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Abstract

Nonlinear optical techniques are utilized in recent proposals of optical-to-microwave
frequency chains to obtain exact frequency ratios that can be used to phase-lock an
optical frequency to a microwave frequency standard. These new schemes hold a
major advantage over conventional optical-to-microwave frequency chains in that fre-
quency conversion is restricted to the near-IR spectral region where advanced lasers,
detectors, and nonlinear materials are available.

This thesis investigates the implementation of nonlinear-optics-based optical fre-
quency division through the use of periodically poled lithium niobate (PPLN). 3-to-1
optical frequency division of 532 nm was experimentally demonstrated in a double-
grating PPLN crystal. In addition, successful operation of a continuous-wave, nearly-
degenerate, doubly resonant optical parametric oscillator (OPO) pumped at 798 nm
was achieved using a Brewster-cut PPLN crystal. This nearly-degenerate Brewster-
cut PPLN OPO serves as a precursor to the implementation of a novel 3-to-1 optical
frequency divider based on a dual-cavity Brewster-cut double-grating PPLN OPO.

Thesis Supervisor: Dr. N.C. Wong
Title: Research Scientist
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Chapter 1

Introduction

1.1 Background

One of the most important technological inventions this century has been the laser,
which provides coherent electromagnetic radiation covering the spectrum from the
ultraviolet to the far infrared. Since the invention of the laser in 1958, many types
of lasers have been developed, covering a wide range of output powers and output
wavelengths. Today, lasers are applied to many essential applications in our society.
In telecommunications, diode lasers produce information-carrying signals that are
carried via optical fibers around the globe. Medical applications of lasers include
their use as surgical and imaging tools. Industrial applications include the use of
lasers for cutting, alignment, scribing, heating, etc. Lasers are also essential in a
number of commercial products such as bar-code scanners, compact disc players, laser
printers, and display. The most longstanding use of the laser has been in the scientific
community where many new types of lasers have been developed over the years and
have been used for a variety of scientific applications, among them are spectroscopy,
remote sensing, the study of material properties, the study of chemical interactions,
and many others. Today many types of lasers are available commercially, from high-
powered gas lasers such as CO, lasers to efficient solid state lasers such as Nd:YAG
lasers, and to compact and low-cost semiconductor diode lasers. Although together

these lasers cover a broad spectral range, most do not offer the broad tuning range on

15



the order of tens of nanometers or more that is desirable in many scientific applications
such as high-resolution spectroscopy, remote sensing, and quantum optics. While
tunable lasers such as dye lasers and Ti:Sapphire lasers do offer excellent tuning ranges
over selected spectral regions, there remains a vast collection of spectral regions in

which tunable sources do not exist.

1.2 Nonlinear Optical 3-Wave Mixing

For years since its inception in 1961, nonlinear optics has been used to generate co-
herent radiation at new optical frequencies that are inaccessible otherwise. The most
common way of generating new optical frequencies has been the use of three-wave
mixing interactions in which power is transferred between a higher frequency field
at w; and two lower frequency fields at ws and ws through the second-order X2
nonlinearity of a nonlinear material, subject to the energy conservation requirement
w; = wy + w3. The various three-wave mixing processes include sum-frequency gen-
eration (SFG), in which two input fields at w, and wy generate an output at a higher
frequency w; = ws + ws; difference-frequency generation (DFG), in which two input
fields at w; and ws(< w) generate an output field at ws = w; — wy; and optical
parametric oscillation, in which an input field at w; produces two outputs at frequen-
cies wy and wj subject to the energy conservation requirement wy 4+ ws = w;. The
non-deterministic nature of the output frequencies w, and w; of an optical parametric
oscillator (OPO) suggests that an OPO can be used as a tunable source of coherent
radiation by adjusting the physical properties of the nonlinear medium. Besides its
use in generating new frequencies and providing a tunable coherent source, nonlinear
optical three-wave mixing interactions also find applications in other areas such as
the generation of squeezed states of light and optical frequency division for appli-
cations in frequency metrology and ultra-high precision measurements. This thesis
aims to advance the state of the art in optical frequency metrology through nonlinear

three-wave mixing interactions based on periodically-poled lithium niobate.
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1.2.1 Phasematching

