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ABSTRACT

Developments in nonlinear optical materials andtsstiate lasers led to rapid progress in
nonlinear optics in recent years. Among the margldé of nonlinear opticsc(z)
parametric processes are among the major toolsgémrerating coherent radiation

indispensable in optical communication, spectrog@m medical applications.

Involving short pulses with high peak power, highing parametric processes,
including optical parametric amplification (OPA) daroptical parametric generation
(OPG), have been widely used for near- and midaieft light sources. Most such
research so far has been demonstrated in bulkatsysdn the other hand, waveguides
can enhance the beam intensity along the wholedearnd significantly increase the gain
in parametric processes, and have been widely expph processes such as second-
harmonic generation. However a thorough study efubke of waveguides in high-gain
parametric processes is absent. This dissertatduresses the challenges in such
applications and demonstrates how waveguide stegtand quasi-phase-matching
(QPM) gratings can be tailored to improve the pannce of high gain parametric

processes.

We demonstrate high parametric gain for OPA in resgroton-exchange lithium
niobate waveguides with periodically-poled QPM grgs. Picojoule OPG threshold with
picosecond pump pulses near 780 nm is illustratellich is over two orders of
magnitude lower than that in bulk crystal underikimconditions. Furthermore we
demonstrate control over the temporal propertiethefoutput products from OPG with
picosecond pump pulses near 780 nm. By synthesaithgr the QPM gratings or the
waveguide structures we demonstrate one order ghituale smaller time-bandwidth
products at designed wavelengths and obtain naasform-limited output from OPG.
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We also illustrate mode demultiplexing for OPA gsasymmetric Y-junctions, in which
the signal and idler in different waveguide modes separated with a contrast of >27.5
dB. The high gain parametric processes in waveguidey therefore find practical
application with the engineerable QPM gratings wasieguide structures.
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CHAPTER 1: INTRODUCTION

Nonlinear optics has been an important applicatiblasers since their discovery in the
1960s and has become widespread with the receaheads in nonlinear optical materials
and solid-state lasers. Of the many fields of medr optics, optical parametric processes
[1] are among the most widely used tools that cderal the available wavelength ranges
of coherent radiation via frequency conversion. i€3bt parametric processes have
indispensable applications in optical communicaticspectroscopy and medical

instruments.

Many optical parametric processes involve highrisigees and rely on high single-
pass gain. High intensities are achieved by eitlséng tightly focused beams in bulk
materials or using waveguides; the latter is mudnenefficient. High parametric gain is
usually achieved in appropriate nonlinear matersalsh as periodically-poled lithium
niobate (PPLN), which is one of the most efficiannhlinear materials for near- and mid-
infrared optics. Combining the advantages of waidegiand PPLN, reverse-proton-
exchange (RPE) lithium niobate waveguides have baenof the most efficient devices
for optical parametric processes. [2] RPE lithiumbate waveguides are also very
versatile because both the waveguide structurestladjuasi-phase-matching (QPM)
gratings fabricated by periodic poling can be taitbfor specific purposes, including
engineering the tuning curves of second-harmoniegdion (SHG), [3, 4] separating
different wavelength components on chip by mode ugptexing, [5] and facilitating

device integration by using various waveguide stmas. [6, 7]

As is shown in this dissertation, engineering & BPE lithium niobate waveguides
can greatly improve the performance of high gairapeetric processes including optical
parametric amplification (OPA) and optical paranteggeneration (OPG). For optical
parametric generation with 2-ps-long pump pulses 780 nm we report a record low
threshold of 200 pJ. The temporal properties of @RS output pulses are improved by

using engineered QPM gratings or using periodicegaide structures composed of s-
1



2

bends and directional couplers in a quasi-groupergl-matching scheme. [8] We also
demonstrate mode demultiplexing of the differemigtrency components from optical
parametric amplification. With these improvememwt$hte high gain parametric processes,
RPE lithium niobate waveguides have the potentabécome integrated tunable light
sources or photon-pair sources [9, 10] and play caemimportant role in practical

applications.

In this chapter we briefly discuss the principle ayftical parametric processes,
describe the basic theory of QPM gratings and RREeguides and their fabrication
procedures, and give an overview of this dissentati

1.1 Optical frequency conversion and parametric proesses

Parametric nonlinear optics originates from theapmtion respons® induced by an

optical frequency electrical field, which may contain higher order termskof

P=g(cE+c?E +..) (1.1)

Here ¢! is thejth-order susceptibility tensor. The linear termedetines the linear

propagation of optical waves while the higher orgems correspond to nonlinear effects

under strong electrical fields.

In materials like KDP, BBO and lithium niobate thecond-order termf®E? can be
significant under appropriate conditions. As a lesptical waves at new frequencies
will appear; this phenomenon is known as frequasmwersion. Such a process is called
a c'? parametric process, [11] in which both photon gpeand photon momentum are
conserved because the state of the dielectric meduthe same before and after the
process. The constraints on photon energy and momeare illustrated in Fig. 1.1,

using sum-frequency generation (SFG) as an exaHgiew (j = 1, 2, 3) is the angular
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frequency and; is the wave vector of thigh interacting wave. The constraint on photon

momentum is often called the phase-matching candifil 2]

Virtual Energy Level

7]
we=m+usp Ky ko
—
W >
Real Energy_LeveI ks=k;+ko
of Electrons in the v

Dielectric Medium . "
Phase-matching condition

Manley-Rowe condition

Figure 1.1: Diagram of sum-frequency generation;“ parametric process between
three waves.

The simplestc!® parametric process is second-harmonic generatiowhich only
two waves are involved and the constraints are Iffiegbto ns = 2u4, ks = 2k;. Here the
two subscripts 1 and 3 respectively denote the-liasmonic wave and the second-
harmonic wave. Second-harmonic generation is wideld for generation of coherent
radiation at short wavelengths in the visible or bahds.

c'® parametric processes involving three waves inckuta-frequency generation,
difference frequency generation (DFG) and optiaalametric amplification, which are
shown in Fig. 1.2. SFG and DFG are inverse proseskeach other. Optical parametric
amplification (OPA) and DFG are similar except fbe much higher parametric gain in
OPA. Interactions based on OPA include optical petaic generation and optical
parametric oscillation (OPO). In optical paramegé@neration, vacuum noise is the input
seed. OPO has an OPA in a resonant cavity. Whepéatametric gain is very low, the

OPG process is often called parametric fluorescence

Parametric processes can be more complex. We abtaésonant parametric process

by putting nonlinear crystals into a cavity, sushirmaOPO or resonant SHG. [13, 14] We
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obtain a cascaded?: ¢® process if the constraints for tvef’ parametric processes are
simultaneously satisfied in the same device. [1pThese processes add flexibility to
frequency conversion and introduce new phenomettaodgh we may have insights
about them from the two conditions illustrated i1g.FL.1, quantitative descriptions and

device designs for these complex processes oftpnreenumerical simulations.

W3

v
SFG DFG / OPA

Figure 1.2: Diagrams of variou$” parametric processes. The notation is the sarire as
Fig. 1.1.

This dissertation discusses high gain parametriocgeses including optical
parametric amplification, optical parametric getierg and related cascaded processes.
[15, 18, 19]

1.2 Quasi-phase-matching, periodic poling and syn#sis of QPM gratings

Quasi-phase-matching was first proposed in theothé early development of nonlinear
optics. [12] Before parametric gains for quasi-ghasmtching schemes were
experimentally demonstrated as being comparabtgher methods, [20-24] the phase-
matching condition of parametric processes wanaftalized by temperature or angle
tuning in birefringent crystals, which was oftemiied in applicability by available

material properties.
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The principle and effects of quasi-phase-matching monlinear frequency
conversion are illustrated in Fig. 1.3. Figure &)3hows the phase-matching condition
for a quasi-phase-matching scheme, where the wagtwassociated with a periodic
modulation of the properties of the nonlinear medicompensates for the wavevector
mismatch of the interacting waves. Figure 1.3(bdvah the effect of quasi-phase-
matching on second-harmonic generation using peaty reversed domains as an
example. Instead of perfect phase-matching everavliee in the phase-matched case,

phase-mismatch is discretely compensated in QPkhgsa

I
(@) ®) | e——— '/ Quasi-phas /
k L2k | matchingrj
3 l l l ‘ l
— ! : ‘ : :
— _ Phasematched! | / |
(O | | | | |
S
D= DKy =0 A VA
Do=ks —ki —kg | S | |
o= D= 7L YO
AL Notphasemtties
Distance ?/L.)

Figure 1.3: (a) The phase-matching condition iuasitphase-matching scheme; (b) The
effects of quasi-phase-matching on second-harmgaimerationL. is the width of the
ferroelectric domaing. is the period of quasi-phase-matching.

Although quasi-phase-matching has lower conversfboiency in SHG than perfect
phase-matching, as shown in Fig. 1.3(b), bringsuliglexibility into optical parametric
processes. Among the advantages of QPM is thdtoiva the use of any convenient
combination of polarizations in the nonlinear imigion, including the case where all
waves are copolarized. Copolarized interactionstthe largest nonlinear susceptibility
in many materials and are necessary in cases wilgmoptical waves of one polarization

are supported in a waveguide, as is the case iargeproton-exchange waveguides
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fabricated on z-cut lithium niobate wafers. Qudsage-matching also enables parametric

processes in isotropic crystals such as GaAs.

QPM structures are most commonly obtained by pearipdling of ferroelectric
crystals like LiINbQ, LiTaOs;, and KTP. The most widely used method for periodic
poling makes use of electric fields, with the pidwe shown in Fig. 1.4. [25] The
principle is that the spontaneous polarization ifer@oelectric material such as lithium
niobate can be reversed under the influence offfecismtly large electric field. All the
QPM devices involved in this thesis were fabricatedhis way. A number of other
technigues have been used to fabricate quasi-pladsiead structures, including
epitaxially-grown structures in semiconductors [26 total-internal reflections in thin
plates [27, 28].

LiINbO;
Wafer

+

i

High
Lithographically

weee - @ULLLEALL
11 kV v
500mm 1
Defined
Electrode PPLN
Pattern l (full wafer)

£
L1
L1
L1
L1
L1
L1
[ ]

2L,
Figure 1.4: Procedure of lithium niobate wafer pglith electrical fields.

The tuning behavior of QPM interactions dependghmn Fourier transform of the
QPM grating function. The periodic structure in aasi-phase-matching scheme
generally contains several discrete Fourier compisnehich enable different orders of
guasi-phase-matching. [29] For the simplest casavshn Fig. 1.5(a), a uniform QPM
grating with a period of, the Fourier transform of its grating function reseries of
peaks, which are shown in Fig. 1.5(b). The peak/atis called themth-order QPM peak

and has an effective nonlinear coefficient of
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d™ =2d, sin(mp” DC)/(1w) (1.2)

wheredyis the nonlinear coefficient of the bulk nonlineaystal andDC is the domain
duty cycle for the ferroelectric domains, definadlae ratio between the reversed domain
width and the QPM period. As an example of higheteo quasi-phase-matching the
effects of first-order and third-order quasi-phasatching on SHG are compared in Fig.
1.5(c).

(@) Uniform QPM gratings (©)
4_1_4 First—brder i i
M H EH HEH B L=2L. ' Quasi-phase; i
— L = _ . mathing /0
[} | | | | |
2 : : : : :
(b) Fourier transformof the grating & | * ot ot
function: l l ‘Third-order |
1st order ‘ ‘ ! O ‘ _
2nd order | | 'Quasi-phase-matching
3rd order ! | N | A
! : P e
T T T \N.—' el T"’—— L L L
L3 L2 L Distance ZL.)

Figure 1.5: (a) Diagram of uniform QPM gratings) emonstration of the QPM peaks
for uniform gratings. The horizontal axis is thevense of the spatial frequency. (c)
Comparing effects of first-order and third-orderaguphase-matching on second-
harmonic generation..= p /X is the width of the ferroelectric domairis.is the QPM
period.

In general the QPM gratings can be non-uniform Badrier synthesis techniques
can be applied conveniently to obtain desired titnehavior. With such techniques, we
can engineer the spectral amplitude and phaseseftuning curves of nonlinear
interactions [3, 30, 31], fabricate tunable devioesa chip, [32, 33] increase nonlinear
interaction length for short pulses, [34] practioanlinear physical optics or create 2-
dimensional nonlinear photonic crystals, [7, 35]dacontrol cascaded parametric

processes.[36]
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Taking engineering of SHG tuning curves as an exayipecause the nonlinear
conversion in QPM gratings can be conveniently diesd in terms of transfer functions
in the frequency domain, [37, 38] we only need yatlsesize QPM gratings with a
grating function whose Fourier transform is the sam the scaled transfer function. Due
to the limitations on the domain widths from elet poling, we may need to optimize
the grating domain designs under fabricability ¢aasts to obtain the closest match to
the transfer function. Various approaches had beea to design QPM gratings
satisfying strict or complex requirements and reeslin practical applications. [3, 4, 30,
31, 36]

1.3 Integrated high gain devices: reverse-proton-e€khange lithium niobate

waveguides and waveguide engineering

Waveguides have advantages over bulk materialapplications such as those in optical
communications. [39] One advantage is device iatggr. Moreover, waveguides are

more efficient than bulk devices in optical freqagiconversion.

Confocal focusing

in bulk w Waveguide 2w

= — [ >
— —
L L

Figure 1.6: Comparison of beam propagation in boi&terial (confocal focusing
condition) and waveguides.

Figure 1.6 is a comparison between the beam prdipaga bulk materials using
confocal focusing and in waveguides. Although snbahm size is obtainable in bulk
materials by focusing tightly or creating solitonsing nonlinear effects, [32, 40] the
beam sizes in waveguides can be maintained owerget distance than in bulk materials.

Consequently the conversion efficiency for SHG isportional toL? in waveguides
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instead ofL in bulk materials using confocal focusing, [41] A&aning that waveguides

are more efficient.

Another advantage of waveguides over bulk devisdbat the waves involved in a
parametric interaction in a waveguide interactiasrdte entities. That is, power is added
to or removed from the entire mode, so that therena transverse variation in the
conversion efficiency as generally occurs in intéoas between Gaussian beams in bulk
media. It is therefore easier to drive waveguideractions towards depletion without
deleterious effects like gain-induced diffractionback conversion. [43, 44] Because the
amplitude of the guided modes evolves only along propagation direction, the
mathematical description of interaction is one-digienal (as in a plane-wave
interaction), simulation of parametric processewaveguide devices is simpler than that

in bulk devices.

Several types of lithium niobate waveguides havenbédeveloped in the past 20
years, including Ti- or Ni-diffused waveguides, g&d waveguides and annealed- or
reverse-proton-exchange waveguides. Reverse-pmtcmange waveguides are among
the most efficient devices so far, with a normaliagficiency up to 150% /(W-cfh for
SHG at 1.55mm. [2] Ridge waveguides fabricated by liquid phaggtaxy or direct
bonding [45, 46] have comparable efficiency butéhigher propagation losses and are
not appropriate for long devices that are desimrdhfgh-gain parametric processes. In
contrast to ridge waveguides and Ti- or Ni- diffiiseaveguides which are able to guide
both TM and TE modes, annealed- or reverse-protchange waveguides fabricated on
z-cut wafers only guide TM modes because the dopfngrotons lowers the refractive
index for TE waves. Although TE modes are absei, Modes in reverse-proton-

exchange waveguides are well confined and thuslehah parametric gain.

The RPE process has been an important techniquthdofabrication of low-loss
optical waveguides in LiNb©and is based on the annealed-proton-exchange (APE)

process [47] which we will describe later. RPE bsirproton-exchange lithium niobate
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waveguides and enhances the parametric gain lota faf >2 over APE waveguides. [2,
48] An empirical model has recently been developedaccurately calculate the
refractive-index profile in RPE waveguides basedtloa proton-exchange width and

depth, and the annealing and reverse-proton-exehiames. [49]

Lithographically Defined Clear SiQ
Waveguide Pattern l

Sputtered
SiO, Mask RPE step

Reverse Proton Exchange
Dicing (T~300°C in Lithium-rich Melt of
" Proton Exchange LINO3:KNOzNaNOs)

o (T~170C in Benzoic Acid) H*
N Li* v

l (T=312C in air)
l

APE done

F\

(0

Figure 1.7: Fabrication procedure of RPE lithiurobate waveguides.

The fabrication procedure for RPE lithium niobataveguides is illustrated in Fig.
1.7. Periodic poling as described in Fig. 1.4 gally the first step before waveguides are
fabricated. After that a ~50 nm-thick layer of $i® sputtered onto thez+#ace of the
poled congruent lithium niobate wafer. Then wavdgai are patterned by contact
lithography with a mask fabricated with a lasertgrat generator. The exposed $iO
regions are etched with buffered oxide etchant (BD&) forming a Si@mask on the #
face ready for proton-exchange. The width of thantiels on this Si©mask hereafter

will be referred to as the waveguide width.
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Thefollowing steps are proton exchange, annealing,oxéng of the remnant SiO
layer in BOE and reverse proton exchange. As showkig. 1.7, after waveguide
patterns are ready wafers are diced and the cliufzned are put into benzoic acid for
proton exchange, in which protons from the acida@p lithium ions in the patterned
waveguide channels on the chips. When we use kitoim niobate wafers, the proton-
exchanged regions will have a higher refractiveeintbr the TM modes and thus form

waveguides. .

However such waveguides are not stable anddflenonlinearity is lost in the
proton-exchanged region. To solve these problemanmeal the chips at about 312in
a furnace. In this annealing procedure protonshi& proton-exchanged waveguide
channels are diffused deeper into the chips anu foore stable waveguides. T
nonlinearity is also restored after annealing. [Afi¢ waveguides thus obtained are called

annealed-proton-exchange waveguides.

The last step in the fabrication of RPE waveguigeseverse proton exchange,
before which the Si@mask must be removed to ensure uniformity in thiéoding
procedure. For reverse proton exchange the chegurinto a mixture melt at ~30C
which is composed of LiNg KNO; and NaNQ@ with an empirical mass ratio of.
30:52.2:17.8. [2, 48] Under such a condition péthe protons in the waveguides will be
replaced by lithium ions in the melt, resultinganmore symmetric proton distribution in
the depth dimension, increasing the mode overlggmametric interactions and making

a more efficient waveguide for frequency convers[@h

In a typical recipe for RPE waveguides designedSBiG of 1.55mm waves, the
proton-exchange time is ~24 hrs, the annealing i8ne23 hrs and the reverse-proton-
exchange time is ~25 hrs. The fabrication times goston exchange and RPE are
affected by the temperature of the baths and theerdration of protons and lithium ions
in the baths. However, we can adequately determm@dabrication time by monitoring

the proton concentration in witness chips thatpgoeessed prior to the device chips. [49]
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We have shown the waveguide fabrication procedoreséparate chips in Fig. 1.7.
Dicing is done before proton-exchange using diemgykers on the SiJayer. To save
device processing time we must fabricate RPE wadegwon a full wafer. [7] Different
from in Fig. 1.7, dicing would be the last stepoten exchange, annealing and reverse-
proton-exchange are all done in full wafer. Becatsdayer of SiQ@is gone in the dicing
step, we add extra poling markers on the edge$efchips as dicing markers. After
poling the —z face of the wafers must be etche#ifinfor >30 minutes to make these

markers visible on wafer saws.

Straight waveguide on the Si@ask

Mode shape n MifiiE I N N
| | |

Mode Filter Adiabatic Taper Straight waveguide wit
QPM gratings

| IR
l

[

~ Directional coupler _

Photos of different

structures on the Small radius
SiO, mask circular bends

\_ Asymmetric
Y-Junction

Figure 1.8: Various structures on the giflask for proton exchange.

We can engineer waveguide structures by varyingfélagures on the mask for
waveguide lithography. Figure 1.8 shows variousicstires developed for device
integration on a lithium niobate chip, includingasght structures (mode filters and tapers
[50]) and structures with bends (directional cougpleircular bends [7], s-bends and Y-
junctions [8, 51]). Combination of the differentwgttures enables complicated tasks such
as quasi-group-velocity-matching (QGVM). [8]
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For devices with bends, we desire tight bends tomemodate more structures on the
same device. The typical bend radius without inicmdg extra bend loss is 4 mm for
APE or RPE waveguides fabricated with the conveatiprocesses. [7, 8] This is small
enough for many demonstration tasks but may béatge for optical circuits. In Section

5.1 we will discuss approaches to reduce this ladis.

3 M Width &
5 nm width 0 width

-nnecc (8 O I I I
AN ENE
! !

Two lowest order modes of i@m-wide First two modes of an
and 5am-wide waveguides: 8-mm-wide waveguide:
lowest order mode for the two arms TMgo and TMp modes

Figure 1.9: Eigenmode profiles along an asymmetrecinction in RPE waveguides
designed for 1550 nm waves.

