0

Figure 6.3: Threshold measurement for OPG with the pump in the TM10 mode.
Figure 6.3 shows the curves of photon conversion and pump throughput for OPG with the
pump in pure TM10 mode. To make a fair comparison to the results in Chapter 3, the
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length of the QPM gratings is 42 mm and cascaded OPG processes are absent. With the
pump at 785.7 nm, the OPG threshold is about 300 pJ, which is defined as when the
parametric gain G ~ exp(2 η PL) reaches 100 dB. Here P is the pump power, L is the
length of the gratings, and η[W-1cm-2] is the normalized gain parameter in optical
parametric amplification, which near degeneracy is equal to the normalized nonlinear
conversion efficiency of second-harmonic generation. Compared to a threshold of 200 pJ
and η ~ 90 %/(W-cm2) with all waves in the TM00 mode which we demonstrated in
Chapter 3, we can deduce η ~ 60%/(W-cm2) with the pump in the TM10 mode. The
maximum photon conversion efficiency reaches 35% for a pump power of 780 pJ/pulse.
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Figure 6.4: Power spectra of the OPG signal for the processes in the insets. The solid
(dotted) curves show the signal emerging from the wide (narrow) arm of a mode
demultiplexer. The idler near 1843 nm is not recorded.
The power spectra and wavelength tuning curves with the pump in the TM10 mode
are more complex than those involving only TM00 modes, because two near-degenerate
processes exist in this regime. With either the signal or the idler in the TM10 mode while
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the other is in the TM00 mode, these two processes are separated in wavelengths because
the waveguide dispersion of the two modes are different. They are distinguishable by
using asymmetric Y-junctions. Before demonstrating this behavior, we measure the mode
separation ability of an asymmetric Y-junction by recording the power spectra of the
signal that emerged from its two arms.
In Fig. 6.4 (a), all waves involved are in the TM00 mode. In Fig. 6.4(b), the pump is
in the TM10 mode, the signal near 1375 nm is in the TM10 mode while the idler near 1843
nm is in the TM00 mode. The solid (dotted) curves are the power spectra of the signal out
of the wide (narrow) arm of a mode demultiplexer; their power ratio thus gives the mode
separation ability of the asymmetric Y-junction, which is 27.5 dB for both waves. Weak
cascaded OPG products that we discussed in Chapter 4 appear around 1405 nm.
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Figure 6.5: Power spectra of the OPG signal from the two near-degenerate processes with
the pump in the TM10 mode. The solid curve centered at 1332 nm shows the signal in the
TM00 mode (with the idler centered at 1908 nm in the TM10 mode); the dotted curve
centered at 1346 nm shows the signal in the TM10 mode (with the idler centered at 1880
nm in the TM00 mode).
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With such good mode demultiplexers, we measure the signal power spectra for the
two near-degenerate processes in a 14-µm-wide waveguide with the pump in the TM10
mode. In Fig. 6.5, the solid curve corresponds to signal in the TM00 mode while the
dotted curve corresponds to signal in the TM10 mode. The idler waves in both cases are
near 1.9 µm and are not shown. Simulations give a ratio of 0.7 between the normalized
gain parameter η for the two cases. The parametric gain G is ~ 100 dB near the OPG
threshold; G for the two cases would therefore differ by ~16 dB, matching well with the

Relative signal/idler photon number (dB)

12 dB value measured.