To achieve efficient power conversion in a three-wave mixing process, a nonlinear op-
tical material must possess a reasonably large x® nonlinearity and also satisfy the
phasematching condition. The phasematching condition is a requirement that the rel-
ative phase among the interacting waves must be preserved throughout the medium
in which the nonlinear interaction takes place. Because of phase velocity dispersion
in which the index of refraction of a material is a function of wavelength, a three-wave
mixing interaction is usually not phasematched unless special steps are taken to ap-
propriately manipulate the refractive indices at one or more of the three interacting
wavelengths. For most of the three decades since the inception of nonlinear optics,
phasematching has been accomplished through the birefringent phasematching tech-
nique which takes advantage of the natural birefringence found in many anisotropic
nonlinear materials. Phasematching in an isotropic material is in general not possible
because of the monotonic dispersion relationship (refractive index vs. wwavelength)
for a given material. In a birefringent nonlinear material, where there are two sets
of dispersion relationships corresponding to the ordinary and extraordinary polarized
fields, one can accomplish phasematching through the judicious choice of the polariza-
tions of the interacting fields. While many materials possess the requisite nonlinearity
for efficient three-wave mixing interactions, only a selected few are considered practi-
cal for birefringent phasematching because most nonlinear materials have either too
little or too much birefringence to phasematch a particular nonlinear interaction at
the user-desired wavelengths of interest. In many cases a potentially practical non-
linear optical frequency conversion application is deemed infeasible simply because
there does not exist a nonlinear material with the desirable properties to efficiently
phasematch the interacting wavelengths of interest. Still, a number of nonlinear crys-
tals suitable for birefringent phasematching of various three-wave mixing interactions
in different spectral regions have been developed since 1961. Among them are potas-
sium dihydrogen phosphate (KDP), potassium titanyl phosphate (KTP), beta barium
borate (BBO), lithium triborate (LBO), silver thiogallate (AgGaS;), lithium iodate
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(LiIO3), lithium niobate (LiNbOj;), potassium niobate (KNbOs), rubidium titanyl

arsenate (RTA), and cesium titanyl arsenate (CTA).

1.2.2 Quasi-phasematching

An alternative way of phasematching nonlinear interactions is the quasi-phasematching
(QPM) technique. In QPM the relative phase mismatch of the three interacting
fields is compensated by introducing a 180° phase shift among the interacting fields
at periodic intervals. This periodic phase shift of 180° can be accomplished by a
periodic reversal of the sign of the x® nonlinearity. The period at which the 180°
phase shift is introduced is determined by the indices of refraction at the interacting
wavelengths and the temperature of the crystal. The most attractive feature of a
quasi-phasematched nonlinear interaction rests in the freedom of the user to control
the periodicity at which the 180° phase shift is introduced, which effectively allows
the user to engineer the phasematching properties of the nonlinear material.

The concept of QPM was proposed independently by Bloembergen et al. [1] and
by Franken and Ward [2] in 1961. QPM has been studied by many researchers using a
number of nonlinear materials and techniques. Early efforts in the late 60’s and early
70’s sought to realize QPM by stacking together a number of coherence-length plates
with alternating orientations of the spontaneous polarization vector. These efforts
proved unsatisfactory because of excessive losses at the interfaces between adjacent
plates [3][4][5][6][7]. This prevented the widespread use of QPM for efficient nonlinear
optical frequency generation. Instead, for the past three decades since the discovery of
nonlinear optics, birefringent phasematching has been the principal method used for
phasematching nonlinear optical interactions. A revival of interest in the use of QPM
occurred over the past 10 years as methods were developed to periodically reverse the
sign of the optical nonlinearity of nonlinear optical materials such as lithium niobate
(LiNbO3), lithium tantalate (LiTaOs), and potassium titanyl phosphate (KTP), by
reversing their ferroelectric domain orientation. These ferroelectric domain-reversal
methods include the use of titanium in-diffusion into a lithium niobate substrate,

which worked well with waveguide devices and, more recently, the use of electric field
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poling, which produced efficient bulk QPM materials. With these methods, low-
loss QPM devices have been fabricated. Furthermore, the use of photolithography
and the associated planar processing techniques allow this new generation of quasi-
phasematched nonlinear optical devices to be fabricated inexpensively.