Tapers are designed to connect waveguides of eiffewidths; asymmetric Y-
junctions are designed for mode multiplexing or dé&iplexing. [50, 52] Although they
are different in shape and function, for both @rthwe desire the optical waves to stay in
the same waveguide mode as they propagate thrbegtietvice. For good performance,
tapers and asymmetric Y-junctions must change glamough that the modes evolve
adiabatically. The detailed design method for sdetices will be described in Section

2.6.3 using asymmetric Y-junctions as an example.

In both the APE and the RPE waveguides that weidai®d, adiabatic tapers
successfully connected waveguides of different hadisuch as 1.Bm and 14nmm) and
kept the waves in almost pure fdmodes. [50] Appropriately designed asymmetric Y-

junctions in APE waveguides were very successfulni@de multiplexing and mode-
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demultiplexing, and showed a mode separation csintria> 30 dB for 1560 nm waves.

[5]

Asymmetric Y-junctions in RPE waveguides also perfed well. Figure 1.9 shows
the eigenmode profiles for 1550-nm waves along symanetric Y-junction in RPE
waveguides. For a 4-mm-long asymmetric Y-junctidrwe launch a beam as the first
(second) mode at the beginning, it will stay in flvet (second) eigenmode along the
whole device. In other words, if we launch the bdeom the 3mm-wide arm, the output
would be in the Ty mode as shown in Fig. 1.9; if we launch the beaomfthe 5Am-
wide arm, the output would be in the §Mnode. The requirement for mode multiplexing
is therefore fulfilled. If a beam propagates bacidsathe asymmetric Y-junction serves
as a mode demultiplexer. In Chapter 6 we use sutgsmn for mode demultiplexing in

optical parametric generation.

1.4 Parametric interaction of ultra-short pulses

Ultra-short pulses are involved in the high gaimapaetric processes in this thesis. The
term “transform-limited” is often used when the fmoral properties of the ultra-short
pulses are concerned. A transform-limited opticalsp has unvarying instantaneous
frequency in the time domain and equivalently hdlataspectral phase in the frequency
domain; otherwise the pulse has chirp. The timediagith product for a transform-
limited pulse is ~0.4 for a well defined pulse shapeh as Gaussian or hyperbolic secant.
[38] We can use the time-bandwidth product to ctter&ze the temporal property of a

pulse and check if it is transform-limited.

Group velocity mismatch (GVM) plays an importantero frequency conversion of
ultra-short pulses. The phenomena of parametricgases involving ultra-short pulses
are much different from those involving CW wavesdese of GVM. An example is
optical switching using a gated mixer, shown in. Big.0.
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Figure 1.10: (a) Group index of the e-wave versasekength in z-cut lithium niobate
wafers.dh is the difference between the group indices f@ g and 1560 nm waves. (b)
Behavior of SHG in PPLN in the presence of GVMjslrated using a gated mixer. The
780 nm pulse is the SHG of the 1560 nm gate puigeita output pulse length is wider
than the gate pulse due to group-velocity-mismatch.

We define the group-velocity-walkoff length @&/ dh wherec is the velocity of light
in vacuum,? is the pulse length andh is the difference between the group indices for
780 nm and 1560 nm waves. SHG of the 1560 nm gas®e ps used to select a pulse
from the 1560 nm signal pulse train for optical gmaetric mixing. Because the group
index in lithium niobate is higher at 780 nm tharis60 nm, the generated 780 nm pulse
would be longer than the 1560 nm gate pulse andecawosstalk if the nonlinear
interaction length is longer than the group-velpeialkoff length. The group velocity

mismatch therefore demands a tradeoff between spekthe parametric gain.

Group velocity mismatch is also a key in opticalgmaetric generation. Due to group
velocity mismatch the parametric gain in OPG ingd@PM gratings is much lower for
ultra-short pump pulses than for CW pump. Moreottez,temporal properties of pulsed

OPG are determined by the group velocity mismatches
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In the typical experiments involved in this thesise pulse lengtlt is 1.6 ps and the
group-velocity-walkoff length between 780 and 1560 waves is ~5 mm. If the device
length is much longer than 5 mm and the pump praii@y loss is negligible, the output
from OPG would be flat-top pulses whose lengthrispprtional to the group velocity
walkoff between the pump and the signal/idler. e bther hand the signal/idler
bandwidth is inversely proportional to the groupoegy walkoff between the signal and
the idler (off degeneracy). The time-bandwidth-prctd of the signal/idler pulses
therefore is proportional to the ratio between treup velocity walkoffs of the
interacting waves and is inherently determined H®y dispersion. This behavior will be
discussed in detail in Chapter 2. In Chapter 4 @hdpter 5 we will discuss approaches
to bypass this limitation. If not specifically ndtein this thesis we define the signal and
the idler in OPA/OPG as the output at the shorted @he longer wavelengths,

respectively.

In reverse-proton-exchange waveguides the mateligbersion dominates over

waveguide dispersion and the discussions abovstiddrealid.

Besides GVM, higher order dispersion terms may tmexaignificant if the pulse
length is < 100 fs. However in this dissertatioa EWHM pump pulse length is between
1.6 ps and 2 ps. GVM therefore dominates and oméy VM and group-velocity-

dispersion terms are considered in the analysesiandations for this thesis.

1.5 Previously unsolved problems and overview of i dissertation

Optical parametric amplification and optical parameegeneration had previously been
studied in bulk lithium niobate and annealed-pre¢@nhange waveguides. [38] However
the parametric gains were lower than in RPE wawkggjithe output pulses from OPG in
general were far from transform-limited and weret tlworoughly studied, and the

signal/idler generated in OPG and OPA were not re¢ge on-chip. These issues are
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addressed in this dissertation by using engineer@®M gratings and reverse-proton-

exchange waveguides.

Chapter 2 reviews the theoretical descriptions ¢t parametric processes in
waveguides and lists important analytical and nuraéresults for OPA/OPG and related
cascaded processes. Being essential for engineefingaveguide structures, coupled
mode theory and bend theory are briefly discussetlused to analyze the waveguide

structures including bends, directional couplerd asymmetric Y-junctions.

Chapter 3 demonstrates experiments of high gairtapparametric amplification
with CW waves by the cascading of SHG and OPA aqk@ments of pulsed optical
parametric generation showing a record-low threshafl 200 pJ/pulse for 2-ps-long

pump pulses near 780 nm.

Chapter 4 discusses the improved temporal progedifiehe signal and idler from
cascaded OPG which involves simultaneous quasieptmesching of twaz® parametric
processes using two different orders of QPM pea@kes.temporal properties of the output
from OPG are controllable by synthesizing QPM @gdi to quasi-phase-match two

parametric processes at desired signal (idler) igagehs.

Chapter 5 demonstrates the application of quasiggk@locity-matching in OPG.
Quasi-group-velocity-matching improves the tempepralerties of the output from OPG
by arranging the apparent group velocities and ghases of the interacting waves.

Approaches to fabricate tight bends are discuss&ction 5.1.

Chapter 6 reports two-mode optical parametric dinption and demonstrates mode
demultiplexing for OPA using asymmetric Y-junctiond/e describe experiments on

shape optimization of asymmetric Y-junctions in t8ect6.1.

Chapter 7 is a summary of this dissertation andudises future directions and

applications of high gain parametric processesguRIRE 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 descriptiorc®f parametric processes in lithium
niobate waveguides and the theory for optical direomponents including bends,

directional couplers and asymmetric Y-junctions.

Theoretical background foc® parametric processes is discussed in Sections 2.1
through 2.3. In Section 2.1 the coupled equatioms @PA/OPG are derived and
analytical results are listed for special casexti@e 2.2 discusses the mechanism of
pulsed optical parametric generation and lists i@ numerical results obtained from
solving the coupled nonlinear equations. The effeétgroup-velocity-mismatch on the
temporal properties of the OPG output are discusSedtion 2.3 contains the theory for
cascadect®:c® processes, including the cascading of SHG and @PACW pump
waves and cascaded OPG involving simultaneous qr@se-matching of SFG and
OPG. With waveguide structures, parametric process@® be integrated into optical
circuits for better performance. One example is endemultiplexing in OPA. Parametric
processes involving different waveguide modes aseidbed in Section 2.4. The coupled
mode theory and the beam propagation method aedlybdiscussed in Section 2.5.
Based on numerical simulations from these theoiiesSection 2.6 we describe the

design of bends, directional couplers and asymm&tjunctions in RPE waveguides.

2.1 Parametric processes in waveguides involvingrde waves

The optical frequency electric fields in waveguides be expanded into a weighted sum
of orthonormal modes. The electric field in a pard@r mode of a waveguide at

frequencyw can be given as:

19
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Ei(x v,z )= Ref E(x Y)A(z ) expliy ¢ k 2] (2.1)

where E, (%, y) is a waveguide eigenmode in the waveguide cragsosek; is the wave-

vector, A(z t) is a slow-varying complex amplitude, ang :4/2/(njc%) Is a
normalization constant, whergis the refractive index at, c is the velocity of light in
vacuum andg is the permittivity in vacuum. [7] Using this kiraf expansion, the form

of the coupled equations for parametric process@gmveguides are the same as those for

plane waves, for cases where only one waveguideensavolved at each interacting

frequency. Hereafter we will make this assumption.

The optical frequency electric fields in dielectnmedia satisfy the following
equation: [11]

TE(Z)/17 =e,nf € WFE )}/ 18+ & E( 2)

(2.2)
e(n) = c2k3( )/ WA

Supposing three waves with frequencies aroundus and us (s = ni + s are

involved in ac®® parametric process, the electric field can be @pprated as

E(z0)=[gA(z) €4 +g N 2t &'+ g £ tEI]/2+ .c
(2.3)

Here c.c is the complex conjugate of the other pathe expression, and(z, t) is the
slowly-varying amplitude envelope of thih field. For OPA and OPG, the wave nesr

is called the pump and the waves nearand us are called the signal and the idler,
respectively. As long as the pulse length is mugatgr than one optical cycle, Eg. (2.2)
can be written as three coupled equations withstbe varying envelope approximation
(SVEA):
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A /z+@Q/ W) TA/ Tt- (b /217 AINE
=-iG,A, Ad(9expt D kzr @,/2)A
A,/ 9z+@Q/ w)TA Tt- b,/ 217 A I1E
=-G,A/Ad(dexpt Dkzr @,/2)A
A,/ 9z+@/ w)TAT Tt- (b, /21 AlTtE
=-iIG,AAd(9exp(Dkd)- @,/ 2)A

(2.4)

Only the group velocity mismatch and group velodigpersion terms are included
in Eq. (2.4) since higher order terms are neglegibl all the processes considered in this
dissertation. Here;; = 1/(flki/Twy) is the group velocityk; is the wavevector, an#} =
Tk/Tu is the group velocity dispersion coefficientigtwith j = 1, 2 or 3.d(2) is the
normalized QPM grating function; for a uniform QPMrating d(z = 1.

Dk =k; - k-k, - K, is the wave-vector-mismatch of the interacting esain QPM grating,
and G= [(8p?de®)/(nnznsca/ 2Aer)] M2 isthe parametric gain coefficierty, n, andns and

a;, a, andasare the refractive indices and the power attennataefficients of the three
waves involved in the® process/;is the vacuum wavelength, adglis the nonlinear

coefficient of the bulk nonlinear cryst#le is the effective area for the nonlinear process

in a waveguide: [39, 53]

Av =111 _ dE(XYE(x Y E(x Y dxdy (2.5)

This area is the inverse square of the weightedenmwérlap integral of the eigenmode

functions for the three waves in the cross seatiothe waveguide. The weight function
d(x, y) is the QPM grating function in the same crossisectvhich would be the same

asd() if the gratings are pependicular to the wavegslide

Near degeneracy, i.e. fonr » ms » w2, G5/4 is equal toh,., the normalized

nonlinear conversion efficiency for SHG, where:
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Hsue= Psd (PauL) (2.6)

In general the parametric gain coefficiedan Eq. (2.4) are functions of the center
frequencies of the three waves; corrections arelateevhen the bandwidths of the
interacting waves are comparable to the centeuéeges, as has been observed in the
case of QPM OPG in GaAs. [54] However, in this eiitgtion the approximation of Eq.

(2.3) is valid since the largest bandwidth is magtaller than the center frequencies.

For convenience in simulation, we replace the gte@eld envelope#\(z, t) with a
variableB(z t) = A(z t)/ w2 The photon number densi§(z, ) is proportional tB*(z,
t). The equations fdBj(z, t) are

1B,/ z+@A/u)TB/ Tt- (b,/ 21 B/TE =- GB, B,d Jexpt D k)
1B,/ Mz+(1/ w)B/ t- (b,/2)1° B, /1t =-GB Bd 3expt D k3 (2.7)
B,/ z+@1/ u)MB/ Mt- (b,/2)1° B/t =- GBB d 2exp(D k2

Here G= [(16p°de?)/(nnuni&/ 1/ o/ sAer)] 2 is the adjusted parametric gain coefficient. We
have neglected loss terms in Eq. (2.7). The prapagéosses in RPE waveguides are as
small as <0.15 dB/cm and do not significantly affde qualitative properties of high
gain parametric processes.

Eq. (2.7) can be further simplified for CW waves riglecting the time-derivative
terms on the left hand side. For OPA in uniform QBidtings without pump depletion,

we can further omit the last equation and obtain:

18,/ 1z = - GB, Bexp(- D)

. (2.8)
1B,/9z=-GB B,exp(- Dkz

For these equations we have analytical solutionshi® signal and idler at the end of

a straight waveguide with a QPM grating lengtt.of
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B,(L) =exp[- DkL/2+ i/ , (0)]
{B(0)[cosh(G" L)-iDKL /(2G" )sinh(G"L )
+B, (0)(G/ G")exp( I )sinh(G'L )}

B,(L) =exp[- DkL/2+ i/, (0)]

{B/(0)(G/ G)exp(i [ )sinh(GL )
+B,(0)[coshG 'L )- iDkL /(25 *)sinh@G L)]}

(2.9)

HereG = GL Bs, G' * = G ? — (LXLJ2)Y?, / (0) is the initial phase of thgh wave and
Dj =/3(0) - j1(0) - /2(0) - p2 is the initial phase difference. Assuming tha gain
term G is larger than the phase-mismatch tetkih/2, the photon number densities from
OPA are

N,(L) = N,(O)[cosH G "L)+ (XL / 2G"§ sinR (GL )]
+N,(0)(G/ G sintt (GL)
+2(G' G)[N,(0)N, (0)["* sinh(G'L)
[coshG'L)cod) + L /2G")sinh(@: )sipD
N, (L) = N,(0)[cosH G "L)+ (KL /2G"§ sinf (GL )]
+N,(0)(G/ G sintf (GL)
+2(G' G)[N,(0)N, (0)["* sinh(G'L)
[coshG'L)cod) + L /2G")sinh(@: )sipD

(2.10)

If N2(0) = 0 the photon number densitied are

N,(L) = N,(0)[cosH G "L )+ (kL /2G"§ sinf (GL

. (2.11)
N, (L) = N,(0)(GY G sint? (GL

When the phase-matching condition is satisfied ke=0, we have

N,(L) = N,(O)cosif G L]
N, (L) = N,(0)sinif G'L
(2.12)
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Under the high gain limit [38]

N, (L) » N,(L) » N,(0) exp(2/f1s,c PL)2
(2.13)

which can be used to estimate the threshold of OFfe OPG threshold is
conventionally defined as the pump pulse energgesponding to a gain of or 100
dB. For a 1-ps-long pump pulse and a 1-cm-long @Paing in RPE waveguides with
hshc ~ 100%/(W-crf), the OPG threshol&yn= Pt =In?(10°) /(4 4,.L?) is ~130 pJ.
The practical OPG threshold for picosecond pulsesldvbe higher than this rough
estimation since the group velocity mismatch isleetgd in deriving Eq. (2.13). More

precise OPG threshold can be obtained from numenethods which we will describe

in Section 2.2.

As another special case,Nk(0) = N;(0), Zk = 0 and the gain is high, for which we
obtain

N, (L) ~ N,(L) ~ 4N, (O)cosR G L )cds O /- (2.14)

In Section 5.3 we will use this result to explae toutput spectra of OPG from quasi-
group-velocity-matching devices.

2.2 Theory for pulsed OPG in waveguides

In SHG and OPO experiments using short pulsespapptely adding chirps to the QPM
gratings and pump pulses could result in a comptessitput pulse. [55, 56] We may
expect that such a technique will also work for O&@ improve the temporal properties
of the output from pulsed OPG. However the situai®different in OPG because it is
seeded with vacuum noise and different signal fidtequencies inherently have random

phases, which cannot be removed by simply addirigpshIn this section we will
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describe the numerical simulation methods for waisg OPG and discuss the temporal

properties of pulsed OPG.

For an exponential process like OPG, the pulsettteagd bandwidth are mainly
determined in the process before the pump is dsghldiherefore a good approximation is
to solve the coupled nonlinear equations for OP@aut pump depletion. Ignoring the
third equation in Eg. (2.7) and neglecting the selcorder dispersion terms, the first two

eguations become

T8,/Tz+(1/y-1/ufl B/NAh,=- G B{;) B d Jexpt O k3

_ (2.15)
1B,/ Mz+(L/u -1/ uN B/A,=-G B@,) B d 3expt O kI

where/1; =t —Z/us is the shifted time variable centered on the pédke pump pulse.

Suppose the signal input for OPG (random noiseg) ssm of fields at a series of
discrete frequenciesf + W4, n =1, 2, 3 ...) with random phasgg while the idler input

is zero:

B(0,t)= B, (0)expt W t-i/

" (2.16)
B,(0,)=0

We may directly use Eq. (2.16) as the initial feldhe properties of pulsed OPG can be

derived by using many sets gf{} and averaging their different outputs.

Alternatively we use the following approach to studhe tOPG process more
deterministically. Because Eq. (2.15) can be cdedernto a second-order partial

differential equation for eithds; or B,, the output az would be

B(zt9)= B,(zdexptj,)

) (2.17)
BZ(Z,t): BZn(ZDeXp(_ln)
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whereBin(z, t) and B,y (z, t) are independent of the random phases. We therefay
solve Eq (2.15) for a series of differevyf with initial fields B,(0,t) = B,, (0)exp¢ W, t)

and B,(0,t)= 0, and obtairBin(z, t) andBzy(z, t).
In the time domain<|B,(zt)f>= |B,(ztf; in the frequency domain
<|B,(zW)f>= |B, (zWFf ( =1 or 2). We thereby are able to obtain the patdm

gain and the temporal properties of the signal #edidler without explicitly including

the random phases in the simulation.

Under special conditions the coupled equations in €415) have analytical
solutions. IfBx(0, t) = 0 andd(z) = 1 (for a uniform QPM grating), Eq. (2.15) is
comparable to the up-conversion problem in Ref] it we can derive:

B,(2/1,)=-G | dyB (01,+1,,3) B ,+n ,,) Rexp¢ D ky (2.18)

wheref, =t —2z/uy, b1 = 1u-1/uy andres = Li-1/us are group velocity walkoffs, ang
is the normalized Riemann function [58] which depemh the pump and the group

velocity walkoffs.

When the pump is a continuous wave satisfBa@) = B3o, the normalized Riemann

function is

R= ”o(zc'Bso\] y(z- Y)) (2-19)

where |y is the modified bessel function of the second kiki¢hen the pump is a
hyperbolic secant pulse satisfyilBg(0, t) = By sech{/3), wheret; is the pulse length,

the normalized Riemann function is a hypergeométnction: [57, 58]
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ﬁ: F*(ns' rIl! b)

N=iGByt 5/ 11 41 5a (2.20)
bZSinh(Wla /t‘3)sinh[(z- y’) 23 t 3]SeCh(3H3 )sinh[(l-n 21yl)/ 3

We can use these anaylytical solutions under speoiaditions to validate our
numerical simulation codes. Solutions to Eqg. (2.@6)ained by the Split-Step Fast-

Fourier-Transform (FFT) method [59] match well witiese analytical solutions.

For the rest of this section we will show that the ieral properties of OPA and
OPG are mainly determined by the group velocity mishmes between the three
interacting waves, as is also verified by numergaiulations. We only consider up to
the second order dispersion terms.

L

us= ¢/n3®
Pump ats S\ >

Idler atws

U= c/n,’

u;= c/n;’

Signal atwq A /—\ —

Figure 2.1: Typical diagram of the group velocity Ikedfs in optical parametric
amplification or optical parametric generatior. (j = 1, 2, 3) is the group indek.is the
QPM grating length.