0

1465 nm
1689 nm
Wide arm
Narrow arm

22 dB

-10

1485 nm
~ 5 dB
1538 nm

1662 nm
1600 nm

-20

-30
1450

1500

1550

1600

1650

1700

Signal wavelength (nm)
Figure 6.6: Spectra of the OPG products near degeneracy with the pump in the TM10
mode. The solid (dotted) curve shows the output from the wide (narrow) arm of a mode
demultiplexer.
This difference in parametric gain depends on the waveguide width and the
wavelengths in the interaction. For an 8-µm-wide waveguide on a different chip, this
difference decreases to 5 dB when the wavelength of the pump is tuned to 784.4 nm to
bring the signal and idler to near degeneracy. Fig. 6.6 shows the broad-band signal and
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idler near degeneracy out of the two arms of a mode demultiplexer. The solid (dotted)
curve corresponds to the OPG product in the TM00 (TM10) mode. The mode separation
ability of the asymmetric Y-junctions is >20 dB from 1450 nm to 1700 nm. The sharp
peaks near 1465 nm and 1689 nm are from cascaded OPG, which we discussed in
Chapter 4 and would be absent in the low-gain regime if the devices are used for photonpair sources. Other than these peaks, the curves have two pairs of peaks: 1485 nm and
1662 nm, 1538 nm and 1600 nm, corresponding to the center wavelengths of the signal
and idler from the two near-degenerate processes. Due to the split of the two processes,

Signal/idler wavelength (nm)

the total bandwidth is wider than if only one process exists.
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Figure 6.7: Wavelength tuning curves for OPG in a 9.5-µm-wide waveguide. The curves
are from simulations. The dashed curve corresponds to OPG involving only TM00 modes.
The solid (dotted) curve corresponds to the OPG products in the TM00 (TM10) mode with
the pump wave in the TM10 mode. The symbols are from measurements and correspond
to the three processes in the inset.
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The wavelength tuning curves for different OPG processes in a 9.5-µm-wide
waveguide are deduced from the power spectra obtained at different pump wavelengths
and are shown in Fig. 6.7. The curves are from simulations and the symbols are from
measurements. The dashed curve corresponds to OPG with all waves in the TM00 mode.
The solid (dotted) curve corresponds to the OPG products in the TM00 (TM10) mode with
the pump in the TM10 mode. The symbols correspond to the different OPG processes
shown in the inset. Unlike OPG involving only TM00 modes, in general two pairs of
signal / idler exist at every pump wavelength when the pump is in the TM10 mode.
Moreover, instead of ending at degeneracy, the possible pump wavelength for OPG
extends to where the group velocities of the signal (in the TM10 mode) and idler (in the
TM00 mode) match, at the extreme point of both the solid and dotted curves in Fig. 6.7.

6.4 Summary of Chapter 6
Our waveguides with asymmetric Y-junctions are very effective in mode demultiplexing
for two-mode optical parametric amplification. The mode contrast out of the mode
multiplexer designed for a pump wavelength near 780 nm reached 30 dB and the mode
separation ability of the mode demultiplexer designed for the signal and idler reached
27.5 dB. The threshold for OPG with the pump in the TM10 mode was as low as 300 pJ
for 1.8-ps pump pulses near 785.7 nm and the maximum photon conversion efficiency
reached 35% for a pump power of 780 pJ/pulse. We have therefore showed a new
approach to generate and separate signal and idler waves for compact and efficient
tunable light sources or photon-pair sources.
If a more compact waveguide structure is desired, the shape optimization in Section
6.1 may help to shorten the length of the asymmetric Y-junctions. Better control of the
uniformity in mask fabrication, photolithography, proton-exchange and reverse-protonexchange might be the key to further improving the performance of the asymmetric Yjunctions.

CHAPTER 7: SUMMARY

This chapter summarizes the work on high gain parametric processes in RPE waveguides
and lists future directions and possible applications.