There are several distinct advantages in QPM over conventional birefringent phase-
matching. In general, birefringent phasematching for a given material can be utilized
only in a very limited range of wavelengths. Furthermore, in cases where birefringent
phasematching is possible at a given wavelength, it often involves operation at in-
convenient temperatures, or it requires the use of critical phasematching geometry in
which the propagation direction of the incident fields is not along any of the principal
axes of the nonlinear crystal. Critically phasematched geometry can lead to Poynting
vector walk-off among the interacting fields and thus limits the effective interaction
length. QPM, on the other hand, offers an engineerable approach to phasematching
in which the phase mismatch among the interacting waves at any wavelength and
temperature can be compensated by specifying the proper domain-reversal period.
This allows QPM nonlinear optical materials to be quasi-phasematched over the en-
tire transparency region of the nonlinear optical material and at any user-specified
temperature. Another advantage QPM has over birefringent phasematching is that
the user can choose the optimal set of polarizations for the interacting fields in order
to utilize the largest nonlinear coefficient of the nonlinear crystal. In birefringent
phasematching one of the interacting fields must be orthogonally polarized relative
to the other two. QPM, on the other hand, permits the three interacting fields to
be co-polarized so that the “diagonal” elements of the nonlinear optical tensor can
be accessed, which are in general larger than the “off-diagonal” elements to which
birefringent phasematching is restricted. In lithium niobate, for example, the largest
effective nonlinear coefficient (ds3) is approximately 4.5 times larger than the largest
nonlinear coefficient (d3;) accessible by birefringent phasematching. This would pro-
duce an enhancement in conversion efficiency of 20 times compared to that for the

case with birefringent phasematching, all other things being equal.
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1.2.3 QPM nonlinear optical frequency conversion applica-

tions

The inherent advantages of QPM, together with inexpensive and reliable fabrication
of low-loss QPM materials, have fueled intense research in the use of QPM devices
for a variety of nonlinear optical frequency mixing experiments over the past several
years.

As an illustration of its practical applications, we provide two specific examples
in which QPM nonlinear optical materials have been utilized to produce light sources
with important commercial usage. One application is the production of coherent blue
light from commercial near-infrared diode lasers. Blue-green laser sources have wide
commercial applications such as displays, bar code scanners, and compact disc read-
ers. Most of the high power and mature diode lasers in existence today are based on
I11-V semiconductor compounds, with operating wavelengths that are concentrated
in the red to near-IR wavelength region, from approximately 635 to 980 nm and from
1300 to 1500 nm. Blue-green diode lasers, which are based on either III-V or II-VI
compounds, have not matured to the point of being commercially available. How-
ever, the blue-green wavelength region can be accessed by direct frequency doubling
of available near-infrared diode lasers. In principle, one can use GaAlAs and InGaAs
diode lasers which operate between 800 nm and 1000 nm to double the optical fre-
quency in a QPM material. Periodically poled lithium niobate (PPLN) has been used
to generate hundreds of milliwatts of blue-green light from these high-power diode
lasers which have outputs on the order of 1 W. Pruneri et.al. [8] generated 450 mW of
blue light at 473 nm by frequency doubling a 1.07-W diode-pumped 946-nm Nd:YAG
laser in a 6-mm-long PPLN crystal.