To understand the scaling behavior of the pulsgtlenand bandwidths in OPG,
consider the following qualitative arguments. Sugptiee OPA input wavelength is
and both the QPM gratings and the pump pulse hashimp. As shown in Fig. 2.1, for
typical cases in PPLN the group velocity walkoff bedwéhe idler and the pump is much
larger than that between the signal and the idlee iBller pulse lengtlt, therefore is

proportional tor,,L =L (1/u, -1/u,)= (n - rg)L/c which is the group velocity walkoff.

Similarly the signal pulse length is proportional toz,,L =L(1/u,-1/u,)=(n{ - n?)
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L/c. For OPG, the input is vacuum noise and its bandwsdifide. However, as long as
group velocity dispersion is negligible in the sagidler) band, the above estimates of

pulse length are valid.

To obtain the bandwidth for the OPG output, we mussiciem the phase-matching
conditions for various input signal (idler) frequgncomponents. [60] The wave-vector
mismatch for OPG in a uniform QPM grating is

Dk =l - k- ks K,

(2.21)
= Dwyny, -Dwn,, + b3DW'§/2 - (bl+ b)DWi/Z

We have a constrainbk(Dw;/2) ~2/GIn2 [61] for the FWHM bandwidth of
OPA/OPG with a fixed parametric ga@rA.. If the pump frequency is fixed, i.8wu,=

0, we can derive the OPG signal bandwiti, : [41, 62, 63]

Dw, n1/(n,L) off degeneracy

2.22
Dw, u1/\/(b,+ b,)L near degenerax ( )

From Eq. (2.22), the signal bandwidth is inverspigportional to the group velocity
mismatch between the signal and the idlggl() for off-degeneracy conditionsy >>
ws). For near-degeneracy conditiong ¢ us) it is inversely proportional to the square
root of the sum of the second order dispersion fimoefits (b, +b,). The same

conclusion holds for the idler.

For the case of off-degenerate operation, the baredwidth products for the signal

and the idler can be estimated from the above pelsghs and bandwidths:

t,.Dw,~n, In, =adn,ldn,,

(2.23)
t,ow,~n,In, =dn,ldn,
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which are proportional to the group velocity walkddtio of the three interacting waves,

revealing the strong connection between the tenhgoogperties of OPG and the group
velocity mismatches. Hed,, =|nf - nf |, dn, =[n{ - nj|andn} ( = 1, 2, 3) is the

group index. Note that the behavior of the timedwaidth can be qualitatively different
for cases where the signal and idler group velegitie on opposite sides of the pump
group velocity [64], and is discussed in sectidh22.

By numerically solving Eq. (2.15) we confirmed thlaé time-bandwidth product of
the signal/idler from OPG has a minimum determibgdhe ratiosshown in Eq. (2.23).
[15, 65] We further verified that the temporal peajes of OPG products cannot be
improved by simply adding chirps to the QPM grasire;md 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 tjadéine analyses such as
calculating photon conversion efficiency of puls®@®G in the limit of strong pump
depletion, for which we can no longer obtain a sotuin the form of Eq. (2.17). The
random phases therefore must be incorporated imghe signal like in Eq. (2.16) and
we must average the numerical results for manyefit sets of random phases to
compare to experimental results. For these sinmratiwe also need to estimate the
amplitudes of the initial noise field in RPE wavetgs. Using the approximation of one
photon per mode [32, 61] we can estimate the rpmseer level at

P~ wan=_1C" (2.24)

noise - / 2

Heredl is the noise bandwidth. For OPG in typical RPE eguides with 1-cm-long
QPM gratings, the vacuum noise power in the 10 am gandwidth around 1560 nm is
~0.16nMW\.
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2.3 Theory for cascaded?: ¢® processes

Cascaded?: ¢ processes are more complex than single-sf8processes like SHG
or OPA. Here we describe the theory for the casgpdi SHG and OPA with CW waves
[7, 17, 42] and the theory for cascaded OPG [1H wipulsed pump. Both processes are

in waveguides and only one waveguide mode is censitifor each wave.

2.3.1 Theory for the cascading of SHG and OPA
Cascading of SHG and DFG/OPA is a preferred operatiode for optical frequency

mixers used in optical communications becausehallinputs are in the communication
band.

W = 2up, - W4 e -~._SHG
gl e N
OPA .-~
Out e
>4
In
w W W 214

Figure 2.2: Diagram of the cascading of SHG and OPA

We may directly use a 780-nm-band CW wave as tingppior a 1.5am-band OPA.
However this scheme needs mode filters and dimnegkicouplers to combine the two
input waves and also requires a high power CW plasgr in the 780-nm band, which is
less convenient than a pump also in the commupitdiand. Alternatively, we use the
scheme shown in Fig. 2.2, where the pump for tHg048m band OPA is the SHG of a
strong pump near 1550 nm. The pump and the sigealaanched into the same fiber
with a wavelength division multiplexing (WDM) cowgrl and then coupled into a RPE
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waveguide. In Section 3.1 we will demonstrate higltametric gain for OPA in RPE

waveguides with this approach.

The cascading of SHG and OPA in uniform QPM graiegn be described with

four coupled equations: [17]

dA,/ dz=- G A, A expt D ky s a A
dAo/ dz= - & A? exp(Dkyye2- 26 AAEXPD Kpa2r @ oo Ay
dA/dz=- G Aue A exp( D ka2 @ A
dA / dz=- G Aus Aexpt D ka2 @ A

(2.25)

Here A is the envelope of the optical-frequency electrfegdd. The subscripts 1, P,
SHGare for the input signal, the idler, the pump #me SHG of the pump, respectively.
a is the propagation loss for the pump, the signdltae idler in the 1550-nm bangyc

is that for the SHG product in the 780-nm barik, =kg,;- k2K  and
Dkopa =Ksue - k- k- K, are the mismatches in wave vectors for the SHG @RA
processes in uniform QPM gratings, respectivelye 8ame gain parametes =
[(8P°de?)/(Nshanp’cay/ p*Aer)]? can be used in all the equations becalise /, ~ /,, =

2/ sne and the refractive indices of the three wavesien550-nm band are close to each
other. The parameters involved in the calculatibriGhhave the same definition as those
in Eq. (2.4). We havé,, = G, P, =A from the definition ofA,. HereP; is the pump

power.

When phase matching conditions are satisfied ftih bee SHG and OPA processes,
the depletion of the pump wave and the SHG producegligible, and the losses satisfy

dqc ~ 2a (a good approximation for APE and RPE waveguide®),have analytical

solutions to Eq. (2.25):
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A (2= A(O)expta zF Aexp(a 2)

Ao(2 =GA? =xp(-2 2 (2.26)
A(2 = A(0)expta 2)cost® A’ [t (x 2 z)exp(2 z)|/& )
A(2 = A(O)expt a 2)sinhG® A°[1- (¥ 2 Zexp( 2 2)]/@” )]

If the losses are negligible, the conversion edficly /7 from signal to idler in the low
gain limit for the cascading of SHG and OPA is Hane as that for the cascading of
SHG and DFG: [16, 17]

h (dB)» 10loglrg,,. P, L /4) (2.27)
In the high gain limit, the parametric gain for gignal and the idler is
G (dB) » 10log[expli,cP,L° )/ 4 (2.28)

Real devices have much lower parametric gains BEan(2.28) due to propagation
losses, pump depletion in SHG or OPA and parapitacesses through higher-order
guasi-phase-matching. We can numerically solve(E&5) to fully consider the losses
and pump depletion. In the absence of defectsard#vices and the parasitic processes,
the parametric gain monotonically increases with légngth of the QPM gratings. We
therefore fabricate waveguides with the longessibs 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 aridiave with the pump wave is
involved in the interaction, can improve the tengbqroperties of OPG with ultra-short
pump pulses. [15] Figure 2.3 illustrates the situafor cascaded OPG involving sum-
frequency generation between the signal and thepplgmks, ki andksgc are the wave-

numbers of the pump, signal, idler and the sumdeegy wavesZk°"C (09 is the
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wave-vector mismatch in the OPG (SFG) process. Vdg emgineer QPM gratings to

simultaneously satisfy both phase-matching conaftio

(a) Photon energy conservation conditions

SFG Back conversion of SFG
A A
OPG _ | | cascaded OPG
signal | I signal
pump I sum I
4 idler 2 | frequency |
pump | | | back-converted
signal I I pump
| |
| l v
(b) Phase-matching conditions
Ko Ksra
ﬁ | L | ] | ] | ’
20 > — N N NN .>
ks ki [KoPG kp ks [KSFC

Figure 2.3: A diagram of the situation for casca@#G involving simultaneous quasi-
phase-matching of optical parametric generation samd-frequency generation between
the pump and the signal.

Conventional OPG has been described in Eqg. (2.4ewdguations for cascaded

OPG can be obtained by adding terms for the sugquéecy generation:
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TA /I z+@/ w)TA/ t=

IG,A'Ad(9exp(- Dk )+ G, A Ad Jexp(- Dk 2
1A /1z+(1/ y)TA/ Tt=iG A A d yexp(- Dk 3
A, 19+ u) A/ t=

IG,AAd(Jexp(iDk 2) +iG, A A d 3exp(- Dk 2
A, /12 +(@1/ u)TA / Tt=iG, AA, d( 2 exp(iDk, 2)

(2.29)

Here we use the subscripts s,i,p,gfor signal, idler, pump and the sum-frequency
wave. G= [(8p°do?)/(njnunicay/ *Ae™)] 2 and Aefarethe parametric gain coefficient and

the effective area for OP@ & 1) and SFG( = 2), andDk =k, - k- k - KgOPG and

Dk, =k, - k - k - K are the wave-vector mismatches in the OPG and86Gsses,

respectively. We assume that pulse durations andtadengths are such that group

velocity dispersion can be neglected.

As we discussed in Section 2.2, it is difficultfiod analytical solutions in general
that could give insight into the dynamics of evea tonventional OPG, so we carry out
numerical simulations using a fast Fourier transf¢FFT) split-step method to solve Eq.
(2.29). [59] The simulation results show that theaaded processes can lead to a variety

of additional phenomena and may improve the tempoogperties of OPG output.

Reviewing the properties of conventional OPG wdlghus understand the properties
of cascaded OPG. For conventional OPG, numericalilstions gave results similar to
Eq. (2.23). The time-bandwidth product of the sigmes a minimum determined by the

ratio between the group index differenabg/ chsi. Heredn,, =[ng - n7 |, an, =|nd - nf |,

andn; is the group index.

Recall the discussion in section 1.4 that we canthe time-bandwidth product to
check if a pulse is transform-limited; it is thevef possible to obtain transform-limited
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signal whenadhsy/ahsi < 1, especially if the group index of the pump isviextn those of
the signal and the idler. [64, 68, 69]

(@) dhechy <1 [\ : N === Pump, 1.03m
N RN e+ [dler, 3.5nm
Signal, 1.46rm
= Pump, 780 nm
CLECEEI i\ N
o e eeeo [dler, 1719 nm
VAT A% Signal, 1428 nm
(©) 2.6\ Sum frequency
x
§ 25 505 nm
224 Pump
> .
o 23 780 nm S'gnal Idler
o e lemmm 1719 nm
2.2
0.5 1 15 2
Wavelength ifm)
(d) > = = 1 SUM frequency, 505 nm
a
,\ N ,\ m— PUmMp, 780 NM
] o
o ol eeee [dler, 1719 nm
° L J ° L J

Signal, 1428 nm

Figure 2.4: (a) Diagram of group velocity walkoffrfpulsed OPG with the pump group
index being between those of the signal and ther.idb) Diagram of group velocity
walkoff for pulsed OPG with the pump group indexnigehigher than those of the signal
and the idler. (c) Group indices for the four waueslved in a typical cascaded OPG
process like that shown in Fig. 2.3. (d) Diagrangadup velocity walkoff for cascaded
OPG, showing that the effective group index of sfgmnal is the same as that of the sum
frequency and is higher than that of the pump. Adtwinear material is lithium niobate
for all the figures here.

The diagram in Fig. 2.4(a) illustrates the groufpery walkoff in such a case. As a
practical examplethis condition holds in both LiNbOand LiTaQ for a signal
wavelength between 1.38n and 1.63rm when the pump wavelength is 110®. [64]
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Figure 2.4(b) illustrates the more common situgthere the group index of the
pump is larger than those of the signal and ther idhddhsychsi > 1. In this case the
minimum time-bandwidth product is approached at ligh gain limit with a grating
length of about 2.5 times the group-velocity-misthatength between the signal and
pump. Transform-limited output can not be easilyaoted. In materials like BBO,
transform limited output had been realized by oelir or noncollinear birefringent phase
matching in bulk materials using the particular enal properties (which is typically
pumped with blue or green lasers). [70, 71] Howeweproton-exchange lithium niobate
waveguides all three waves are collinear and TMuj#d and such configurations are

not possible.

Alternatively we can use cascaded OPG to obtamsteam-limited output because
the extra wave involved may have higher group inth&n the pump so that the signal
(idler) involved in the extra parametric processuldohave an effective group index
higher than that of the pump.

This is illustrated in Fig. 2.4(c) and (d), whehe tsum frequency wave of the 780-
nm pump and the 1430-nm signal is at 505 nm. Asveha Fig. 2.3, SFG and its back
conversion co-exist in cascaded OPG. Signal phajensrated in the back conversion of
SFG interact somewhat as though they had the sag dgndex as that of the sum
frequency wave, which is higher than that of thenpuWe thereby are able to alter the
effective group velocity and control the temporedgerties of the OPG products using

cascaded OPG, bypassing the material limitations.

From the material dispersions and the above digmuswe can predict the
wavelength ranges that permit transform-limitedpatitpulses for a selected cascaded
OPG process. The extended range of transform-km@®G output in bulk PPLN is
shown in Fig. 2.5. Similar effects would also appéa RPE waveguides and other

nonlinear materials.
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Figure 2.5: The transform-limited output rangesnpéed by cascaded OPG (OPG and
SFG between the pump and the signal/idler) in bRRLN, if we limit the idler
wavelength to <4m. The double-line shaded region is for the coneeat OPG and the
single-line part is the extra region permitted bgeaded OPG.

2.4 Parametric processes involving different wavegde modes

The nonlinear efficiency of parametric processewaveguides is inversely proportional
to the effective area defined in Eq. (2.5):

¥ 2

hplA= dXWE(X ) En(xY E (XY dXﬂF) (2.30)

¥

Hered(x y) is the grating function in the cross section @ taveguide, which can be
engineered by controlling the distribution of teversed domains in the QPM gratings.

[7, 51] E (% ), B, (% Y and E;np (x, yare the normalized electric fields for the

eigenmodes of the three interacting waves in theesaross section.
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Eigenmodes can be obtained by solving the scalgeneiode equation for a

refractive index profile(x,y)
(1°/ I+ T/ ) E(x ) HrEx ¥ - 571 K Ex)y=0 (2.31)

Here ky is the vacuum wave-vector for the propagating wamd ne is the effective
refractive index for the eigenmodes, and the réfracindex profile n(x,y) can be
obtained from a diffusion model [47, 49] for RPEweguides: [63].

RPE waveguides can be designed so that the quasephatching condition has no
first-order dependence on the waveguide width rrefeto as a non-critical design, which
can greatly ease fabrication tolerances. [53] If dafine the parity of a parametric
process as the sum of the parity of the interactvayeguide modes in the width
dimension, empirically only the “even” parametricopesses have a noncritical
waveguide width while the “odd” processes have aotanically varying QPM period as
a function of the waveguide width. An example of‘amen” process is one in which the
pump and the signal are in the J¢Mmode and the idler is in the Ttyimode, which is
used to demonstrate mode demultiplexing for OPGhapter 6. Such an “even” process
requires regular QPM gratings that are relativedgier to fabricate than the tilted or
staggered QPM gratings required for odd proced&ds. The theoretical noncritical
waveguide width can be obtained by solving Eq. XRf8r different waveguide widths,
calculating the QPM periods for the desired paramgirocess and then finding the

minimum in the curve of QPM period versus waveguwidgth.

To prepare different waveguide modes for paramgtrazesses we need complex
waveguide structures such as asymmetric Y-junctidnsthe next section we will

describe theories needed to design and optimizewageguide structures.
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2.5 Coupled mode theory and beam propagation methad waveguides

We may use either coupled mode theory or the bearpagation method (BPM) to

simulate wave propagation in waveguides. [43, 24,78]

If the refractive index profile along the propagatidimension is slowly varying, the
evolution of mode content along a waveguide catrdmed with the local coupled-mode

theory. [43, 44] The coupled mode equations fohsauproblem are:

d z
%Z): k(D A(2exp | (b,(2- b,(2) dz

atp

1
k =
=« om0

I YD~y y JE(x y 3 dxdy
A ﬂZ

(2.32)

Here kpo(2) is the coupling coefficient between tpln andgth modes, which is inversely
proportional to the difference between the effextiefractive indices of the two coupled
local modes.Ax(2), Ny(2), b(2) and Ex(X, y, 2) are the slowly varying amplitude, the
effective refractive index, the propagation constamd the normalized modal electric

field of thep-th order local normal mode(x, y, z) is the refractive index profile.

Hereafter we normalize thedimension to the device length Suppose only the
coupling between thgth andgth modes is considered and a beam is launche@ atahnt

of the device in thgth mode.

In the low conversion limit, the power convertetbithepth mode at the end of the

device is
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P, =| [Kp(2exp(jab ()L 2] d%

db(z)z% (b,(2)- b,(2) dzt% (p( 3 [P d (2.33)

0

0

2p :
=/ Dn_(2z")dzZ
2 D)

Here/ is the wavelength of the beam adl(z) is the average difference between the
propagation constants of tipgh andqth local eigenmodes from O o For the devices
considered here, typicallgf(z) monotonically decreases only by a factor of 2rfrthe
beginning to the end of the device. The power cmiwr as a function of the device
lengthL therefore is determined by the amplitude of therfes transform of the coupling
coefficient k,o(2) at spatial frequencies close to the average vafué(z)L over the
length of the device. A largedl(z)L results in less power conversion due to more
cancellations in the integration. To minimize con@lbetween two target modes we
therefore prefer a longer device length and a larger index differencBnyy(2).
Alternatively we may choose appropriate shapeshfrdevices to lower the coupling for
a fixed length; in Section 2.6.3 we will discuss 8$hape optimization of asymmetric Y-

junctions using the coupled mode theory.

Although the coupled mode theory is more approgri@r devices such as Y-
junctions [52] and multimode interference devicé4]] the beam propagation method is
preferable if visualization of the mode converselong the propagation is desired or
nonlinear interactions are considered. With thevllevarying-envelope approximation

and paraxial wave approximation the wave equatomfweakly guided waveguide is:

2ik,nu/Tz= (P /IR +F/ ) uf 6 x y ¥ A K

2.34
u=u(xy 2 (239



41

Here E(x, y, 2= U X y 2exp[ v t "nk ¥ is the scalar electric fielty(x, y, 2) is the

index profile, kg is the vacuum wave-vector amdis a reference refractive index. Once
the refractive index profile is known and the infiatd is given, the scalar electrical field
along the device can be obtained using the BPMotlinear processes are considered in
BPM, the BPM equations will be similar to the noelar equations for parametric
processes like Eq. (2.4). The difference is thah tvansverse spatial dimensions are
involved in BPM instead of the one time dimensisrinvolved in Eq. (2.4). The Split-
Step-FFT method [59] therefore can also be usadlie the BPM equations.

In the next section we discuss the design of variasaveguide components by
considering the coupled mode theory or using tfarbpropagation method.

2.6 Waveguide components for optical circuits: berg directional couplers and

asymmetric Y-junctions

Basic components for optical circuits in RPE wavedgs are shown in Fig. 1.8 and are
used for various purposes in this dissertation. Thmsi-group-velocity-matching
structure in Chapter 5 is composed of directionalpters and s-bends, and the two-mode
OPA devices in Chapter 6 depend on asymmetric ¥tjans for mode demultiplexing.
In this section we will describe the theory andigie®f bends, directional couplers and

asymmetric Y-junctions in RPE waveguides.

2.6.1 Bends

There are two types of bends in waveguides: alaircaend and an s-bend. The former
has a constant curvature over the whole lengthenthi¢ latter has a varying curvature
along its length. If the minimum bend radii are gagne, it is often difficult to fabricate a
circular bend with a loss comparable to an s-b&ed.the applications in this thesis we
use cosine-type s-bends with a shape function:

y=(A/2){L +cos|p (1+ x/L)]} (2.35)
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wherex, y are the length and height dimensions respectivelg,the height andl is the
length. For RPE waveguides, this shape functiothéscenter line of the waveguides

defined on the SiPmask for proton exchange.

Tight bends with small radii are desired in opticiatuits for denser integration. The
limiting factor is the increasing loss with smalleend radii. Propagation loss in bends
includes radiation loss coming from mode coupling iradiation modes, transition loss
coming from the mode mismatch at the junction o¥ature discontinuity and scattering
loss coming from the roughness or defects in theegraide structure. The scattering loss
is the same in bends as in straight waveguidessamiten negligible in RPE waveguides.
Therefore we can obtain tighter bends only by redpcadiation loss and transition loss.