7.1 Summary of contributions
χ(2) parametric processes with high normalized gains are important near- and midinfrared light sources and photon pair sources. In this dissertation we have described
details of high gain parametric processes in reverse-proton-exchange waveguides in three
important aspects: illustrating high parametric gain, improving temporal properties of the
output from picosecond OPG, and mode demultiplexing in OPA by using asymmetric Yjunctions. Our research shows that RPE waveguides and parametric processes can be well
combined for practical applications. The details of the research contributions are
summarized as follows.
First we demonstrated high parametric gain of RPE lithium niobate waveguides in
OPA and OPG (Chapter 3). We presented CW OPA with 7 (6) dB internal (external) gain
for both the signal and the idler by the cascading of SHG and OPA. In the absence of
cascaded OPG, we demonstrated thresholds as low as 200 pJ for picosecond OPG. A
saturated internal photon conversion efficiency of 33% was obtained with 1 nJ energy for
a 1.8 ps (FWHM) pump pulse at 769.6 nm. The signal wavelength tuning range was from
1.15 µm to 2.3 µm with a pump wavelength between 770 nm and 789.5 nm.
We then demonstrated that the temporal properties of the OPG outputs can be
improved by engineering either the QPM gratings (Chapter 4) or the waveguide
structures (Chapter 5).
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The former approach is based on cascaded OPG which involves simultaneous quasiphase-matching of OPG and an extra process such as sum-frequency generation. By
exploring OPG in devices with different QPM grating lengths and at different pump
power levels, we identified and distinguished conventional OPG and cascaded OPG
products in both the time domain and the frequency domain. We also characterized the
temporal properties of the output from cascaded OPG using a frequency-resolved crosscorrelator. We illustrated that the cascaded OPG products were near-transform-limited.
We demonstrated control of the signal wavelength from cascaded OPG by using phasemodulated gratings. By switching between waveguides with different QPM grating
designs and fine tuning the pump wavelengths or the device temperature, obtaining neartransform-limited and wavelength-tunable signal from cascaded OPG is possible.
The latter approach is based on quasi-group-velocity-matching (QGVM) in which we
discretely and periodically change the apparent group velocities of the interacting waves.
To realize QGVM we developed processes to fabricate tight bends in RPE lithium
niobate waveguides with a minimum bend radius as small as 1 mm. With the QGVM
scheme we improved the time-bandwidth product of the near-degenerate signal by about
one order of magnitude.
After showing a low OPG threshold and the possibilities of improving the temporal
properties of OPG output, we demonstrated an approach to effectively separate the signal
and the idler waves by using two-mode OPA in RPE waveguides (Chapter 6). Using
asymmetric Y-junctions, the mode separation ability of the mode demultiplexer designed
for the signal and the idler in the 1550-nm band reached 27.5 dB. High parametric gain
was retained in these devices: the threshold for OPG with the pump in the TM10 mode
was as low as 300 pJ and the maximum photon conversion efficiency reached 35%. We
have therefore illustrated a new approach to generating and separating signal and idler
waves for compact and efficient tunable light sources or photon-pair sources in the
communication band.
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7.2 Future directions and applications
The most severe problem for OPG in current RPE waveguides is the photorefractive
damage (PRD). Our RPE waveguides fabricated on z-cut congruent lithium niobate
wafers were slowly damaged by green or blue waves at high pump power levels even if
the chips were heated to 150 °C. An important direction for high gain parametric
processes in waveguides thus is to replace congruent lithium niobate with
photorefractive-damage resistant materials, such as MgO-doped or stoichiometric lithium
niobate. [45, 91] We may also replace RPE waveguides with ridge waveguides since the
latter can be more robust at high power levels. [45, 46] Cascaded OPG would be more
useful by using these new materials since an extra wave that may cause PRD (such as the
green wave generated by sum-frequency generation in Chapter 4) is essential in cascaded
OPG. If the problem of PRD is solved RPE waveguides would find more applications in
the high power regime.
Although we only demonstrated QGVM designs and asymmetric Y-junctions in the
high power regime, in theory they can also work well in the low power regime. The
methods described in Chapter 5 and Chapter 6 therefore may be applicable to optical
parametric fluorescence and photon pair generation even if we use RPE waveguides in
congruent lithium niobate because PRD would not occur in the low power regime. We
may thereby improve the temporal properties of the outputs and enhance device
integration for low power applications.
For applications such as photon-pair sources, a lower propagation loss may
substantially improve the performance. [110] If the QGVM scheme is used in such
applications the waveguide loss would be the bottleneck because we desire more than
four QGVM sections in a single device. Fabricated by using the process we described in
Section 5.1.1 with a proton-exchange depth of 2.39 µm, the tight s-bends with a
minimum radius of 1 mm have no bend loss but have a much higher propagation loss
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than conventional RPE waveguides. To overcome this problem we may need new
techniques.
If this problem of propagation loss is solved, RPE waveguides with very small bend
radius would also be useful in fabricating a singly-resonant OPO on a chip. Such an OPO
cavity contains a directional coupler, two asymmetric Y-junctions and two U-turn
circular bends, as shown in Fig. 7.1.