A second application for QPM materials is to produce a tunable source in the
1-5 pm mid-infrared spectrum for applications in fiber-optic chemical sensors, spec-
troscopy, industrial process monitoring, and atmospheric and environmental moni-
toring. For these applications, there is a need to have a coherent source that can

be tuned continuously across a wide wavelength region. One way to generate such a
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tunable source is to use OPQ’s that are pumped by a near-infrared diode laser. In
an OPO, the pump source is converted into two coherent outputs, the signal and the
idler, the sum of whose frequencies is equal to the pump frequency. Myers et al. [9)]
demonstrated a Nd:YAG-pumped QPM OPO whose output wavelength is tunable
from 1 to 5 pym. Similar tuning ranges have also been achieved with other types of

pump lasers as well [10][11].

1.3 Motivation

1.3.1 Applications of nonlinear optics to frequency metrol-

ogy

In the field of frequency metrology there has been an immense interest in recent
years in developing ultra-stable frequency references in the visible and near-IR spec-
tral regions with fractional uncertainties (ratio of the line-center uncertainty to the
transition frequency) that approach or even exceed the 107'* fractional uncertainty
of the primary cesium frequency standard at 9.2 GHz. These ultra-stable frequency
references are desirable for precision frequency measurements at visible and near-IR
wavelengths. Ultra-high precision frequency measurements are important in quantum
electrodynamics for determining the value of fundamental physical constants such as
the Rydberg constant or the 1S-2S transition frequency of hydrogen. Ultra-stable
frequency references also find potential applications in optical communications. For
instance, a frequency-doubled diode laser output that is phase-locked to a rubidium
transition at 778.1 nm can serve as an ultra-stable frequency reference for 1.55-pm-
based optical communications networks [12].

The realization of practical ultra-stable frequency references in the visible and
near-IR regions has been greatly encouraged by the rapid development in recent
years of high-power, compact, energy-efficient, narrow-linewidth, and low-noise solid-
state and semiconductor lasers which can be frequency stabilized to these ultra-stable

transitions.
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Many potential visible and near-IR frequency references have been studied over
the past few years. These include rf-trapped ions [13][14][15][16], magneto-optically-
trapped Ca atoms [17], and various narrow-linewidth molecular transitions [18][19][20][21].
Like any other frequency reference, these potential optical frequency references must
be calibrated to the primary cesium frequency standard via an optical-to-microwave
frequency chain. Up until now, all existing optical-to-microwave frequency chains
involve a cumbersome and complicated array of phase-locked IR and far-IR lasers
and microwave oscillators. Figure 1-1 shows an example of a traditional optical-to-
microwave frequency chain connecting a potential optical frequency standard of a Ca
atomic transition at 445 THz to the cesium standard at 9.2 GHz [17]. Two modern
schemes for implementing an optical-to-microwave frequency chains have been pro-
posed recently. These schemes hold a major advantage over conventional frequency
chains in that they require only laser oscillators in the visible and near-IR where there
are excellent sources, detectors, and nonlinear materials for implementing frequency
conversion. These schemes also eliminate the need for the array of transfer oscillators
from the microwave up to the mid-IR spectral regions that make up the bulk of the
traditional optical-to-microwave frequency chain. The frequency bisection scheme,
proposed by Telle et al., involves phase-locking the second harmonic of a laser to the
sum frequency of two other lasers, thereby halving the difference frequency between
the latter two lasers [22]. This frequency-halving procedure is then repeated until
the difference frequency is sufficiently low to be measured by conventional means
that are compatible with electronics. The other proposal, by Wong, relies on the use
of optical frequency division by 2 and by 3 to implement an optical-to-microwave
frequency chain [23][24][25], as illustrated in Fig. 1-2. Optical frequency division
involves the precise generation and determination of frequency ratios between opti-
cal frequencies. Optical frequency division can also be applied to the establishment
of secondary frequency markers that are related to their respective primary optical
frequency references by precise ratios.