The minimum bend radius without significant radatioss and the waveguide shift
required to compensate for the transition losshmmwbtained by using BPM [75, 76] or
solving Eq. (2.31) with the effective index methaging absorbing boundary conditions.
[77, 78]

Bent waveguide Equivalent straight waveguide
z
Shape of the A
waveguide :
i
|
i
[
i X
n'(x) =n(x) (1 +xR
%) () =n(x) ( )
Refractive
index profile
X

Figure 2.6: The effective index method. Bends aeatéd as equivalent straight
waveguides.
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The effective index method is illustrated in Fig6,2in which a bent waveguide is
treated as an equivalent straight waveguide withadjusted index profile. This
approximation is valid when the bend radius is mlasiger than the mode size in the
waveguide. Estimated by this method, the smallestdbradius without significant
radiation loss for a desired waveguide mode is@pprately [79]

Rmin ~ 7 Nmay (Nett — No) (2.36)

whereng is the effective index of the desired eigenmoda straight waveguide, is the
mode size, andnax andng are respectively the maximum and minimum refractidex

in the waveguide. We will use this formula in Sentb.1.1.

Because the major difference between the eigenmafdesight bend and those of a
straight waveguide is a shift of the mode center,may minimize the transition loss by
shifting the relative center position of the wavieigs at the joints of different curvatures.
Mode coupling can be maximized with an approxingtiét of (Pne?r*)/(/°R) in the
correct direction, [76] where.s;, 7, /, andR are the effective mode index, the mode size,
the wavelength in vacuum and the radius of cureattespectively. Examples will be

discussed in Section 5.1.2.

2.6.2 Directional couplers

Directional couplers are composed of two nearbyegaides that often have the same
index profiles. Based on the coupled mode theoeypibwer transfer rate in a directional
coupler is: [44, 80]

P(2) = Bsin’[p L2 1, )] (2.37)

Here Lpc is the coupling length for complete power transtehich can be estimated
from Lpc ~ (| /2)/ (1 —np), wheren; andn, are the effective refractive indices for the two

lowest-order eigenmodes in the cross-section oflitextional coupler. Although we can
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solve Eg. (2.31) to obtain the eigenmodes for a&atiibnal coupler and estimate the
coupling length, our current waveguide model mayeh&20% error in such an
estimation. In practice we empirically determine tbngth of a directional coupler for a
chosen spacing between the two arms.

2.6.3 Design and shape optimization of asymmetriuNctions

Based on the discussion in Section 2.5, a highatentmntrast for mode multiplexing
using asymmetric Y-junctions generally requires @emadiabatic device. The result is a
smaller branching angle and a longer device, whinahs the integration capability. Here
we describe how to shorten the length of asymm&tjenctions in diffused waveguides
such as RPE lithium niobate waveguides while maiirttg a high mode contrast in mode
multiplexing. In the approach, we engineer the llavede coupling coefficients by

modifying the shape of the Y-junctions on waveguitkesks.

Figure 2.7: The mask design of an adiabatic asymn&t-junction. The maximum
separatiord between the two arms is much smaller than then¢tjan lengthL.

For the asymmetric Y-junction mask design in Fig.andf are the branching and

tilt angle, respectively. The waveguide widthsandw, are constant along the two arms.
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In more complex designs these parameters are funsctifz. To simplify the description,

hereafter we normalize thedimension to the device length

Suppose a beam is launched at the start of theaavithegth mode and only the
coupling between thpth andgth modes is considered. According to the discussion
Section 2.5, to minimize the power conversion weallg prefer a longer device and a
larger index differencédnyy(2). If we want to reach the design target with iekly
shorter devices the only way is to choose apprtprshapes for the asymmetric Y-
junctions. To focus on the effects of the devicapghwe adhere to the optimal waveguide

widths that are obtained by considering the coupiede theory.

10°
6X
+
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5, _
2N
/ T~y —
4, _
CH
T3 i
CO
2r —€— 780nm .
/ —+ — 1550nm
1 / ]
% 2 4 6 8 10

Waveguide Widthr(m)

Figure 2.8: The simulated refractive index diffasenbetween the first and second
eigenmodes in typical RPE waveguidegandn; are the effective refractive indices for
the first two modes. The solid and dashed curvesfar 780 nm and 1550 nm waves
respectively.

The waveguide width at the start of the deviceim B.7 (v = w,+ W) IS chosen to
maximize the index difference between the first teigenmodes there. The optimal
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values ofw correspond to the non-critical maxima of the carue Fig. 2.8, which in

theory are fim for 1550 nm waves andrén for 780 nm waves in RPE waveguides.

(b)

I. x=1(2) d’2+w/2
. x=-1(2) d/2 -w,/2

f(@=z2
0£zf£1

Figure 2.9: (a) The shape of our conventional asgtmmY-junctions. | and Il are the
center traces of the two arms. (b) Varying the cewhape by the “shifting” approach. (c)
Varying the device shape by the “stretching” apphodhe dashed curves in (b) and (c)
are the conventional designs.

The two arms near the end of the Y-junction in RAg. are far apart. If we launch a
beam backwards from this end of the Y-junction, firet order mode of each arm should
adiabatically evolve into one of the first two med& the coupled region of the Y-
junction, as we showed in Fig. 1.9. The key degigrameter isiv = ;- Wp|, the width
difference between the two arms, which should balance of two constraints: be large
to ensure a high index difference between the timesaand be small enough to avoid

making the second mode of the wider arm relevancev is fixed we have limited
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choices forw, andw,, which can be experimentally checked. We fix thaveguide
widths along the two arms as the optimal seigf ) to keep the best balance between

the two constraints fomiv.

For the shape optimization we start from our cotie@al design shown in Fig. 2.9(a)
in which 7 = 0. The center trace of both aroen be described with the same functi@p
=z and each arm has a constant local slopg(pfL/2 = d/2[df(2)/dZ] = d/2. The coupling
coefficient between thpth andqth modes isk,(2) and the power conversion from the
gth mode into thegoth mode at the end of the device is given by Eq33Rin the low

conversion limit.

To minimize the mode coupling in devices with aefixlength, it is reasonable to
keep the inner edge-edge separation between tharm® monotonically increasing from
0 to the maximum. The shape variations should h&batic to avoid extra loss. Under
these constraints the shape variation can be dexsedpinto two independent

components.

The first one called the “shifting” approach is simoin Fig. 2.9(b). The two arms are
shifted together in th& dimension with an amplituds(z) while the inner edge-edge
separation is not affected. As a result, the ceoteéhe two arms become= f(z) d/2 +
W2 + S(2) andx = -f(2) d/2 -w,/2+ s(2) wheref(z) = z. The local tilt angle becomé$z) =
ds(2)/dz while the branching angle(2) is still constant.

The second one called the “stretching” approacshmwvn in Fig. 2.9(c). With the
start and end fixed, the two arms are stretchembopressed together in the z-dimension
so thatf(2) = 0 while¢(2) = d/L [df(2)/dZ] is varying along. In this approacf(0) = 0 and

f(1) = 1 butf(2) can vary nonlinearly with.

For these designs we can deduce the coupling ceefts and the power conversion

formula from the known results for the conventiodesign in Fig. 2.9(a).
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In the “shifting” approach the formulae become

1

P, =| [k;(2exp(jdb(z)L 2] d\z

0

koa(D) =k (D +F (K (3 (2.38)

X [y _ 1 mn*(x,y, 2 —-
kpq(z)_z\/m(np_ nq)& ﬂX Ep(Xy,zE.r(X)/ldXC

koo(2) describes the device variation along the z dirioenshile K4¢(2) describes the

asymmetry of the device in the x dimension.

d (Inner edge-edge arm separationyrim)

0 4 8 12 16 20
‘ ‘ ‘ ‘ Optimal design by "shifting"
I K . .
8 0@ Original design
[ — 40 o

@ | ®

Coupling Coefficients (Arb. units)

0 0.2 0.4 . 0.6 0.8 1
z (normalized)

Figure 2.10: (a) The two coupling coefficients be¢én the first two modes in the
conventional design in Fig. 2.9(a); (b) the optintkdvice shape obtained from the
“shifting” approach.

We show in Fig. 2.10(a) the typical coupling cceiffint functionskoy(z) and £o1(2)
for the conventional design in Fig. 2.9(a). The pEhaf ko1(2) is like an asymmetric
“Gaussian”, which reaches maximum at an inner édggdge arm separation df= 3
mm and exponentially decreases with lardeAt d = 12 mm kp1(2) is 15 dB lower than
the maximum. In contra#f1(Z) monotonically decreases with In theory we can cancel

the coupling coefficienk’:(2) by choosing(2) as
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z

(9= Ff(2)dz=- k,( ks ( 2 d (2.39)
0 0
In Fig. 2.10(b) we show the optimal shape deducenhfEq. (2.39) which satisfies
Kp(2) = 0 and is close to a rotated version of the eatienal design. The subtle shape
variations are critical to cancel the mode couplMthen the coupling between the first
mode and the second mode is completely canceledcdbpling between the second
mode and the third mode reaches maximum. Howeler;shifting” approach may still

be useful because higher-order modes are oftdevemet.

In the “stretching” approach the formulae become

P.(f)= O[km( 2exp(jab(f(2)L 2] d\Z (2.40)

k' (2)=k () F'(2)

Unlike the “shifting” approach, here the conversedficiency can not be completely
canceled because the integral/@‘q(z) over the length of the device is fixed under the
constraints off(0) = 0 andf(1) = 1. However we may obtain a desired targettion
kqu(z) by varyingf(z). Similar to the “shifting” approach, details dfet shape are also
critical to the performance. For a device wkki(2) in Fig. 2.9(a) we may apply the
“stretching” approach by “stretching” the portiomered increases from 0 to I'#m and
“compressing” the remaining portions to keep thmesaevice length. This approach may

reduce the mode coupling in a short device whibegasing coupling in a long device.

We can also obtain the power conversion for a caatlin of the “shifting” and the
“stretching” approaches:

2

P.(f.9)=| [Kp( ) F(+h () S( Hexp( @b ( f(2) LY %2 (2.41)
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Variational analyses and numerical simulations shioat the low crosstalk levels
(typically -30dB) are limited by fabrication errorfotally canceled crosstalk in diffused
waveguides is difficult to achieve experimentaliyce the devices are designed with the
simulated optimal shapes, whose accuracy is lintigdhe precision of our waveguide
model. Moreover, the mask we fabricated may ndécethe designed fine features near
the coupled region of an asymmetric Y-junction. Riesthese limitations, we are able to
observe the predicted tendency in experiments, whidl be discussed in Section 6.1.
The shape optimization approaches discussed ins#tton are also useful for other

adiabatic devices, including bends;junctions [81] and polarization splitters. [82]

2.7 Summary of Chapter 2

This chapter includes theoretical descriptionsc parametric processes in RPE

waveguides and the theory for optical circuit comgras.

After deriving coupled equations for® parametric processes in waveguides
involving three waves, we listed analytical solaBounder special conditions. Then we
analyzed the gain and temporal properties of thguis from optical parametric
generation. We further discussed cascaded processdeding the cascading of SHG and
OPA for CW waves and cascaded OPG with pulsed punipese theoretical
descriptions will apply to the experiments in Clept3-5. For the purpose of mode
demultiplexing, a parametric process must involighér order waveguide modes. We
described such processes in Section 2.4 beforeefudiscussing various optical circuit
components. Based on the coupled mode theory aard peopagation method in Section
2.5 we can design optical circuit components iniclgdbends, directional couplers and
asymmetric Y-junctions. The basic theory on benad directional couplers applies to
the design of quasi-group-velocity-matching devitlest are used in Chapter 5. As a
specific application of the coupled mode theory discussed the optimization of
asymmetric Y-junctions in Section 2.6.3, which via# experimentally verified in Section
6.1.



CHAPTER 3: HIGH PARAMETRIC GAIN IN REVERSE-PROTON-
EXCHANGE LITHIUM NIOBATE WAVEGUIDES: OPAAND LOW -
THRESHOLD OPG

Many applications require compact sources of tumalelar- and mid-infrared ultra-short
pulses with low average power. As one such sopa@metric frequency converters that
offer very wide tunability and require only a siaglump laser have already been studied
in detail. [1] Without external resonators, caVigyngth stabilization, or seed signals, the
single-pass optical parametric generator (whichnsoptical parametric amplifier with
>10" gain) offers inherent simplicity when comparedhaitther frequency conversion
systems, such as the synchronously-pumped optarangetric oscillator [83] and the
continuum-seeded optical parametric amplifier [34dwever, single-pass pulse OPG has
a high threshold and the temporal properties ofgireerated pulses depend strongly on

the properties of the nonlinear materials.

Recently, ultra-short-pulse OPG systems have bésiesl extensively to obtain
lower threshold, better pulse properties and higbenversion efficiency. In bulk
materials, a threshold as low as 54 nJ with 50pufsp pulses was reported for PPLN
crystal by utilizing the high nonlinear coefficienit QPM materials. [85] Near-transform-
limited (temporal and spatial) pulses were obtaiméth OPG in specific wavelength
configurations. [64, 68, 69] Single-pass conversifiiciency of 40% was reached by
matching the group velocities of the interactingvesa [71] One current challenge for
practical OPG systems is to further lower the OR@dghold to levels attainable directly
from laser oscillators while keeping good tempgredperties of the pulses. A higher

parametric gain is needed for this purpose.

In this chapter we demonstrate high parametric gatih OPA and low-threshold
OPG in reverse-proton-exchange PPLN waveguidesioBe®. 1 describes the design and

fabrication parameters of the RPE waveguides fah fxperiments. In Section 3.2 we
51
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experimentally explore OPA with a CW pump by theazaling of SHG and OPA, where
an internal (external) gain of 7 (6) dB is obtairfed both the signal and the idler with
only 175 mW CW pump power. Section 3.3 containseexpental results for OPG with
picosecond pump pulses. A pump pulse with a FWHNI.8fps at 769.6 nm yields a low
OPG threshold of 200 pJ. The quasi-phase-matche@ @&monstrates up to 33%
saturated photon conversion efficiency (internathvit nJ pump pulses. The single-pass
OPG is tunable from 1.1%m to 2.3 mm for pump wavelengths between 770 nm and
789.5 nm. Section 3.4 sums up this chapter. Diffier@oproaches to improve the
temporal properties of waveguide OPG will be disedsin Chapters 4 and 5.

3.1 RPE waveguides for OPG and OPA

As discussed in Section 1.3, the trade-off betwieensing tightly for high intensities
and focusing loosely to avoid diffraction is elirated in waveguides. Thus, waveguide
geometry can increase the parametric gain by jigtwhfining the optical fields over
long interaction lengths and thereby lower the QR@shold. [86] An OPG threshold of
380 pJ had been obtained in APE waveguides forspmmnd pump pulses near 780 nm.
[38] Because the refractive-index profile in thepthedimension in RPE waveguides is
more symmetric than that of APE waveguides and thesnode overlap is improved, the
parametric gain in RPE waveguides is higher andR& threshold can be even lower.

Due to the phase-matching conditions, usually amlgingle waveguide mode is
involved at each wavelength for parametric processe waveguides. With z-cut
congruent lithium niobate crystals, only TM modean csatisfy phase-matching
conditions usingdsz. Moreover, in proton-exchange z-cut lithium nithaonly TM
modes are guided and the §jMmode is often chosen for the best mode overlapen

parametric process.

However, for an optical parametric amplifier, theawgguide is of necessity

multimode at the pump wavelength even if it supp@artsingle mode at signal and idler
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wavelengths, posing a challenge for mode-launchimgnultimode APE waveguides, a
segmented tapered waveguide is one of the mositie#evays to launch the pump beam
into the TMyp mode. [50] In typical RPE waveguides, however aose the proton dose
is lower and thus the refractive index differensesmaller than in APE waveguides,
simpler adiabatic tapers also work well.

In our typical RPE devices for OPG, the wavegwdedth increases from gm in
the mode filter region to 7.Bm in the nonlinear interaction region. The typiocabde
filter and taper lengths are 2 mm and 3 mm, respaygt By launching the pump from
the mode filter side, > 99% of the power can beptediinto the TN, mode at the end of
the taper. The remnant power in the higher-ordenpumodes is too low to reach OPG
threshold before the OPG of the §¢Mnode pump is in the deep saturation regime, and

therefore has no effects on our results.

With long QPM gratings in RPE waveguides, we cataiobhigh parametric gain
even with a CW pump, which will be demonstratedaction 3.2 with the cascading of
SHG and OPA. As we described in Section 2.3.1, dhscading of SHG and OPA
requires two input waves in the 1550-nm band. Tilg difference between these OPA
devices and the OPG devices is the mode filterhwidthich is now 3.5mm to launch

both the pump and the signal waves in the;,dWaveguide mode.

3.2 Continuous-wave OPA using the cascading of SH&hd OPA

Although high parametric gain was experimentallyndastrated in waveguides for SHG
[2] and DFG [16, 17, 87], only -5 dB internal pamnic gain for the idler was obtained
using ~ 200 mW CW pump power in annealed-protorirarge waveguides. The reasons
are the lower nonlinear efficiency in APE wavegsidiean in RPE waveguides and the
shorter QPM-grating length of 41 mm. [17] When RR&veguides were first tried for
the cascading of SHG and OPA, an internal (extgrgain of 5 (1.8) dB had been
observed with a high loss of 0.35 dB/cm in the wgnees. [42] The external gain can be
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further improved by using RPE waveguides with a fmapagation loss of <0.15 dB/cm
which we recently fabricated. Here we demonstrattAQn such low-loss RPE

waveguides with 58-mm-long uniform QPM gratings,which the cascading of SHG
and OPA results in up to 7 (6) dB internal (ext&rgain for both the signal and idler. As
we illustrate in Fig. 2.2, in this process the grgvwave for the 1550-nm band OPA is

the SHG product of a strong pump wave near 1550 nm.

P
Hmp -\ MARRRNRNARRARARARARARNARRARRRARARARN
—/> WDM M O o o o o oo

Signal 58-mm-long QPM grating

Figure 3.1: The configuration for the cascadingséfG and OPA in a RPE waveguide.
The pump and signal are combined using a WDM couatel then launched into a
waveguide.
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Figure 3.2: The power spectrum of the cascadingH® and OPA in a RPE waveguide
with a 58-mm-long QPM grating and 175 mW pump powidre gains shown are the
internal gains.
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In the configuration shown in Fig. 3.1, the pum@da42.6 nm and the signal at 1548
nm are combined with a fiber WDM coupler and thenpied into the RPE waveguides
on a fiber pig-tailing stage at room temperature veasure the output with an optical
spectrum analyzer (OSA) and calculate the siguaiér) gain by comparing peaks in the
OSA traces with or without launching the pump wa&e.example is shown in Fig. 3.2
showing an internal signal (idler) gain of 7 dB, ex the pump (signal) power is 175
(0.44) mW and the input signal level measured aietid of the device without launching
the pump is set as 0 dB. Considering the <0.15dBimopagation loss in the 1550-nm

band in a 63-mm-long waveguide, the external gairbi dB.
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Figure 3.3: The external signal (idler) gain foe ttascading of SHG and OPA in a RPE
waveguide with a 58-mm-long QPM grating. The sofghshed) curves are from

simulations and the cross (circle) symbols are fraasurements for the signal (idler).
The black curves are from numerical simulationslevithe gray curves are from Eq.

(2.26) in which pump depletion is neglected.

Figure 3.3 shows the external OPA gain for the aidmler) as a function of the

pump power. The cross (circle) symbols are fromeexpental measurements for the
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signal (idler) while the solid (dashed) curves faoen simulations with 0.15 dB/cm loss
for waves ~1540 nm and 0.3 dB/cm loss for wave)~1. The normalized nonlinear
coefficient /1, for SHG was ~100%/W-ct The black curves are numerical simulation
results for Eq. (2.25) while the gray curves artamied from the analytical formulae Eq.
(2.26) in which pump depletion is neglected. Thiessantial difference between the black
curves and the gray curves means that pump depl&isignificant when the pump
power is >50 mW. The numerical simulation resulithwhe pump depletion in SHG

fully considered match well with the experimentgults for a pump power <175 mW.