pump
signal
idler

→ pump

→ output

Pump
mode multiplexer

Quasi-phase-matching
gratings

Signal/idler
mode demultiplexer

Figure 7.1: Diagram of a singly-resonant waveguide OPO on a lithium niobate chip. The
main difference from Fig. 6.1 is that the idler is coupled back to form a loop by using two
U-turn circular bends and one directional coupler.
Here the pump and the signal are in the TM10 mode while the idler is in the TM00
mode in the nonlinear interaction region. The asymmetric Y-junction on the input end
converts the pump in the free space TEM00 mode into the TM10 waveguide mode. This
asymmetric Y-junction may be unnecessary if we use tilted or staggered QPM gratings
[51] and choose another parametric process in which the pump and the idler are both in
the TM00 mode while the signal is in the TM10 mode.
The asymmetric Y-junction on the output side separates the signal and the idler in
different modes. The signal comes out from one arm while the idler comes out from the
other arm and would be fed back into the nonlinear interaction region by using two Uturn circular bends and a directional coupler. Although forming an external cavity by
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fiber pig-tailing may help us to build a better controlled OPO, the scheme in Fig. 7.1 is
monolithic and more compact.
In the following we briefly sum up possible approaches to improve the experiments
discussed in this thesis and propose further applications of them.
In Section 3.2 we discussed that the cascading of SHG and OPA resulted in 7 (6) dB
internal (external) OPA gain in RPE waveguides. The parametric gain would be much
higher if we pump the OPA with a 780-nm-band input wave instead of the SHG of a
1560-nm-band wave, avoiding problems that are related to pump depletion in SHG. If the
problem of photorefractive damage is solved we may launch 400 mW pump power at 780
nm into the device and obtain a parametric gain >20 dB, which is comparable to EDFA.
The advantages of such an OPA over EDFA include a broader bandwidth (>100 nm) and
a broadly designable center wavelength for the amplification band.
In Chapter 4 we pointed out that sophisticated QPM gratings may be designed to
suppress unwanted parasitic processes and enhance the cascaded processes. [30, 36] With
such designs we may use the first-order QPM peaks instead of higher order QPM peaks
for the extra parametric process involved in cascaded OPG and obtain a higher
parametric gain for the cascaded process.
In Chapter 5 we discussed that the QGVM scheme may perform better by adding
electrical-optic phase shifters in each QGVM section and synchronizing the filter effects
in all the sections. The device fabrication process would require one extra lithography
step for adding electrodes, which can be performed after RPE waveguides are fabricated
on a full wafer. [7]
In Chapter 6 we discussed the use of asymmetric Y-junctions in OPG. They are also
useful in optical systems such as compact cross-correlator or auto-correlator [111]
because the performance of the mode demultiplexers using asymmetric Y-junctions is
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better than most filters and RPE waveguides are easy to be integrate with fiber optics by
fiber-pig-tailing.
Other techniques that are not covered in this dissertation may also apply to high gain
parametric processes in RPE waveguides. An example is using chirped QPM gratings.
For both SHG and OPO using bulk PPLN devices, combining chirped QPM gratings with
chirped pump pulses improved their performance. [55, 56] Although it cannot improve
the temporal properties of the OPG outputs, after the problem of PRD is solved such a
technique may be very useful for OPA, OPO or short-pulse SHG in waveguides.
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