The basic idea behind the scheme proposed by Wong involves the use of a small

number of 2:1 and 3:1 optical frequency dividers to reduce the task of measuring
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Figure 1-2: Optical-to-microwave frequency chain based on optical frequency division.

an optical frequency f in the visible and near-IR to that of measuring a difference
frequency which is only a small fraction of f and which can be measured by meth-
ods compatible with electronics such as a multi-terahertz optical frequency comb
generator. A more detailed discussion of the optical-to-microwave frequency chain is
provided in Chapter 6. A 2:1 optical frequency divider can be implemented with a de-
generate OPO in which the output frequencies are exactly 1/2 of the input frequency.

Relevant work in 2:1 optical frequency division is discussed in Chapter 6.

1.3.2 3-to-1 optical frequency division

Compared to a 2:1 optical frequency divider, whose output frequencies are degener-
ate, a 3:1 optical frequency divider involves non-degenerate output frequencies in a
2:1 ratio. Therefore, its implementation requires an additional nonlinear frequency
conversion stage to convert the optical frequency of one of the outputs to that of the
second output such that phase/frequency locking can be performed.

3:1 optical frequency dividers have been demonstrated by Pfister et al. and
Touahri et al. in 1996 and 1997, respectively. Each of these implementations rely on
the use of two separate nonlinear crystals in birefringently phasematched DFG and
SHG interactions to accomplish the 3:1 frequency connection. Detailed descriptions

of these implementations are provided in Section 6.1.2.
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As opposed to using two separate nonlinear crystals to phasematch the two nonlin-
ear interactions, this research explored the feasibility of integrating the two nonlinear
interactions in a single piece of nonlinear crystal, thereby simplifying the system
configuration enormously and also reducing facet losses. In order to achieve high
conversion efficiency for 2 nonlinear interactions in a single nonlinear crystal, both
interactions must be simultaneously phasematched with well-overlapped temperature
acceptance bandwidths. A natural candidate that satisfies the requirement of si-
multaneous phasematching is a double-grating PPLN in which two grating periods
are defined to phasematch two separate nonlinear interactions on the same piece of
nonlinear crystal at the same temperature.

In addition to possessing the engineered phasematching properties discussed in
Section 1.2.2, PPLN also offers the added advantages of high nonlinearity via the da3
nonlinear coefficient of LiNbO3, non-critical phasematching at user-defined tempera-

tures, and low material cost compared to other nonlinear materials.

1.4 Contributions of This Research

This research has demonstrated the use of a single piece of periodically-poled LiNbO3
(PPLN) with a double-grating design to efficiently implement a dual-DFG-based 3-to-
1 optical frequency divider of 532 nm. The choice of PPLN as the nonlinear material
is based on PPLN’s ability to be efficiently phasematched anywhere in its 0.35-5 pum
transparency range. This flexibility is an important consideration in the implementa-
tion of a practical optical-to-microwave frequency chain where any potential optical
frequency reference in the visible and near-IR (up to 1.6 pm) spectral region can be
frequency-divided-by-3 using PPLN.

This research also demonstrated for the first time the implementation of mul-
tiple nonlinear optical frequency interactions in a single piece of PPLN material.
The general methodology can be extended to other applications requiring multiple
nonlinear frequency synthesis. A discussion of the proposed optical-to-microwave fre-

quency chain and the experimental implementation of the 3-to-1 frequency divider in
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a double-grating PPLN will be provided in Chapter 6.

As will be discussed in Chapter 6, a 3:1 optical frequency divider can be imple-
mented with much greater efficiency with an OPO/SHG-based scheme instead of the
dual-DFG-based scheme by taking advantage of the much higher nonlinear conver-
sion efficiency of an OPO compared to a single-pass DFG process. For this purpose,
this research has also demonstrated a nearly-degenerate cw doubly-resonant OPO
with a PPLN crystal with Brewster-angle-cut facets. This work demonstrates the
use of Brewster-angle facets as a low-cost, low-loss alternative to multi-wavelength
antireflection coatings in intra-cavity nonlinear optical frequency mixing applications
and serves as a precursor to a 3:1 optical frequency divider based on a dual-cavity

Brewster-cut double-grating PPLN OPO.