When the pump power is >175 mW, notable discrepéetyween the numerical and
experimental results occurs and in the experimgrgsyain decreases with higher pump
power. Possibly this discrepancy comes from norfeamiity in the long waveguides and
QPM gratings. The pump is now significantly deptetdne simple theory in Section 2.3.1
cannot correctly predict the outcome in the regahstrong pump depletion. [42]

Another possible source for the discrepancy is gheasitic processes caused by
higher-order quasi-phase-matching in the long QRPMimgs, which are not included in
the analysis in Section 2.3.1 and are difficultelominate. Such parasitic processes
include the sum-frequency generation between timeppwave and the second-harmonic
wave which generates green waves and the SHG deitiend-harmonic wave near 770
nm which generates blue waves. High intensity graed blue waves would cause
photorefractive damage (PRD) in congruent lithiuobate crystals at room temperature;
[88, 89] the RPE waveguide devices therefore asteldeto > 100°C to avoid serious
PRD. This is absolutely necessary for pulsed OP@r&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 d2h 100-mW pump power,
waveguide OPO may be constructed by using RPEulithniobate 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 >18 parametric gain and uses vacuum noise as the.ilpp&ection
2.1 we have estimated a picojoule OPG thresholBRRE waveguides for picosecond
pump pulses near 780 nm.

PPLN waveguid

Mode-locked at120C - _
Ti:Sapphire laser - B.eam.sepgratlon Wi
760~830nm, S:chrmc mirrors  an
ilters
82MHz, 1.8ps Input Output
objective objective

Figure 3.4: The experimental setup for waveguid&OP

As shown in Fig. 3.4, in the OPG experiments thenpdaser is a mode-locked
Ti:Sapphire laser generating 1.8 ps (FWHM) transftimited pulses around 780 nm
with a repetition rate of 82 MHz. A variable attatar is used to control the peak power
of the pulses while an acousto-optic modulator (AG110-kHz repetition rate with 1%
duty cycle is used to lower the average power, pseaaution to avoid photorefractive
damage in the congruent LiNg@vaveguides. The chips are heated to 1Q0for the
same reason. The RPE waveguides are fabricatedawptioton-exchange time of 24.5
hrs at 171°C, an annealing time of 22 hrs at 312, and a reverse-exchange time of 25
hrs at 300°C. 0.5-mm-thick PPLN samples with QPM periods raggirom 15mm to
16.65mm and various grating lengths are used in the exjget. The effects of cascaded
OPG which we described in Section 2.3.2 are exduitethis chapter and will be
discussed in the following two chapters.

The conventional-OPG pump throughput and photorvexsion efficiency curves
(internal) with 1.8-ps pump pulses at 769.6 nm shewn in Fig. 3.5. The signal
wavelength is centered at 1350 nm, with a bandwadthO nm. In this measurement the

QPM gratings have a period of 15.# and is 40-mm long, which is >6 times the
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signal-pump group-velocity-mismatch length. The eguide is 7am wide in the

interaction regions.
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Figure 3.5: The pump throughput and the interrgaiphoton conversion efficiency in
single-pass OPG with a 40-mm-long QPM grating i @lbsence of cascaded OPG. The
1.8-ps-long (FWHM) pump pulse is at 769.6 nm areldignal wavelength is centered at
1350 nm.

The curves in Fig. 3.5 show an OPG threshold of gOOmatching well with the
calculated threshold of 190 pJ, using the theoryOBG in Section 2.2 and the measured
normalized SHG conversion efficiency (internal)96f %/(W-cnf) from similar samples.
The maximum saturated internal photon conversiditiefcy is 33%, matching the
value of 35% estimated from simulations. The deswem efficiency after saturation

comes from SHG of the pump and other parasiticazbest processes at high pump power.

The typical OPG tuning behavior of the RPE wavegsit shown in Fig. 3.6. The
waveguide width is 7.5m and the 18-mm-long QPM grating has a period c23.6m.
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The theoretical prediction fits the measurementdl. iie a similar waveguide with a
different QPM period, the output wavelengths rafrgen 1.15mm to 2.3mm for pump
wavelengths between 770 nm and 789.5 nm. The Uppkerof the idler tuning range is
the cutoff wavelength of the waveguide, which isneated to be 2.5rm for the RPE
waveguides used in this experiment. Although theGQRreshold is lower for near

degenerate operation, it is a weak function of ghenp wavelength within the tuning

range.
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Figure 3.6: Pump tuning curve of a RPE PPLN wawsgait 120C. The dotted curve is
a simulation based on our waveguide dispersion m@d®] The circle symbols are
measurements. The output wavelength ranges frond H?d to 2005 nm for pump
wavelength between 768.4 nm and 777.5 nm.

As we do not have a loss coefficient function veraavelength, we do not include

the loss terms in the coupled equations for theukition. While this assumption may
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cause discrepancy in comparing the experimentahanakrical results, the effects prove

to be small in practice.

The two-photon absorption process in waveguidesatsmaffect the OPG threshold.
The high-order quasi-phase-matched SHG of the M@ump generates blue radiation
near 390 nm, which is above the two-photon absampidge. For lovgain devices with
a SHG conversion efficiency below 10 %/(W-3mit would dominate and deplete the
pump before the OPG threshold can be reached. Howder the high gain RPE
waveguides, we can ignore it because the OPG garponential while the SHG gain is

guadratic in the grating length.

In congruent lithium niobate crystals, photorefnaetdamage is caused by green
light or waves with even shorter wavelengths wtaoh generated by parasitic processes.
If the intensities of those waves are high the waides are slowly damaged by this
effect even if they are heated up to T&0 This problem can be solved by replacing the
congruent material with MgO-doped or near-stoictetmo lithium niobate crystals in
which the PRD threshold is much higher. [45, 46,%4]

3.4 Summary of Chapter 3

In this chapter we have demonstrated that peritgipaled RPE lithium niobate

waveguides can operate as high gain parametriceletor OPA and OPG.

After describing the design parameters of the waikxs, we presented CW OPA
with 7 (6) dB internal (external) gain for both thignal and the idler by SHG to generate
the pump, followed by OPA. With a pulsed pump, anthe absence of cascaded OPG,
we demonstrated thresholds as low as 200 pJ fooseeond optical parametric
generation in RPE waveguides. A saturated intgrhaton conversion efficiency of 33%
was obtained with 1 nJ of pump energy for a 1.§FWHM) pump pulse at 769.6 nm.
The signal wavelength tuning range was from 16 to 2.3 mm with a pump

wavelength between 770 nm and 789.5 nm.
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Besides a low threshold for OPG, good temporal @migs of the output pulses are
also important. In the next two chapters we wilplexe 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-threshOlBG in RPE lithium niobate
waveguides. In this chapter we begin exploring apgnes to improve the temporal

properties of the pulsed OPG.

As we discussed in Sections 2.2 and 2.3.2, the demhproperties of the pulses
generated by conventional OPG depend strongly endikpersion of the nonlinear
material, and the bandwidth of the output pulses @sually much broader than the
transform limit, except for special combinationspoafmp, signal and idler wavelengths.
[64, 68] A challenge for practical OPG systemsadsobtain OPG output with good
temporal properties under general conditions. Gist®PG is one of the approaches to

solve this problem.

In general one can narrow the spectrum of the kignd idler by adding extra
frequency filters, at the expense of added compleand substantial energy loss.
However, this high loss can be avoided in casc&fe@ which uses an extra parametric
process as the filter. Cascaded OPG can only @taignal wavelengths where OPG and
another parametric process are simultaneously phasehed, which is illustrated in Fig.
2.3 using the case where the extra parametric psosethe sum-frequency generation
between the pump and the signal. When the groupciglof both the signal and idler
waves is faster than the pump wave while the extree at the sum frequency is slower
than the pump wave, simulations and experimentallt® show that the temporal
properties of the cascaded OPG products can berbsintrolled than those of the
conventional OPG products. [15]

63
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In the early sections of this chapter we studyetfects of cascading on pulsed OPG.
In Section 4.1 we will discuss the effects of cadethOPG on the photon conversion
efficiency and pump depletion for OPG in uniformBratings. In Section 4.2 we will
study details of cascaded OPG in uniform QPM ggstiof different lengths and
demonstrate the improvements of temporal properirescascaded OPG. Using a
frequency-resolved cross-correlator, [92] we dixeictentify and distinguish the products
from cascaded OPG and conventional OPG in botHrdgriency domain and the time

domain.

Another important aspect for practical applicatioi® wavelength tuning ability, is
different for conventional OPG and cascaded OPGth&n experiments described in
Chapter 3, the signal and idler wavelengths fromveational OPG are widely tunable
by tuning the pump wavelength (or the device temfoee). However the center
wavelength of the signal from cascaded OPG is nastrang function of the pump
wavelength or the device temperature. In a RPE wade with a pump wavelength
~780 nm and a uniform QPM grating having a perioouad 16.2mm it can only be
tuned by several nanometers around three wavelengi®0 nm, 1280 nm, or 1430 nm
because the extra phase-matched process in cago&dedimits the tuning ability of the

device.

These three wavelengths correspond to the threegsst cascaded processes in

uniform QPM gratings; other cascaded processesiraignificant. Besides optical
parametric generation with first-order QPNK (= K27 = [k,,), these three cascaded
processes involve also second-harmonic generafitresignal, which generates yellow
light around 595 nm by second-order QPNK(, = K "® = kg, ), sum-frequency
generation between the pump and the idler whiclkeigges green light around 550 nm by
second-order QPM2K, = K™ = Dkg;), and sum-frequency generation between the
pump and the signal which is illustrated in Fig3@ and generates green light around 500

nm by third-order QPM 3K, = K37 = Dkg.,), respectively. The gain coefficient for
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the extra parametric process can be calculated fqm(1.2) if the duty cycle of the

uniform QPM grating is known.

Although, as we discuss above, the tuning abilityascaded OPG in a single device
is limited, we can engineer QPM gratings and reahzde-band tuning by using several
devices of different designs. By phase-modulatifgMgratings to synthesize desirable
frequency responses we are able to control the lelagth of the near-transform-limited
signal from cascaded OPG. With these engineered @RNhgs we may widely tune the
signal wavelength by switching between differenvides on the same chip, and
temperature tune over a narrower wavelength ranbie retaining controlled temporal

properties. We will discuss phase-modulated QPNMmgga in Section 4.3.

Without losing generality, in this chapter we oobnsider the strong cascaded OPG
processes involving sum-frequency generation. \8fithng enough SFG gain, not only is
the signal (idler) transform-limited, but so alse the visible SFG product. This

phenomenon is similar to up-converted parametneggion. [93]

If not otherwise specified the basic experimeng&l in this chapter is the same as
that in Section 3.3.

4.1 Effects of cascaded OPG on photon conversiorfieilency and pump depletion

Although the OPG threshold is not affected, thespnee of cascaded OPG significantly

changes the photon conversion efficiency and pueppetion.

In the experiments reported in this section, theHM\of the pump pulses is 1.8 ps,
all the interacting waves are in the §gMnode, the QPM grating periods in the devices
are 16.45mm and the chips are heated to ~ 280 The RPE waveguides are fabricated
with our usual procedure described in Sections @@ Section 3.3 with a proton-

exchange depth of ~1.8vn. The sum-frequency generation in cascaded OP&tvgeen
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the idler and the pump using 2nd-order QPM. Thepisraround 770 nm and the signal
is near 1245 nm.
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Figure 4.1: The internal pump throughput ratio aighal photon conversion efficiency.
(a) for a 12-mm-long QPM grating, no cascaded OB@ributes; (b) for an 18-mm-long
QPM grating, with contributions from cascaded OPG.

The internal pump throughput and signal photon eosien efficiency curves for
two different grating lengths are compared in HEid.. For the same pump power range,
the cascaded products are negligible in the dewititsa 12-mm-long QPM grating, but
become significant for a longer grating length 8fim. Although more pump depletion
is observed for the longer QPM gratings, less sigiton conversion is recorded

because the sum-frequency output accompanies tleegente of cascaded OPG. The
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thresholds for both cases are near 200 pJ, comiynhe results from numerical
simulations that the OPG threshold is a weak fonctf the grating length when it is

>2.5 times the group-velocity-walkoff length betwehe signal and the pump.

4.2 Effects of Cascaded OPG on temporal properties

The temporal properties of cascaded OPG in unif@#M gratings can be revealed by
numerical simulations using the methods descrie@ection 2.3.2. Such results are
illustrated in Fig. 4.2, using an example involvi@PG and the sum-frequency

generation between the signal near 1428 nm angluimg near 780 nm.

Pump wave ==== Conventional OPG Signal ~ 1410 nm
~rg0onm ... Cascaded OPG Signal ~ 1428 nm
- - - Sun-frequency products ~ 505 nm

Figure 4.2: lllustration of the evolution of diffamt pulse shapes for conventional OPG
and cascaded OPG. No propagation loss is consideratie pumpl, is the build-up
length for the sum-frequency generation in casc&ale@, defined in Eq. (4.1).

If we fix the grating length and increase the pupgver, conventional OPG will
reach threshold first, with dips appearing at wamgths where the quasi-phase-matching
conditions for sum-frequency generation are satisfif the length of the QPM grating is
much longer than the group-velocity-walkoff lengtween the signal and the pump, the
output signal pulse would have a flat-top shape tdugroup-velocity-mismatch, if the
pump is lossless. Further increasing the pump pother cascaded OPG will reach its
threshold if the QPM grating length is longer thauld-up lengthL, for SFG, to be
defined in Eq. (4.1).
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The sum-frequency generation in cascaded OPG Hmsldrup lengthL, because

both SFG and its back conversion are involved.

In pure sum-frequency generation, the power distioim among the interacting
waves oscillates followingsin® (//1s.cPL)=sirf pL /(2L,)] [11] where Asks is the

normalized gain parameter in the sum-frequency ig¢ioa andP is the peak pump

power.L, is half the oscillation period, after which theckaonversion of sum-frequency
generation starts if there is no input sum freqyemave. Although the sum-frequency
generation in cascaded OPG is more complex thaa gum-frequency generation, it still

has a characteristic length which we call the bupdength and keep the notatibg

L, ~ (0/2)/\Jhs P (4.1)

As shown in Fig. 4.2, only after this length dolke back conversion of sum-frequency
generation start and does cascaded OPG occur. d$maded OPG signal photons

therefore are generated in the rear part of the @Riings.

We may roughly estimate, = 5 mm with Asrg = 10%/W-cnf for a peak pump
power of 100 W which is near the OPG thresholdpioosecond pulses. By numerically
solving Eq. (2.29) we obtaindg ~ 12 mm. The discrepancy between these valuds,for
comes from the group-velocity-mismatch neglectedariving the analytical estimation.

The threshold of cascaded OPG is higher than thabwventional OPG because
sum-frequency generation is required. Once theskimld is reached, however, intrinsic
to the cascaded process, the cascaded signaldereyized to the pump and the group
velocities of the waves are effectively matched,tlsat the cascaded OPG grows up
exponentially faster than the conventional OPG pct&l In addition, if the QPM grating
is much longer that,, the cascaded OPG products become dominant, adtible

output pulse would be near transform-limited.
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These numerical results are experimentally verifigth several different approaches,
including comparing results from the same devicediffierent pump power levels
(Section 4.2.1), comparing results for differentNDrating lengths ranging from 6 mm
to 42 mm (Section 4.2.2), and comparing propertieshe signal (idler) in different
frequency ranges for the same device at a fixedpppower level using a frequency-
resolved cross-correlator (Section 4.2.3). Beftv@nsng experimental results using each
of these approaches in the following subsectionsvilelescribe how we recorded signal

(idler) pulse shapes.

Reference beam

(part of the pump)
> Scan-
H < delay
Signal H Silicon
U Detectof
Beam .
splitter LIIO; Green-

crystal pass-filter

Figure 4.3: A diagram of the frequency-resolvedssroorrelator. The scan-delay ensures
that the pump and signal pulses temporally overtaghe LilO; crystal and have
maximum efficiency for sum-frequency generation. Bplacing the Lil@ crystal and
the silicon detector with a GaAsP photodiode weainbta cross-correlator without
frequency resolvability.

Cross-correlation based on two-photon-absorptiah §%] is used in Sections 4.2.1
and 4.2.2, while frequency-resolved cross-cormtafb2] is used in Section 4.2.3. The
former uses a GaAsP photodiode while the lattes usgiece of LilQ crystal and a
silicon detector. The experimental setup for thieefais shown in Fig. 4.3. By angle
phase-matching the type-l sum-frequency generdietween the signal (idler) and a

reference beam split from the pump wave, the 0.85thick LilO3; crystal serves as a

tunable band-pass filter with a filter functionsihc [(/ -/ ,)MD ]. The bandwidthD/

of the filter is ~38 nm for signal near 1430 nmeTdenter wavelengtho is determined
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by the tilting angle of the Lil@crystal. Using this “filter” we can obtain the palshape
in selected spectral bands. [92] By replacing ti®©4 crystal and the silicon detector

with a GaAsP photodiode we obtain a cross-correlaithout frequency resolvability.

4.2.1 Temporal properties of OPG output at diffetggump power levels for a 18-mm-
long QPM grating

The dynamics of the cascaded OPG process is clwarthe temporal properties of the
output, as shown in Fig. 4.4, which correspondhésame device used for Fig. 4.1 (b).
The shape and length of the pulse is measuredanitioss-correlator based on the two-
photon-induced photocurrent using GaAsP photodiof#s 95] using a small portion

split from the pump as the reference beam. Whenptlrep power is increased, new
peaks appear in both the frequency domain andithe domain. These new peaks

correspond to the cascaded OPG output.

If we consider only the cascaded product comporikattime-bandwidth product of
the generated signal is 0.51 with a pulse length.®fps and a bandwidth of 1.4 nm. The
conventional OPG product has a time-bandwidth pecbdti4.4. Time-bandwidth product
for a transform-limited Gaussian pulse is 0.441.nBgking use of the cascaded process,
we have generated a signal with a much reducedhenedwidth product close to the

transform limit.

The signal bandwidth in cascaded OPG is much narakan that in conventional
OPG. As a result, although in Fig. 4.4(b) the terappeak of the cascaded OPG is lower
than the conventional OPG peak, on the top fowesim Fig. 4.4(a) spectral peak of the
cascaded OPG is higher. The peak positions in peeta in Fig. 4.4(a) shift from
conventional-OPG to cascaded-OPG with increasimggppulse energy.

The time delay between the two different types &Gproducts is 3.6 ps in Fig.
4.4(b), meaning that the majority of the cascad®@®Qignal is generated near the end of
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the 18-mm-long QPM grating. In a longer QPM gratangreater portion of the output

would be in the cascaded component, which we wsltukss in Section 4.2.2.
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Figure 4.4: (a) Power spectra from optical spectamalyzer traces (b) Cross-correlation
traces for the output from OPG in an 18-mm-long Qgtdting. Both cover the same
pump power range from 0.3 nJ to 1.2 nJ. Note tlad pesitions in the spectra shift from
conventional-OPG to cascaded-OPG with increasinghpuoulse energy. Cross-
correlation traces also show both products.
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4.2.2 Cascaded OPG for QPM-grating lengths rangifigm 6 mm to 42 mm at pump

powers resulting in a constant photon conversiofi@gency

Figure 4.5 shows the power spectra and the pulapeshof the OPG signal from

waveguides with uniform QPM gratings of differeanhgjths.

QPM Grating @ (b)

[
o J— A

-
[

1350 1428 1500 -5 0 5 10
Signal Wavelength (nr Ti

Figure 4.5: (a) The power spectra and (b) the psisgpes for the signal from optical
parametric generation in lithium niobate waveguiaéh different QPM-grating lengths.
The photon conversion efficiencies for all thesedis are ~10% except for the 6-mm-
long grating for which it is only 2%. The peak betconventional OPG products is set as
the time zero for all the curves in (b). All therees are normalized to their maxima.

All the devices are fabricated side-by-side onghme chip and the duty cycles of
the QPM gratings are nominally 50%. The OPG thriesl® around 200 pJ for the
devices with a QPM-grating length over 18 mm, tAme as was obtained in Chapter 3.
For a fair comparison for the different QPM-gratitgngths, the pulse shape and
spectrum data are taken at pump powers resultiagtatal photon conversion efficiency
of ~10%, except for the 6-mm-long grating, whichs lenly 2% efficiency with the

maximum available pump power. This exception daasaffect our conclusions in the
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following because cascaded OPG output is absenthenshortest 6-mm-long QPM

gratings.

The pulse shapes were again obtained from crosstatbon based on two-photon-
absorption in GaAsP photodiodes with a referen@arbsplit from the pump. [94, 95] In
such a measurement the signal and the idler in ethte frequency band were
simultaneously recorded. Although the idler was rehoved by a filter, according to
simulations it would only slightly affect the pulskape recorded by the cross-correlator
because the group velocity mismatch between theabkiground 1420 nm and the idler
around 1750 nm was < 1/10 of that between the k{gtiar) and the pump near 784 nm,
[96] so that the signal and idler pulses are neawbrlapping in time. We will revisit this
conclusion in Section 4.2.5 after we have discussede experimental details of
cascaded OPG.

By comparing different curves in Fig. 4.5 to sintidas we can identify the
conventional OPG and cascaded OPG products bdtreifrequency domain and in the
time domain. In the frequency domain, the narroakgearound 1428 nm correspond to
the cascaded OPG products. In the time domaintirties zero is set at the peaks of the
conventional OPG products.

Comparing the curves in Fig. 4.5 we can see hagamed OPG and conventional
OPG compete with each other. Only for gratings értgan 18 mm does the extra signal
peak from cascaded OPG dominate in the frequengatioand become distinguishable
in the time domain. When we isolate the cascade@ 6i8nal around 1428 nm from the
conventional OPG signal in the time domain by deobnng the cross-correlation traces
for long QPM gratings, a time-bandwidth-product~@f.4 is obtained for the cascaded
OPG signal. The power spectra of the signal fronMQiatings shorter than 18 mm
show strong interferences between the two diffepeotesses. We can deduce from Fig.
4.5 that the build-up length, for the sum-frequency generation is ~12 mm foump
power above the OPG threshold. These results congpiethose in Section 4.2.1, where
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the evolution of the pulse shapes at various puowep levels in a device with an 18-

mm-long QPM grating was analyzed.

4.2.3 Frequency-resolved cross-correlation measuesns

We have found the correspondence between the sigadts in the time domain and the
frequency domain and identified the conventional30d&hd cascaded OPG peaks either
by varying the pump power level, as in Section ¥.2ar by comparing devices of
different lengths as in Section 4.2.2. In a différapproach, we can directly identify
cascaded OPG and conventional OPG products by mregsusingle device at a fixed

pump power, using the frequency-resolved crossetaior shown in Fig. 4.3.

(a) Signal power spectrum

 (Arb. Units)
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Signal Wavelength (nm)
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(b) Pulse shapes for different wavelength spars (anits)

Figure 4.6: (a) The signal power spectrum at a ppmper level resulting in a photon
conversion efficiency of ~10% with a pump waveléngt 784.4 nm. (b) Pulse shapes of
the OPG signal in different wavelength ranges itB8-nm-wide sirfeshape band-pass
filter. In order to show the correct relative povibe curves in (b) are not normalized.
Baselines are shifted to indicate center signalelemgth for each trace, which can be
read out from the-axis of (a). On each curve, peak 1 correspondbeaconventional
OPG products and peak 2 corresponds to the casCHél@édoroducts.
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Results from such a measurement are shown in FE@. idcluding the power
spectrum and the pulse shape for the signal frodevace with a 34-mm-long QPM

grating at a pump power level resulting in a phatonversion efficiency of ~10%.

Each curve in Fig. 4.6(b) is a frequency-resolvess-correlation trace,
corresponding to a wavelength range whose centdeteymined by the band-pass filter
in the frequency-resolved cross-correlator. Thisteewavelength is indicated by the
baseline of each curve and can be read out from-#xés of Fig. 4.6(a). From the peak-
intensity variations in the different curves in Fig.6(b) we can deduce the
correspondence between the two peaks in the fregudymain and the two sets of peaks
in the time domain. The conventional OPG produats the cascaded OPG products are
respectively marked as peak 1 and peak 2. Althdoigharge bandwidth of the thin Li}O
crystal used in our frequency-resolved cross-catoellimited the contrast between the
peaks on different curves in Fig. 4.6(b), the cdedaOPG and conventional OPG
products are nevertheless identified and are cemgisvith results discussed in Sections
4.2.1 and 4.2.2.

4.2.4 Study of cascaded OPG and conventional OP@arrdifferent levels of pump

depletion

By summing up the frequency-resolved cross-colmlatraces in different wavelength
ranges we can restore the pulse shape for the wsigleal band with the idler

contribution removed.

Figure 4.7 shows the power spectra and the pulapeshunder different levels of
pump depletion obtained this way for the deviceduse Fig. 4.6. The dash-dotted curves
were obtained at a pump power level resulting phaton conversion efficiency of ~20%
when the pump wavelength was 782.8 nm and casc@dda was absent. All other
curves were obtained when the pump wavelength B4s47hm and the cascaded OPG
signal was near 1428 nm. The photon conversionieffty was respectively about 10%,
20% and 30% for the solid, dashed and dotted curves
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The experimental results match the simulation tesabtained from solving Eq.

(2.29), which are similar to the data, and for ityaare not shown in the figure. We can
explain the different pulse shapes in Fig. 4.7(lihwhe mechanisms of conventional

OPG and cascaded OPG.
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Figure 4.7: (a) The signal power spectra and (b)pthise shape for OPG in a waveguide
with a 34-mm-long QPM grating. In both figures, ttesh-dotted curves (1) correspond
to a pump wavelength of 782.8 nm and a photon asioe efficiency of ~20%;
cascaded OPG is absent. For the solid (2), das3)edn@ dotted (4) curves, the pump
wavelength is 784.4 nm, strong cascaded OPG isepresand they respectively
correspond to a total photon conversion efficieatyabout 10%, 20% and 30%. All the
curves in (a) are normalized to their maxima arel lthselines are shifted for a clear
comparison in their peak positions, while the carire(b) are not normalized and hence

show a correct comparison in photon conversiormieficies.
The dash-dotted curve in Fig. 4.7(b) correspondsdoventional OPG with no

cascading. Because the grating length of 34 mm mvash longer than the group-
velocity-walkoff length of ~5 mm between the sigradd the pump, the output signal
pulse would have a flat-top shape due to groupeigtanismatch if the pump were

lossless, as illustrated in Fig. 4.2. However theppgation loss for the pump was ~0.3

dB/cm in the waveguides and the pump depletion sigaificant when the photon
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conversion efficiency was 20%, and the gain depexg®nentially on the pump power,
so that most of the conventional OPG signal photwaggenerated in the front part of the

QPM grating. The signal pulse shape thus becanmarasyric.

The solid, dashed and dotted curves in Fig. 4.f#espond to combinations of
cascaded OPG and conventional OPG under diffeeseld of pump depletion and can
be explained by further considering the mechani$nsagcaded OPG which involves

sum-frequency generation and its back conversion.

The pump power was slightly higher than the castdeG threshold for the solid
curve (2) in Fig. 4.7(b). Because the QPM gratieggth of 34 mm in the experiments
was longer than the build-up lendth of ~12 mm at such a pump power level, cascaded
OPG and conventional OPG coexisted. The exponegtahth of cascaded OPG is
much faster than that of conventional OPG becadsthe apparent group-velocity-
matching between the signal (idler) and the pumprédvphotons therefore came from
cascaded OPG than conventional OPG. The portiosigsfal photons coming from
cascaded OPG was 85%.

In the cascaded OPG with strong pump depletionpniyt does the back conversion
of SFG coexist with SFG, the back conversion of Gt coexists with OPG. For the
dashed and dotted curves in Fig. 4.7(b), becawsbabk conversion of OPG is becoming
stronger with the even higher pump power, bothithedwidth and the pulse length of
the cascaded OPG signal increased while the photamersion efficiency no longer
increased. Now more pump photons are convertedsigioal and idler photons in the
front part of the QPM gratings via conventional OR® thus obtained the pulse shapes
shown by the dashed and dotted curves in whichaional OPG dominates.
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4.2.5 Pulse shapes of the signal and the idler fr@®G and the optimized grating
length for cascaded OPG

In Section 4.2.2 we asserted that we can obtaimcaarate pulse shape for the signal by
cross-correlation measurements without removing ither. Here we experimentally
verify it by comparing the solid curve in Fig. 4J(to the solid curve on the fifth row
(from top) in Fig. 4.5(b), which correspond to tteeme QPM grating length of 34 mm
and the same photon conversion efficiency of ~18%hough both the signal and the
idler were measured in the case of Fig. 4.5(b) evbilly the signal was measured by the
method used in the case of Fig. 4.7(b), the putepes observed for the output were
similar, confirming that the presence of the idiiees not significantly affect the pulse

shapes measured without frequency resolving thesarorrelation.

For a detailed comparison, we show the signal dfet pulse shapes in Fig. 4.8,
obtained by summing up the frequency-resolved ecoslation traces for the signal
and the idler from a device with a 42-mm-long QPRatigpg at a pump power level
resulting in a photon conversion efficiency of ~20Phe two curves were calibrated for
the efficiencies of the sum-frequency generatiothi LilO; crystal at the signal (idler)
wavelengths. The peak positions in the two traceskghtly different because the group

velocity of the idler near 1.8m is slightly faster than that of the signal nedrrim.

We can deduce the optimized grating length by camgaurves in Fig. 4.8 to those
in Fig. 4.7. In contrast to the signal pulses fr@i®34-mm-long QPM grating shown in Fig.
4.7, the signal and idler pulses in Fig. 4.8 hdwed peaks. These peaks are at around -1
ps, 4 ps and 6.5 ps for the idler. We obtained ¢bimplex pulse shape because the 42-
mme-long grating was almost three times longer tth@nbuild-up length (~12 mm) of the
sum-frequency generation in cascaded OPG. At arlguenp power level we even
obtained a square pulse shape [15] because the lamgth of the pump in the cross-
correlation was comparable to the time intervaieein the three peaks, smearing out the
cross-correlation. The optimized grating lengthherefore ~34 mm to obtain cascaded

OPG signals with the best temporal properties.
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Relative photon number (arb. units)

Figure 4.8: The pulse shapes of the signal and idlgained by summing up the

frequency-resolved cross-correlation traces frod2-anm-long QPM grating at a pump

power resulting in a photon conversion efficien¢y-80%. The shadowed regions under
the curves correspond to the cascaded OPG proades the other regions correspond
to the conventional OPG products.

4.3 Controlled cascaded OPG with engineered QPM gtiags

To explore wide-band tuning of the transform-limditeignal from cascaded OPG which
is distinguishable from a background of conventiddBG signal, we design devices to

generate various signal wavelengths from cascadrgd. O

As we discussed at the beginning of this chaptscaded OPG is weakly dependent
on the pump-wavelength or temperature so that igreakwavelength tuning range is
only several nanometers in uniform QPM gratingsaifig over a broad range of signal
wavelengths requires another method for controltiagcaded OPG. Devices with a QPM
period L opc for OPG and different QPM periodssks for sum-frequency generation will

allow such control.
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Several approaches [3, 4, 30, 36] exist for engingesuch multi-component
gratings. For this demonstration we chose phasadhatatl-gratings because of their
loosest fabrication tolerances. In periodicallygublithium niobate, the phase modulation
is realized with a poling mask which periodicallgifts the center positions of the
domains with a period pn, as illustrated in Fig. 4.9(a). The shifting fuoetis designed
by numerical optimization to have QPM peaks witlsicg®l positions and amplitudes in

the Fourier spectrum. [4]

(b) First order QPM

deJ

156 158 1 162 164 166 168

(c) Second order QPM _
Lgpa™ LOPGIZ -dl4

7.9 8 8.1 8.2 8.3
Quasi-phase-matching perichm)

Figure 4.9: (a) A diagram of the phase modulatedimys. The center positions of the
domains shift by an amount calculated from an oigteh periodic phase functiotiphis
the phase modulation period. (b)(c) Simulated QP&4aks of phase-reversal gratings
designed withL 1 = Lopg = 16.45mm, d= 0.4mm andL,= L;- d= 16.05nm (see text for
definition of the symbols). The grating duty cyiel/3 and the two peaks ndayandL
have the same area in the spatial frequency domain.

To understand the properties of phase-modulatetingsa we study their simplest

form, a phase-reversal grating, [3] the simplesiseghmodulated-gratings with a QPM
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period L and a 50% duty cycle of phase-reversal. Thesengsahave two first-order
QPM peaks of the same amplitude close to each othibe Fourier spectrum &t =L +
dl 2 andL,= L - dl 2 whered= 2L2/Lph << L. When the domain duty cycle is 50%,
there is no second-order peak and only two thickeoQPM peaks at;/3 andL., /3.
When the domain duty cycle is 1/3 there is only seeond-order QPM peak Atrc =
L/2 and no third-order QPM peak, which is shown ig. B.9(b) and (c). If we want
different amplitudes for the two first-order QPMaps atL; andL,, we can no longer
use simple phase-reversal gratings, so we desiggepmodulated gratings with the
method described in Ref. [4]. The general featofesigher order QPM peaks for such
phase-modulated gratings are similar to those efpthase-reversal gratings, but offer
more degrees of freedom to tailor details of thetisbFourier spectrum.

For simplicity we prefer phase-modulated-gratinghw domain duty cycle of ~1/3,
using the first-order QPM peak &t = Lopg for OPG and the strongest second-order
QPM peak atLspg = L/2 = Lopd2 - d/4 for sum-frequency generation. In the devices
fabricated,L opc = 16.45mm and the nominal domain duty cycles are ~40% @ 18-
mm-long QPM gratings whiled varies. In order to keep a low OPG threshold, the
designed amplitude ratio between the two peaks anhdL. is 7:3 so that the normalized
gain parametef for OPG is nominally 70% of that in a uniform QRivating. Both in
simulations and in second-harmonic generation nmieasnts, the sum of at the two
peaksL; and.L, is >90% of/ in a uniform QPM grating and the peak amplitudeores
close to the designed value 7:3. For these parasnateeries of second and third-order

QPM peaks exist while the oneladr is the strongest.

Figure 4.10 shows that the measured wavelengthkeotignal from the strongest
cascaded OPG match well with the simulations ang aémost linearly withd in the
signal wavelength range from 1280 nm to 1370 nne Simulations are based on the
waveguide dispersion from a model of reverse-praxchange lithium niobate

waveguides without any adjustable parameters. $i8iilar to the results from uniform
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gratings, the signal peaks at these wavelengthsxdadw bandwidths (such as 1.5 nm),
indicating that near-transform-limit signal pulsesre obtained. Although fod! 0 a
weak signal from cascaded OPG appeared around d@8@hich corresponded to the
second-strongest second-order QPM peak, we cargrdesbre sophisticated QPM
gratings to avoid this problem, though these regpirecise control of the waveguide
uniformity and QPM grating duty cycles and awatufe experiments. [31]

Signal Wavelength (nm)

Figure 4.10: The wavelengths of the signal fromdtiengest cascaded OPG in different
phase-modulated-gratingd.is a parameter describing the QPM grating desigfined

in the text and shown in Fig. 4.9. The solid liree ffom simulations without any
adjustable parameter and the circle symbols are &xperimental results.

4.4 Summary of Chapter 4 and problems in cascadedRis

In summary, we experimentally studied cascadedcalpparametric generation in RPE
waveguides in congruent lithium niobate with unifoQPM grating of various lengths.

By using a frequency-resolved cross-correlator civaracterized the temporal properties
of the signal generated in cascaded OPG and stuldesgrocess in the strong-pump-

depletion regime. We also demonstrated control awer signal wavelength from
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cascaded OPG by using phase-modulated-QPM gratiBgs.switching between
waveguides with different grating designs and fur@ng the pump wavelength or device
temperature, obtaining transform-limited and wangth-tunable signal from cascaded
OPG is possible.

Similar to conventional OPG, two problems limit gieal applications of cascaded
OPG in reverse-proton-exchange congruent lithiuoiaie waveguides. The most severe
problem is photorefractive damage by the greenldunel waves generated in the devices,
even if we heat the chips to 13C. The blue wave comes from parasitic second-
harmonic generation of the pump and most of themgneave comes from the sum-
frequency generation involved in cascaded OPG.oAlgh the latter is necessary in
cascaded OPG and eliminating other parasitic pitsdgadifficult, this problem may be
solved with new photorefractive-damage-resistantemals. [45, 46, 91] The second
problem is the bottleneck in power conversion @ficy. Both cascaded OPG and
conventional OPG using ultra-short pulses have tHepeck in conversion efficiency
because only part of the leading edge of the pumipepparticipates in the nonlinear
interactions. Further improvement requires morehstigated QPM gratings engineered

for cascaded OPG and may require new techniques.

Such an alternative to cascaded OPG to improvéethporal properties of the OPG
products is to compensate for the group velocitymaitch between the signal (idler) and
the pump with periodic waveguide structures. [8h&iations and experimental results
show that the signal generated in such a device laésre well-controlled temporal

properties, which is discussed in Chapter 5.
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CHAPTER 5: APPLICATION OF QUASI-GROUP-VELOCITY-
MATCHING IN OPTICAL PARAMETRIC GENERATION IN
REVERSE-PROTON-EXCHANGE WAVEGUIDES

The temporal properties of the output have longhleeémiting factor for the application
of optical parametric generation. In Chapter 4 veendnstrated controllable temporal
properties at desired wavelengths with cascaded @Mium niobate waveguides. The
control of temporal properties can also be achidwedirectly manipulating the effective
group velocities of the interacting waves. [15, 7] Group-velocity-matching in
nonlinear interactions has been frequently stuthe@cent years. In bulk materials used
for ¢® nonlinear interactions it was realized by usirffiedént polarizations or tilting the
wave fronts. [70, 71] Such approaches are prolibite reverse-proton-exchange
waveguides on z-cut lithium niobate wafers becaudg TM modes are guided and the
wave fronts in waveguides cannot be tilted. In tiiapter we report the application of an
alternative approach, quasi-group-velocity-matchi@gVM), [8] for OPG in reverse-

proton-exchange lithium niobate waveguides.

With 1.6-ps-long pump pulses near 785.1 nm we habtained near degenerate
output pulses with a time-bandwidth product as &svl.1 from a device with QGVM.
Compared to a much larger time-bandwidth produdt®b for near degenerate OPG in a

device without QGVM, the temporal properties of Op@ses are significantly improved.

In this chapter we first discuss the techniqueatwitate tight bends that are required
in the QGVM devices. We then describe the desigmuasi-group-velocity-matching
devices and demonstrate OPG with such designs.

85
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5.1 Enabling technique: tight bends in RPE waveguik

Although a small bend radius is desired in PPLN egandes to enhance device
integration, it is limited by rapidly increasingdiation losses with decreasing bend radius.
In Ti or Ni diffused lithium niobate waveguides betques such as MgO in-diffusion
reduced the acceptable bend radius to 5 mm. [9T}yeder, for annealed- or reverse-
proton-exchange waveguides the smallest bend raalits negligible bend losses is

already 4 mm and MgO in-diffusion will not help foer.

Based on the theory in Section 2.6.1, we experialgntested two different
approaches to reduce the bend radius: 1) incre#isengdex difference in the waveguide
by deeper proton-exchange, and 2) adding air tesdleside the waveguides by wet
etching after proton-exchange. We choose the forfoerthe QGVM experiments

because the fabrication procedure is simpler aadterall loss is lower.

5.1.1 Tight bends fabricated by a RPE process waittieeper proton-exchange depth

To avoid bend loss, the smallest bend ratRus 4 mm for s-bends in a typical reverse-
proton-exchange waveguide, [49] for which the pmegéxchange depth is 1.84m, the
annealing time is 23 hrs at 32CQ and the time of reverse-proton-exchange is 2&trs
300.5°C. We are able to redude to 1 mm without introducing extra bend loss by
increasing the proton-exchange depth to 2m38. Correspondingly the noncritical

waveguide width [53] becomes arin.

By increasing the proton-exchange depth, we noly antrease the effective
refractive index of the waveguide modes, but alsink the mode size in the dimension
of the waveguide width. From Eg. (2.36) the minimbend radius thereby is much

smaller than that for devices fabricated with thewentional RPE process.

One difference in the waveguide design for the pevcess is that the coupling loss

between straight waveguides and bends must bedayedi for a small bend radius. For a
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joint between a straight waveguide and a bend ®ith 1 mm, the necessary shift to
optimize the mode coupling is ~fim, which is close to an estimation using the
eigenmode size, the wavelength, the bend radiusb,tlam method described in Section
2.6.1. When this shift is included in the waveguildsign the bend loss for a cosine-type
s-bend with a minimum bend radius of 1 mm is nelgléy Such a tight s-bend is one of
the key components in QGVM devices.

The price of a higher proton-exchange dose is hdnigropagation loss in straight
waveguides, <0.25 dB/cm for waves near 1570 nm peoad to that of <0.15 dB/cm
with the conventional process) and <0.5 dB/cm faves near 785 nm. This higher
propagation loss is mainly scattering loss causethé larger quantity of defects in the

waveguides with a higher proton dose.

The proton-exchange depth in the new fabricatiatgss is optimized for a balance
between the smaller bend loss and the higher pedjpagloss in 6.5vim-wide straight
RPE waveguides. To find the optimal depth, we mesklosses and SHG efficiency for
devices with different proton-exchange depths. &qgroton-exchange depth <2.8fn
the minimum bend radius with negligible bend loss>L mm. For a proton-exchange
depth a little higher than 2.3fm, the propagation loss for the pump wave is moaa t
twice that of the signal and the idler becausesttedtering loss is higher at the pump
wavelength than at the signal/idler wavelengths.tiéeefore selected a proton-exchange
depth of 2.39mm, for which the propagation loss of the pump iswthiwice that of the

signal and idler, which is similar to waveguidelrfeated with the conventional process.