1.5 Thesis Organization

This thesis describes the use of PPLN-based devices that are fabricated via the elec-
tric field poling technique to investigate their use for applications in optical frequency
metrology. Chapter 2 reviews the theory of QPM interactions. It outlines the ba-
sic derivations that lead to expressions for the QPM period, conversion efficiency,
and wavelength and temperature bandwidths which are essential in characterizing a
QPM nonlinear material. A review of the pertinent theory of DFG and OPO op-
eration is also presented here. In addition, this chapter also discusses the effects of
non-ideal fabrication on the conversion efficiency of the QPM interaction, followed by
a discussion of a number of novel engineerable features of QPM interactions which
are not available with the conventional birefringent phasematching. Chapter 3 ad-
dresses various aspects in the fabrication of PPLN, which is the nonlinear material
used throughout the work described in this thesis. Included is a brief discussion of
the various materials and methods that can be used for achieving periodic domain
reversal. Characterization of the device quality of the fabricated PPLN samples is
also presented here. Chapter 4 provides a summary of the relevant published work by

others in nonlinear optical experiments using QPM materials fabricated by electric
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field poling. Chapter 5 provides a detailed discussion of the master-oscillator/ power
amplifier (MOPA) diode laser system which serves as a pump source for the experi-
mental work discussed in Chapters 6 and 7. Chapter 6 presents the experimental work
in realizing a 3-to-1 optical frequency divider of 532 nm by consecutive DFG inter-
actions in a double-grating PPLN sample. A nearly degenerate cw doubly-resonant
OPO based on a Brewster-cut PPLN crystal is discussed in Chapter 7. A summary

of the current work and directions for future research is discussed in Chapter 8.
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Chapter 2

Theory of QPM Nonlinear

Interactions

This chapter describes the theory for quasi-phasematched (QPM) nonlinear optical
interactions and discusses the design and characterization of QPM nonlinear optical
devices.

Section 2.1 presents a conceptual description of quasi-phasematching. Section 2.2
derives the basic expressions for the QPM grating period and the effective nonlin-
earity of a QPM nonlinear interaction. QPM difference-frequency generation (DFG)
is presented in Section 2.3, while QPM optical parametric oscillation (OPO) is dis-
cussed in Section 2.4. Section 2.5 treats the calculation of the QPM grating period
for periodically-poled LiNbO3 using the Sellmeier’s equation. In Section 2.6 the ex-
pressions for the spectral and temperature phasematching bandwidths for QPM DFG
interactions are derived. In Section 2.7 a number of novel engineerable features unique
to QPM nonlinear optical interactions will be described. Section 2.8 discusses a num-
ber of non-idealities associated with the fabrication of QPM devices that need to be

considered when characterizing the performance of a QPM nonlinear optical material.
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2.1 Overview of Quasi-Phasematching

In this section a conceptual description of QPM is presented. We illustrate the concept
with the general three-wave mixing process in which two fields at frequencies w; and
wsy interact via the x® optical nonlinearity of the medium to produce a third field
at w3, where ws is either the sum- or difference-frequency ws = w; £ wy of the two
input fields (assuming w; > w,). Conservation of energy requires that the sum of the
photon energies of the lower-frequency fields equals the photon energy of the highest-
frequency field. In keeping with the notation used for optical parametric amplifiers
and oscillators, the highest-frequency field is denoted as the pump field and the lower-
frequency fields as the signal and idler fields, respectively. Since the photon energy
of a photon is equal to fiw where w is the optical frequency, the energy conservation
requirement can be stated as

Wy = ws + Wi (2.1)

where the subscripts p, s, and 7 denote the pump, signal, and idler fields, respectively.
In a nonlinear 3-wave mixing process the input fields induce a nonlinear polarization
at the sum- or difference-frequency. The polarization in turn radiates an output field
at the same optical frequency. For efficient power conversion to the output field, the
nonlinear optical interaction must also conserve linear momentum. Conservation of
momentum requires that the relative phase between the output field and the polar-
ization which drives the output field must be zero. That is, °; k; = 0 where k; is the
wave-vector of the i interacting field.