The smallest bend radius for circular bends witbligéole bend loss is larger than
that for s-bends [7] and we experimentally deteedint to be ~2 mm for RPE
waveguides fabricated with the new fabrication pssc U-turns with such a small bend
radius can be fabricated on chips and is been usagdplications such as OTDM on a

lithium niobate chip. [7]
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5.1.2 Tight bends fabricated by adding air trenchesng the outside edge

As shown in Fig. 5.1, low-loss tight s-bends in RREum niobate waveguides can be
fabricated by simultaneously creating air trencilesg the outside edge of the bends and

shifting the waveguides at the joints between theght and curved waveguides. [98]

100mm
[ Etched trenches The edge to edge

Waveguide distanceD

-
— 4 2

Photo of s-bends on a chip The transitio
shiftd

Cross-section of three adjacent etched trench

Figure 5.1: Diagram for the air trenched s-bends aphoto of s-bends on a chip. In the
photo of s-bends, the white stripes are the wadsgapenings on the Sj®nask and the

curved dark stripes with black edges are the etttethes. The photo on the bottom is
the cross section of three adjacent etched trermhaswitness sample under microscope.

Air trenches along the outside edge of the bendsreduce the radiation loss [98]
because the index difference is increased and taeroupling between guided modes
and radiation modes is effectively reduced. By gsihe effective index method
described in Section 2.6.1, we conclude that a efe@qench and a shorter distance
between the trenches and the waveguides will r@swdt smaller bend radius. A trench
depth on the order of the eigenmode size (typicalym) limits the bend radius to ~1.5
mm in simulations. For this bend radius the neggssansition shift to optimize the

mode coupling is ~1.frm in theory.

Air trenches are fabricated by wet-etching of thetgn-exchange regions on the +
face of the z-cut lithium niobate wafers based o differential hydrofluoric acid (HF)

etching rate of lithium niobate, i.e. that the HEhéng rate for the zface or the proton-
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exchanged regions is >1000 times faster than r+hface. [99] As a first step in the
fabrication procedure, blank lithium-niobate wafewe carefully cleaned and covered
with a layer of SiQ on the £ face by sputtering. Then lithography is done an $1Q
layer to define the trench patterns. Having dorn&qgor exchange in benzoic acid and
obtained an exchange depth being equal to theedesgnch depth, we put the wafer into
violently stirred 50% HF solution at room temperatdior >10 hrs to completely etch
away the proton exchanged regions and obtain sntoatich walls. Then we flat polish
the z face and clean the wafer to ensure good polingjtgua the following fabrication
procedures. After that we follow the typical progesl in Fig. 1.7 to create reverse-
proton-exchange waveguides. [2] Before the stepldf hrs HF etching, it is essential
that we avoid creating defects outside the tremghions, otherwise the waveguide loss

will increase substantially.

Table 5.1: The lowest loss measured for s-bends auittrenches and transition shifts

Minimum Bend Radius 4 mm| 3 mm| 2 mm| 1.5 mm| 1 mm
Bend length (mm) 13 103 74 6 4.4
Bend loss (dB) 0 0.3 1.1 15 6.3

In experiments we fabricated rBn-wide waveguides with 2.@m-deep trenches
beside s-bends. After etching, the distances beiwee trenches and the waveguides
vary from 0.5mm to 10.5mm. The designed shifts at the joints vary from @tam. To
explore bend losses in QGVM designs, the lengththefbends are chosen to exactly
compensate for the group velocity mismatch betw&h nm and 1550 nm waves after
they both pass an 8-mm-long straight waveguide.aatenate the bend loss from the
throughput ratio for 1550-nm waves in the straightthe bent waveguide. For different
minimum bend radii, the lowest losses are listedable 5.1. S-bends with a minimum
bend radius of 4 mm are used as the base becais¢htioughputs are close to those of
the straight waveguides, indicating negligible belods. The bend loss increases

exponentially when the minimum bend radius decre&®en 3 mm to 1 mm.
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Details of the measurements for s-bends with amum bend radius of 1.5 mm are
shown in Fig. 5.2. The bend loss improves by 8 dBigared to the devices without
trenches and shifts at the joints of different atuves. The curves show that a shorter
distance between the trenches and the waveguigesfexable and the transition loss can
be greatly improved by shifting the waveguideshat jpints, with an optimal shift value

>1mm.

8dB

T

Throughput of the S-Bends
(arb. units)

05 25 45 65 85 105 no trenches
Trench distancD (mm)

Figure 5.2: The throughput of the s-bends withedéht distance® between the trench
and the waveguides and different transition shifés the joints which are defined in Fig.
5.1. The minimum bend radius in the s-bends isving

Besides s-bends, we also fabricated circular bénith a bend radius of 2.5 mm, a
trench depth of 2.%m, about 1Am distanceDbetween the trenches and the waveguides
and 2am shifts d at the joints, the 180circular bends have a bend loss of 1.5 dB. The
main loss in these devices may have come from tadtesing loss caused by the

roughness on the trench walls.
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We may further improve the devices by optimizing thaveguide widths on both
sides of the joints between straight waveguides lagglds to obtain a higher mode

coupling efficiency. [100]

This approach of adding air trenches is limitedlg roughness of the trench walls
with current wet-etching method, which causes ~icaBpropagation loss for 1550-nm
band waves. An alternative is to use the methodiang plus polishing [45, 46] which

may create smoother trench walls and result im@igropagation loss.

5.2 Quasi-group-velocity-matching device design

With the design and the fabrication procedure wi-loss tight-radius bends available we

are able to design quasi-group-velocity-matching abs.

Directional couplers separatil S-bend creating longer optic
785 nm and 1570 nm waves /v path, whose length Is,

/85 NM

BT
| > LDC| Ly | Loc Lg 1570 nm
<— One QGVM section———>

Figure 5.3: Diagram of near-degenerate opticalrpatac generation using waveguides
with one quasi-group-velocity-matching section,igeed for a pump wave near 785 nm
and signal and idler waves near 1570 nrj.is the length of each section of QPM
gratings,Lpc is the length of each directional coupler ands the length of the straight
waveguide between the two directional couplers.

The QGVM scheme shown in Fig. 5.3 is similar totthsed for second-harmonic
generation. [8] The lengthy of each QPM grating is ~4.8 mm, approximatelyghaup-
velocity-walkoff length between 1.6-ps-long pulsgs/85 nm and 1570 nm. The length

Loc of each directional coupler is ~1 mm, designedaple the 1570-nm waves into an



92

adjacent waveguide while keeping the 785-nm waveshe straight path. The two
directional couplers are connected with a straighveguide (length i%;) and a bend
arm composed of two s-bends (total lengthJjsso that the signal and the idler (with a
faster group velocity than the pump) will propagdweugh a longer optical path than the
pump. To ensure that the pulse envelopes of theppand signal (idler) efficiently

overlap in every QPM grating the optimal design tsagisfy:
L,- L= (nP/ng'- (rLg L 2Ly) (5.1)

Here ngj ( =p, s, |1 respectively corresponds to the pump, signal dfet)iis the group
index in straight waveguides. Near degeneracy #ineesQGVM design works for both
the signal and the idler becausg » ngi andthe typical bandwidth of the directional
couplers is >100 nm. The ratrois a noncritical adjustable parameter with an ropti
value slightly > 1 since the group index in theesws is slightly smaller than that in

straight waveguides.

The bend arm in a QGVM section is composed of twsine-type s-bends. The

lengthL’ of each s-bend is:
L=2LEa), =22 (5.2)
p 2L

HereA is the height and = L,/2 is the length of a cosine-type s-bend describeéq.
(2.35), whose minimum radius of curvatureRs= 2% (¢ A). FunctionE(X) is the
complete elliptic integral of the second kind x0f58] We can combine Eq. (5.1) and Eq.
(5.2) to solveA andL for desired designs.

In order to have more QGVM sections within a lirditdevice length we prefer
shorterL,; the approximate length is proportional to the imum bend radiuf in the s-
bends. To avoid bend loss, the smalR$t 4 mm in typical RPE waveguides fabricated

with our conventional process and 1 mm in the nevegss where the proton-exchange
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depth is increased to 2.38n, as described in Section 5.1.1. Usipg~ 4.8 mm,Lpc ~1
mm,r = 1, and group indices estimated from SHG measem&nthe typical length af;
is 13.7 mm with the conventional process and 4% with the new process. With the

latter we are able to design devices with four QG8#dtions on a 60-mm-long chip.

We design devices with both the conventional preeesl the new process described
in Section 5.1.1 to check the effects of multipl&\M sections and the propagation
losses on the gain and temporal properties of tA& ©Output. The device structures are
similar for the two fabrication processes. The pungve near 785 nm in the free-space
TEMgo mode is converted into almost pure doWaveguide mode at the beginning of the
device by a single-mode filter, followed by QPM timgs and QGVM sections as shown
in Fig. 5.3.

The waveguide widths and the mode filters are apgoh For the conventional
process, the waveguide width is I, in the mode filter and 8m otherwise. For the
new process, the mode filter is a wide segmented waveguide with a duty cycle of

20% [50] and the waveguide width is @ in other regions.

If not otherwise specified the chips are heate@l3@°C in the experiments to avoid

photorefractive damage. The basic experimentapsstthe 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 OP&shiotd of the devices with four
QGVM sections is 100 pJ. This is half the 200 p@ghold in a conventional device with
a continuous 25-mm-long QPM grating (the same asethin Chapter 3) and is a
consequence of the more effective interaction efgmp and signal (idler) pulses with

matched group velocities.

At a pump power level slightly above the OPG thaddhwhen pump depletion is
negligible, we measured the auto-correlation traddble signal (idler) pulses using two-



94

photon-absorption in a silicon photodiode [101] aacbrded the power spectrum with an
optical spectrum analyzer. The pump wavelengtB& 7 nm and the signal and the idler

waves are near degeneracy.
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Figure 5.4: (a) Auto-correlation traces and powacsra of the output from a device with
four QGVM sections; (b) those from a conventionavide without QGVM. The solid
curves correspond to a device temperature of°C3While the dotted curves correspond
to a device temperature of 122@3. The pump wavelength is 785.1 nm for all. Thaltot
length of QPM gratings is 24 mm in both cases. piiee lengths and bandwidths in the
figures are FWHM.

The solid curves in Fig. 5.4(a) show the resultsnfra device with four QGVM
sections at 130C. The bandwidth of the signal (idler) near 150848) nm is 15 (18)

nm, the pulse length is 0.56 ps assuming a Gaupsiae shape, and the time-bandwidth
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products are 1.1 for both the signal and the idlbe dotted curves show the output from
the same device at 121°8€ with the signal and idler merging at 1570 nm. Pdse
length is 0.44 ps, the bandwidth is 28 nm, andithe-bandwidth product is 1.5.

As a comparison, Figure 5.4(b) shows the resutis fa conventional device without
QGVM, that the bandwidth is >50 nm, the pulse langtl.7 ps and the time-bandwidth
product is 10.5. The total QPM grating lengths athbcases are 24 mm. The OPG output
from a device with four QGVM sections thus is mudbser to the transform limit than

that from a conventional device.

In the experiments we vary the device temperaifuaad the pump wavelength,
establishing that for the same device with QGVMhése length is a weak function Bf

and/, while the bandwidth is a strong function of them.

Figure 5.5 shows the power spectra for a devicé tie simplest QGVM design,
which has only one QGVM section and is fabricateththe conventional process.is
fixed at 130°C for curves in Fig. 5.5(a)., is fixed at 781.2 nm for curves in Fig. 5.5(b)
and their baselines indicate the various devicep@atures which can be read from the
vertical axis. Due to a filter effect coming frommetcarrier phase mismatch generated in
the QGVM section the power spectrum changes saamifly when/, varies by 0.3 nm
or T varies by 2C. This filter effect notably contributes to thegrovement in temporal

properties of the OPG output.

While the experimental results are consistent witimerical simulations, a more
insightful explanation of this filter effect com&®m the analytical solutions to optical
parametric amplification with CW waves. For CW OR#e can drop the terms
corresponding to the group velocities in Eq. (2@l 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 fromaxeguide with one QGVM section.
The total length of QPM gratings is 9.6 mm. Theidevemperaturd is fixed at 130°C
in (a). The pump wavelength is fixed at 781.2 nm in (b). The baselines of¢beves in
(b) indicate the device temperature, which can dsad rfrom the vertical axis. All the
traces are normalized to their maxima. The bandwidhown in the figures are FWHM.

Suppose the phase mismatch between the threedimeravaves isf = 7(/sj) =
2pIn(/ yul -t JY/ s/n( )L,/ |] at the beginning of the second QPM section,
originating from the two different paths in a QGV&éction./; j = p, s, i) is the
wavelength anah(/) is the average refractive index over the corradptw waveguide

length. With negligible pump depletion for OPA iruaiform QPM grating in a straight

waveguide, the output signal photon flux is:

N, = Ny{cosh® G"L, +[k/(2G)f sintf GL,} N, ( & Fsint G +
2(G' G")sinh G'Lg,/NSoNiO {cosh GL, coé +[b /(2G)]sinh G, sir}
G' =G -IX*/4, [ =%, -k -k-20L

(5.3)
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Ns (Nig) is the input photon flux of the signal (idleL), is the length of the QPM grating,
G is the parametric gain coefficient f6k= 0,k (j = p, s, i) is the wave vector, antl is

the QPM grating period. For OP&>> [k/2 anda is real.

This solution can be simplified tbl; » 4Ny sinif GL, co$ £ /2 in the high gain

regime if Lk » 0 andNg = Nip, Which are satisfied in the QPM gratings for OP{Ehwhe
QGVM scheme. Each QGVM section thus is equivalera tombination of an amplifier
with exponential gain and a frequency filter detewd by the carrier phase mismatch.
Becausef(/s;) vary by severalp within the > 150 nm bandwidth for near-degenerate
OPA with Ly ~ 4.8 mm, the signal power spectrum has severgspand valleys and

their positions vary whefi(/ s;) changes witd” and/,, as shown in Fig. 5.5.

By comparing the results shown in Fig. 5.4 and bi§.we can deduce the effects of
multiple QGVM sections. Side peaks are significanthe spectra in Fig. 5.5 when the
device has only one QGVM section, but are neglegiblFig. 5.4(b) when the device has
four QGVM sections. The reason is that each extéd/[ section is an extra frequency
filter and the main peak is thus selected out. Hawvehe bandwidth of the main peak
only varies slightly, possibly because each QGVMtiea randomly introduces a
different phase-mismatch functiof(/s;) and the overall effect is not optimal. More
detailed studies need precise control of the aaptases in each QGVM section, which

may be realized in the future by using electroagdtphase shifters.[102]

We also measure and simulate different devicexpioee the consequences of the
propagation losses. The propagation loss of theppdoes not affect the frequency
response but does reduce the parametric gain iIQBEM gratings near the end of the
device and prevents us from obtaining an even ldRG threshold. The propagation

loss of the signal and idler only reduces the phatmnversion efficiency.
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5.4 Summary of Chapter 5

With quasi-group-velocity-matching structures inveaese-proton-exchange lithium
niobate waveguides we demonstrated an OPG threstfoltD0 pJ, half of that in

conventional devices described in Chapter 3. Waioetl a time-bandwidth product as
low as 1.1 for OPG outputs near degeneracy, cordpare-10 in conventional single-

grating devices

Different from cascaded OPG in Chapter 4, here gane structures instead of
QPM gratings are engineered to change the appgreanp velocities of the interacting
waves. Although the improved time-bandwidth prodwstiown in this chapter are larger
than those in Chapter 4, they are for signal wangtles near degeneracy instead of far
away from degeneracy. Considering the scalabilitfQGVM structures, quasi-group-
velocity-matching is an effective approach to imping the temporal properties of the
OPG output and may find its place in applicatioasdad on OPG or optical parametric

fluorescence, such as photon pair generation. [9]

Since the number of QGVM structures is importard amore sections of QGVM
means a longer waveguide, further improvementeademporal properties of the OPG
output would require a lower propagation loss mwaveguides.

The QGVM structure is not limited to RPE waveguidesl we may implement it in

other types of waveguides such as ridge waveguwd&s or Ni-diffused waveguides.



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

Optical parametric amplifiers are important sourmegunable ultra-short infrared pulses
and are also useful photon sources. [1, 9] Chamaetguides can be used to enhance the
intensities of the interacting waves over long liatgion lengths, lowering the required
pump power. One of the most efficient waveguidebtiium niobate reported to date is
based on reverse-proton-exchange which we desciibesection 1.3. [2] However,
separating the photons of different wavelengthegeerd in these waveguides is difficult,
especially near degeneracy. Inside the waveguillléebeawaves are propagating in the
same direction and cannot be separated by angelection. Outside the waveguides
prisms or filters work only for wavelengths awaprfr degeneracy and are difficult to
integrate; polarization techniques fail because dl modes are guided. In this chapter
we demonstrate that mode demultiplexing with asyimmeY-junctions is a good
approach to separate the signal from the idlepfyametric amplifications in annealed-
or reverse-proton-exchange lithium niobate waveggiigvhich we test conveniently with

optical parametric generation (vacuum noise angglifvith ~18° gain).

Demultiplexing with asymmetric Y-junctions involvdsgher order modes besides
the TMy, waveguide mode. Integrated optical devices usig@er order modes have
many useful functions, including mode multiplexingperiodically poled lithium niobate
optical frequency mixers[8] cascaded semiconductor all-optical switche€)3]1and
silica-based waveguide arrays. [104] For thesecdsyilow crosstalk is the key to good
performance. Two main types of mode multiplexing asymmetric Y-junctions [52, 105,
106] and MMI devices. [74] Asymmetric Y-junctiongave been studied since the early
days of integrated optics. Due to their adiabatmpprty asymmetric Y-junctions have

advantages over MMI devices, including wide bandkyidow excess loss, and simple

99



100

configuration. In step-index waveguides, MMI degicare easier to fabricate than Y-
junctions with sharp vertices. [107, 108] On thkenthand, in diffused waveguides such
as annealed- or reverse-proton-exchange PPLN walegasymmetric Y-junctions are
relatively easier to fabricate because the refragtidex profiles are smooth in such
waveguides. [47, 49]

This chapter is organized as following. In Sectbf we explore asymmetric Y-
junctions with their shapes optimized using theotlign Section 2.6.3. Then in Section
6.2 we describe the design parameters of asymm¥tjimnctions used in the OPG
experiments. After that we discuss the threshologdendemultiplexing and tuning curve
measurements for OPG involving Tdmodes in Section 6.3.

6.1 Experiments on the shape optimization of asymrtré& Y-junctions

We design and fabricate asymmetric Y-junctions I860-nm waves in annealed- or
reverse-proton-exchange waveguides to explorefteetg of shape optimization, which
is studied by comparing the mode multiplexing perfance of the conventional and the
optimal devices side-by-side on the same chip.

We characterize the mode multiplexing in PPLN wanegs using the nonlinear
mode-mixing method, [5] where the amplitudes ofedént nonlinear interaction peaks in
the SHG tuning curve are used to calculate the ntodéent out of a Y-junction. If we
launch the first-harmonic wave for SHG into one arfra Y-junction, the output first-
harmonic wave will contain mode components inclgdihe TMyo mode and the TM
mode. The SHG tuning curve will have several pedkbe second-harmonic frequencies
corresponding to the Tdd TMio and TMy waves, etc. The amplitudes of the peaks are
determined by the mode contents in the first-haimarave and the efficiencies of the
nonlinear interactions involved. In other words hwiknown empirical or simulated

nonlinear efficiencies we can deduce the mode otstdy identifying the peak
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amplitude ratios on a SHG tuning curve. This metivag described in detail in Ref. [5]

and was successfully used to measure mode cordteast over 30 dB.

Annealed- or reverse-proton-exchange waveguides raspectively chosen to
experimentally demonstrate the two different apphes in shape optimization described
in Section 2.6.3, the shifting approach and thetaing approach. In this section, wy,

andg have the same definition as in Fig. 2.7.

For the “shifting” approach we use annealed-prarohange waveguides [47] with
W, = 5 mm andw, = 4 nm. These waveguides have a proton-exchange depli8oim
and are annealed at 33D for 26 hrs. For a conventional Y-junction andogtimized Y-
junction designed for 1550 nm waves with the samsndhing angleg = 0.0072, the
measured mode contrasts from multiplexing aredigteTable 6.1P,, P1, andP, are the
powers in the lowest three modes for the 1550-nndbaaves past the Y-junctions.
“Wide (narrow) arm” means the SHG tuning curves aloéained with the pump wave
launched from the wide (narrow) arm of the asymmeirjunction at the beginning of
the waveguide.

Table 6.1: The mode contrast comparison betweenctimventional design and the
design optimized by the “shifting” approach for @sgetric Y-junctions in}annealed-|
proton-exchange waveguides.

Wide arm Narrow arm
P1/Po(dB) | Po/P1(dB) | P./P,(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 optimidesign better suppresses the
crosstalk between the first and second modes b¥ dB, but increases the crosstalk
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between the second and third modes by >6 dB. Fatloic errors limit the mode
contrasts and cause the difference between theumeed% /P, andPy/P;. Devices with a
smaller branching angle and >20 dB contrast in ¢beventional design show less
improvement with the optimization because the modepling caused by fabrication
errors dominates over that due to the nominal desigwever the tendencies match the

theory in Section 2.6.3.

Reverse-proton-exchange waveguides are used tthéedtretching” approach. The
proton-exchange depth is 1.8f, the annealing time is 23 hrs at 30and the reverse-
exchange time is 22.5 hrs at 300G. We choosev,= 5 nmm andw,= 3 nm orw,= 4.5
mm andw, = 3.5 mm for comparison. In the design the functigz) defined in Section
2.6.3is

(2 B R F £ 1

which is a “quadratic stretching” aroursd where the coupling coefficienkoi(2) is
maximal. In this type of shape optimizatianis the only critical parameter. From the
waveguide models we estimate that the maximuky§f) is reached at;, = 0.1375 for a
2-mm-long Y-junction withg = 0.016. We design devices within the range between

0.1 and 0.15 to accommodate simulation and falioic&rrors.

Comparing the optimized designs to a conventiongunttion with the same
branching angle, we observe 10 dB better perforemanomode multiplexing in short
devices ¢ = 0.016) and 3 dB worse performance in long devige= 0.008), which
follows the tendency we expect from the theory ect®n 2.6.3. For the designs with
differentw, andwy, the nominal optimal ones with,= 5 mm andw,= 3 nm show 3 dB
less improvement than the non-optimal ones wit 4.5 m andw, = 3.5nm because

the fabrication errors again dominated over that tuthe nominal design.
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According to the above experimental results forttixe different shape optimization
approaches, designing the shape of the asymmetjimadtions properly can improve
their performance in mode multiplexing. Howevere tperformances are limited by
fabrication errors and a more precise waveguide enggl also necessary for better
designs. For this reason, conventional designaused in the OPG experiments in the

following sections.

6.2 Waveguide structure and asymmetric Y-junctiongor the OPG experiments

Mode demultiplexing with asymmetric Y-junctionshased on the adiabatic variation of
the refractive index distribution along the devi€epending on from which end the
waves are launched, within a wavelength range astnonY-junctions are efficient
mode multiplexers or demultiplexers. [5, 109] Fawes near 1550 nm, a power contrast
>30 dB between the Th§ and TM10 modes has been demonstrated. [5] Tazeeaibde
demultiplexing in OPG, we use an asymmetric Y-jiorcias a mode multiplexer for the

pump and as a mode demultiplexer for the signaltheddler.
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Figure 6.1: Typical device for OPG with two wavedgimodes.

Figure 6.1 shows the design of such a device dustrhites how the modes of the
interacting waves evolve along it. On the inpuesithe TEMo pump beam launched into

the narrow arm of the mode multiplexer is converitgd the TMo waveguide mode.
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Then the pump propagates through the quasi-phatstima region and generates signal
and idler in two waveguide modes (the Jovhode and the Ty mode). [5, 51] On the
output side, the signal and idler waves in différemodes will emerge from the two
different arms of the mode demultiplexer. The wsdtth the two arms of the asymmetric
Y-junctions are 2yém / 3 mm on the input side and 8m / 5 mm on the output side,
respectively, designed for the pump near 780 nmtheadignal (idler) near 1560 nm to
obtain the best mode multiplexing/demultiplexinghcast between the also pyland
TM1p modes.[18]

In the OPG experiments the chips are heated up3t°C. The quasi-phase-
matching periods of the gratings are 16m%. The devices are fabricated with our
typical procedure described in Section 1.3. [49% FHWHM of the pump pulses is 1.8 ps.
For different purposes we choose various wavegwidéhs from 8nmm to 14mm in the
interaction region and design devices with or withthe mode demultiplexer for the

signal and the idler. The basic experimental setdipe same as that in Fig. 3.4.

@ e

Figure 6.2: Illustration of the measurement of madatrast out of a mode multiplexer
by using a camera. (a) Mode shape recorded on aredor an almost pure Tiyimode,
which has two lobes. (b) Simulated cross sectiorthef output mode (in the width
dimension of the waveguide) when different powéioga(noted in the legend) between
the TMy and TMo mode contents are considered.

Without the mode demultiplexer we can deduce théemmontrast out of the mode

multiplexer by monitoring the output intensity dibtition of the transmitted pump.
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Almost pure TMo or TM;p modes are obtained when we launch a CW wave 18anm

in the TEMy, mode from the wide or narrow arm of the mode rpléser for the pump.
For a wave converted into almost pure 1pvhode, we can tune the wavelength to find
the highest contrast between the peak intensifidiseotwo lobes recorded on a camera,
which is shown in Fig. 6.2(a). On the other hané, ean simulate the peak contrast
between these two lobes by supposing different poates between the Tdd mode and
TM1p mode contents, which is illustrated in Fig. 6.2@Yy comparing the measurements
to the simulations we can deduce the mode cortetsteen the different mode contents
out of a mode multiplexer. The highest mode cohtmrasasured is >30 dB for near-780-

nm waves.

6.3 Optical parametric generation involving both Ty, and TM1o waveguide modes
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Figure 6.3: Threshold measurement for OPG withptimap in the TMy mode.

Figure 6.3 shows the curves of photon conversiehpamp throughput for OPG with the

pump in pure TMo mode. To make a fair comparison to the result€mapter 3, the
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length of the QPM gratings is 42 mm and cascade@ Pi®cesses are absent. With the
pump at 785.7 nm, the OPG threshold is about 3QQvpich is defined as when the

parametric gairG ~ exp(&//ﬁL) reaches 100 dB. HelR is the pump powel. is the
length of the gratings, and[W'cm?] is the normalized gain parameter in optical
parametric amplification, which near degeneraceasal to the normalized nonlinear
conversion efficiency of second-harmonic generati©ompared to a threshold of 200 pJ
and # ~ 90 %/(W-cri) with all waves in the Ty mode which we demonstrated in
Chapter 3, we can dedude~ 60%/(W-cni) with the pump in the TM mode. The

maximum photon conversion efficiency reaches 358@afpump power of 780 pJ/pulse.
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Figure 6.4: Power spectra of the OPG signal forptaesses in the insets. The solid
(dotted) curves show the signal emerging from thdew(narrow) arm of a mode
demultiplexer. The idler near 1843 nm is not reedtd

The power spectra and wavelength tuning curves thighpump in the Ty mode
are more complex than those involving only ghodes, because two near-degenerate
processes exist in this regime. With either thealigr the idler in the Th mode while
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the other is in the T mode, these two processes are separated in wgtledércause
the waveguide dispersion of the two modes are réiffie They are distinguishable by
using asymmetric Y-junctions. Before demonstrating behavior, we measure the mode

separation ability of an asymmetric Y-junction Bcording the power spectra of the
signal that emerged from its two arms.

In Fig. 6.4 (a), all waves involved are in the dgvhode. In Fig. 6.4(b), the pump is
in the TMyo mode, the signal near 1375 nm is in the;§ Mode while the idler near 1843
nm is in the TMo mode. The solid (dotted) curves are the powertspef the signal out
of the wide (narrow) arm of a mode demultiplex@git power ratio thus gives the mode
separation ability of the asymmetric Y-junction,iathis 27.5 dB for both waves. Weak

cascaded OPG products that we discussed in Chapmear around 1405 nm.
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Figure 6.5: Power spectra of the OPG signal froenttvo near-degenerate processes with
the pump in the Ty mode. The solid curve centered at 1332 nm showsitnal in the
TMgo mode (with the idler centered at 1908 nm in the;dMode); the dotted curve

centered at 1346 nm shows the signal in thegliubde (with the idler centered at 1880
nm in the TMy mode).
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With such good mode demultiplexers, we measuresidpgal power spectra for the
two near-degenerate processes in antdwide waveguide with the pump in the TiM
mode. In Fig. 6.5, the solid curve correspondsigmad in the TMy mode while the
dotted curve corresponds to signal in the;fMode. The idler waves in both cases are
near 1.9mm and are not shown. Simulations give a ratio @flietween the normalized
gain parameter? for the two cases. The parametric g&ins ~ 100 dB near the OPG
threshold;G for the two cases would therefore differ by ~16 diatching well with the

12 dB value measured.

o
-
N
[e2]
(3]
S
3

N 1689 nm

n — Wide arm
n ---- Narrow arm
|
|

KN
o

R
o

[
[ ]
Iy
Col
[
[N
Lo g

\ I
Yo

M \\m” Cd m‘ [IRERTRITN

MMM A A\M ‘ ‘ ‘ S I

1450 1500 1550 1600 1650 1700
Signal wavelength (nm)

Relative signal/idler photon number (dB)
w
o

Figure 6.6: Spectra of the OPG products near degeyevith the pump in the T\
mode. The solid (dotted) curve shows the outpunftbe wide (narrow) arm of a mode
demultiplexer.

This difference in parametric gain depends on theveguide width and the
wavelengths in the interaction. For amm®-wide waveguide on a different chip, this
difference decreases to 5 dB when the wavelengtheopump is tuned to 784.4 nm to

bring the signal and idler to near degeneracy. €i§.shows the broad-band signal and
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idler near degeneracy out of the two arms of a namhaultiplexer. The solid (dotted)

curve corresponds to the OPG product in theyol(liM10) mode. The mode separation
ability of the asymmetric Y-junctions is >20 dB 1fino1450 nm to 1700 nm. The sharp
peaks near 1465 nm and 1689 nm are from cascad&l @Rich we discussed in

Chapter 4 and would be absent in the low-gain regfrthe devices are used for photon-
pair sources. Other than these peaks, the curwesti pairs of peaks: 1485 nm and
1662 nm, 1538 nm and 1600 nm, corresponding taénéer wavelengths of the signal
and idler from the two near-degenerate processes.t® the split of the two processes,

the total bandwidth is wider than if only one pregexists.
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Figure 6.7: Wavelength tuning curves for OPG in&rfimn-wide waveguide. The curves
are from simulations. The dashed curve corresptm@G involving only TNy modes.
The solid (dotted) curve corresponds to the OP@ymts in the TMo (TM1g) mode with
the pump wave in the T\ mode. The symbols are from measurements and pomnds
to the three processes in the inset.
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The wavelength tuning curves for different OPG psses in a 9.Bm-wide
waveguide are deduced from the power spectra @utaan different pump wavelengths
and are shown in Fig. 6.7. The curves are from kitimms and the symbols are from
measurements. The dashed curve corresponds to @R@lWwwvaves in the Thh mode.
The solid (dotted) curve corresponds to the OP@Eyxts in the TNy (TM10) mode with
the pump in the Ty mode. The symbols correspond to the different QiPdEesses
shown in the inset. Unlike OPG involving only BMmodes, in general two pairs of
signal / idler exist at every pump wavelength whka pump is in the Th mode.
Moreover, instead of ending at degeneracy, theilpespump wavelength for OPG
extends to where the group velocities of the sidimathe TM,, mode) and idler (in the
TMgoo mode) match, at the extreme point of both thedsarid dotted curves in Fig. 6.7.

6.4 Summary of Chapter 6

Our waveguides with asymmetric Y-junctions are veifggctive in mode demultiplexing
for two-mode optical parametric amplification. Tiheode contrast out of the mode
multiplexer designed for a pump wavelength near M®0reached 30 dB and the mode
separation ability of the mode demultiplexer desdyrfior the signal and idler reached
27.5 dB. The threshold for OPG with the pump in Tiv;0 mode was as low as 300 pJ
for 1.8-ps pump pulses near 785.7 nm and the marimplioton conversion efficiency
reached 35% for a pump power of 780 pJ/pulse. We Haerefore showed a new
approach to generate and separate signal and wdlees for compact and efficient

tunable light sources or photon-pair sources.

If a more compact waveguide structure is desifeel,shape optimization in Section
6.1 may help to shorten the length of the asymmétrjunctions. Better control of the
uniformity in mask fabrication, photolithographyropon-exchange and reverse-proton-
exchange might be the key to further improving peeformance of the asymmetric Y-

junctions.



CHAPTER 7: SUMMARY

This chapter summarizes the work on high gain patamprocesses in RPE waveguides

and lists future directions and possible applicegio

7.1 Summary of contributions

c® parametric processes with high normalized gaires immportant near- and mid-
infrared light sources and photon pair sourcesthla dissertation we have described
details of high gain parametric processes in reprseton-exchange waveguides in three
important aspects: illustrating high parametrionganproving temporal properties of the
output from picosecond OPG, and mode demultiplexinQPA by using asymmetric Y-
junctions. Our research shows that RPE waveguid@garametric processes can be well
combined for practical applications. The details tbé research contributions are

summarized as follows.

First we demonstrated high parametric gain of Rifftum niobate waveguides in
OPA and OPG (Chapter 3). We presented CW OPA w() dB internal (external) gain
for both the signal and the idler by the cascadih@HG and OPA. In the absence of
cascaded OPG, we demonstrated thresholds as I®@@CapJ for picosecond OPG. A
saturated internal photon conversion efficienc@®¥ was obtained with 1 nJ energy for
a 1.8 ps (FWHM) pump pulse at 769.6 nm. The sigv@alelength tuning range was from

1.15mm to 2.3nm with a pump wavelength between 770 nm and 789.5 n

We then demonstrated that the temporal propertieth@ OPG outputs can be
improved by engineering either the QPM gratings aj@tar 4) or the waveguide
structures (Chapter 5).

111



112

The former approach is based on cascaded OPG whiclves simultaneous quasi-
phase-matching of OPG and an extra process sudurasfrequency generation. By
exploring OPG in devices with different QPM gratifepgths and at different pump
power levels, we identified and distinguished coriianal OPG and cascaded OPG
products in both the time domain and the frequedmyain. We also characterized the
temporal properties of the output from cascaded @Bi@Gg a frequency-resolved cross-
correlator. We illustrated that the cascaded OPd&&lymts were near-transform-limited.
We demonstrated control of the signal wavelengbimficascaded OPG by using phase-
modulated gratings. By switching between waveguiddth different QPM grating
designs and fine tuning the pump wavelengths od#wce temperature, obtaining near-

transform-limited and wavelength-tunable signahfroascaded OPG is possible.

The latter approach is based on quasi-group-vgioa#tching (QGVM) in which we
discretely and periodically change the apparentgneelocities of the interacting waves.
To realize QGVM we developed processes to fabritigfiet bends in RPE lithium
niobate waveguides with a minimum bend radius aallsas 1 mm. With the QGVM
scheme we improved the time-bandwidth product efrtbar-degenerate signal by about

one order of magnitude.

After showing a low OPG threshold and the possiediof improving the temporal
properties of OPG output, we demonstrated an apprtmeffectively separate the signal
and the idler waves by using two-mode OPA in RPEegaides (Chapter 6). Using
asymmetric Y-junctions, the mode separation abdityhe mode demultiplexer designed
for the signal and the idler in the 1550-nm barethed 27.5 dB. High parametric gain
was retained in these devices: the threshold fo& @#th the pump in the TM mode
was as low as 300 pJ and the maximum photon caoweesficiency reached 35%. We
have therefore illustrated a new approach to géngrand separating signal and idler
waves for compact and efficient tunable light sesror photon-pair sources in the

communication band.



113

7.2 Future directions and applications

The most severe problem for OPG in current RPE g@ides is the photorefractive
damage (PRD). Our RPE waveguides fabricated ont zzongruent lithium niobate
wafers were slowly damaged by green or blue wavésga pump power levels even if
the chips were heated to 15C. An important direction for high gain parametric
processes in waveguides thus is to replace congrdémum niobate with
photorefractive-damage resistant materials, sudig3-doped or stoichiometric lithium
niobate. [45, 91] We may also replace RPE wavegudh ridge waveguides since the
latter can be more robust at high power levels, p& Cascaded OPG would be more
useful by using these new materials since an evdree that may cause PRD (such as the
green wave generated by sum-frequency generatiGmapter 4) is essential in cascaded
OPG. If the problem of PRD is solved RPE waveguigesld find more applications in

the high power regime.

Although we only demonstrated QGVM designs and asgtric Y-junctions in the
high power regime, in theory they can also worklvielthe low power regime. The
methods described in Chapter 5 and Chapter 6 tirerehay be applicable to optical
parametric fluorescence and photon pair generai@m if we use RPE waveguides in
congruent lithium niobate because PRD would noupbac the low power regime. We
may thereby improve the temporal properties of thgputs and enhance device

integration for low power applications.

For applications such as photon-pair sources, aerdopropagation loss may
substantially improve the performance. [110] If tQ&VM scheme is used in such
applications the waveguide loss would be the btttk because we desire more than
four QGVM sections in a single device. Fabricatgdubing the process we described in
Section 5.1.1 with a proton-exchange depth of 2089, the tight s-bends with a

minimum radius of 1 mm have no bend loss but haweuah higher propagation loss
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than conventional RPE waveguides. To overcome piiblem we may need new

techniques.

If this problem of propagation loss is solved, RR&/eguides with very small bend
radius would also be useful in fabricating a sirgidgonant OPO on a chip. Such an OPO
cavity contains a directional coupler, two asymmety-junctions and two U-turn

circular bends, as shown in Fig. 7.1.

. m— puUM{
® pump e — signal
: o idler
g...‘." @’ :: '» P@ Output
o J Quasi-phase-matching \ )
Pump gratings Signal/idler
mode multiplexer mode demultiplexer

Figure 7.1: Diagram of a singly-resonant waveg@iO on a lithium niobate chip. The
main difference from Fig. 6.1 is that the idlec@upled 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;J Mode while the idler is in the T
mode in the nonlinear interaction region. The aswtnim Y-junction on the input end
converts the pump in the free space Tgkhode into the Ty waveguide mode. This
asymmetric Y-junction may be unnecessary if we tilss or staggered QPM gratings
[51] and choose another parametric process in witielpump and the idler are both in
the TMyo mode while the signal is in the Tiyimode.

The asymmetric Y-junction on the output side sefearshe signal and the idler in
different modes. The signal comes out from one aite the idler comes out from the
other arm and would be fed back into the nonlinetraction region by using two U-

turn circular bends and a directional coupler. gitgh forming an external cavity by
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fiber pig-tailing may help us to build a better tmiied OPO, the scheme in Fig. 7.1 is

monolithic and more compact.

In the following we briefly sum up possible appries to improve the experiments
discussed in this thesis and propose further agupdics of them.

In Section 3.2 we discussed that the cascadinddi@ &nd OPA resulted in 7 (6) dB
internal (external) OPA gain in RPE waveguides. paeametric gain would be much
higher if we pump the OPA with a 780-nm-band inpuaive instead of the SHG of a
1560-nm-band wave, avoiding problems that areeadled pump depletion in SHG. If the
problem of photorefractive damage is solved we taagich 400 mW pump power at 780
nm into the device and obtain a parametric gain d20which is comparable to EDFA.
The advantages of such an OPA over EDFA includeader bandwidth (>100 nm) and

a broadly designable center wavelength for the dirgtion band.

In Chapter 4 we pointed out that sophisticated Qdtitings may be designed to
suppress unwanted parasitic processes and entrencadcaded processes. [30, 36] With
such designs we may use the first-order QPM peaadtead of higher order QPM peaks
for the extra parametric process involved in casda®PG and obtain a higher

parametric gain for the cascaded process.

In Chapter 5 we discussed that the QGVM scheme peafprm better by adding
electrical-optic phase shifters in each QGVM sectand synchronizing the filter effects
in all the sections. The device fabrication processild require one extra lithography
step for adding electrodes, which can be perforafezt RPE waveguides are fabricated
on a full wafer. [7]

In Chapter 6 we discussed the use of asymmetrigngtjons in OPG. They are also
useful in optical systems such as compact croseletor or auto-correlator [111]

because the performance of the mode demultiplexsirsgy asymmetric Y-junctions is
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better than most filters and RPE waveguides arg tealse integrate with fiber optics by
fiber-pig-tailing.

Other techniques that are not covered in this d&sen may also apply to high gain
parametric processes in RPE waveguides. An examsplsing chirped QPM gratings.
For both SHG and OPO using bulk PPLN devices, camgichirped QPM gratings with
chirped pump pulses improved their performance, & Although it cannot improve
the temporal properties of the OPG outputs, aftergroblem of PRD is solved such a
technique may be very useful for OPA, OPO or shafte SHG in waveguides.
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