The nonlinear interaction is said to be phasematched when the momentum conser-
vation requirement is satisfied. Consider the case for difference-frequency generation
(DFQ), illustrated in Fig. 2-1. In DFG power is converted from the pump field to the
signal and idler fields, subject to the condition that the idler field and the idler polar-
ization are in phase. Figures 2-2 (a) and (b) illustrate the growth of the idler output
power as a function of distance for a non-phasematched interaction, a perfectly phase-
matched interaction, and a quasi-phasematched interaction. In a non-phasematched

interaction, as is the case in general because of dispersion of the index of refraction
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Figure 2-1: Difference-frequency generation in a x® nonlinear medium.

for a given nonlinear medium, this relative phase simply undergoes phase sweeps from
0 to 27 repeatedly over the length of the crystal. The idler field would grow when
the relative phase is between 0 and 7 and then decay when the relative phase is be-
tween 7w and 2m. The distance over which the relative phase changes by 7 is called
the coherence length. This is also the distance over which power exchange between
the pump and the idler can remain in one direction. In a perfectly phasematched
interaction, as is the case for birefringent phasematching, zero relative phase is main-
tained throughout the length of the crystal, resulting in a quadratic growth of the
DFG output power as long as the DFG output power remains small compared to the
input powers.

The concept of quasi-phasematching (QPM) is to preserve the direction of power
flow from the pump to the signal and idler by alternating the sign of the x‘» nonlin-
earity. The reversal in the sign of the nonlinearity is equivalent to a m phase change
in the relative phase between the field and the polarization at the idler frequency.
By changing the sign of the x(® nonlinearity every coherence length, one effectively
resets the relative phase to zero every time the relative phase slips by m. With QPM,
the nonlinear interaction is not strictly phasematched between points at which the
relative phase is reset by 7, since a perfectly phasematched interaction requires zero

relative phase at all points. With the phase correction every coherence length, how-
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Figure 2-2: Effect of phasematching of DFG output power as a function of distance
in a nonlinear medium with nonlinear coefficient d. This plot assumes non-depleted
input powers and a plane-wave interactions.
the output power oscillates with a period 2l., [, being the coherence length of the
nonlinear interaction. In a perfectly phasematched interaction, the output power
grows quadratically versus distance. In a quasi-phasematched interaction (QPM),
the nonlinear coefficient d alternates in sign to compensate for the phase velocity
mismatch among the interacting fields. In a lst-order QPM interaction (a), the
nonlinear coefficient changes sign every [, while in a 3rd-order QPM (b), the sign
change occurs every 3.
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ever, the fields never become more than 7 out of phase, and the direction of power flow
would be maintained in one direction, leading to the accumulation of power at the
difference frequency w;. The case where the sign of the nonlinear optical coefficient
reverses every coherence length is called first-order QPM, as shown in Fig. 2-2a. It
is also possible to achieve quasi-phasematching by reversing the sign of the nonlinear
optical coefficient every 3, 5, 7...... coherence lengths, corresponding to third, fifth,
seventh ..... order QPM. In these cases the overall conversion efficiency is reduced
relative to that for first-order QPM because a reversal of power flow does occur over
parts of the nonlinear medium. A third-order QPM is illustrated in Fig. 2-2b. Com-
pared to a perfectly phasematched interaction, a QPM interaction is less efficient by
a factor of (2/mm)?, m being the order of the QPM interaction. Thus, everything
else being equal, the conversion efficiency for a first-order QPM interaction is ~40%

compared to a perfectly phasematched interaction.

2.2 QPM Period and Conversion Efficiency

In this section the derivations that lead to the expressions for the QPM period and
the conversion efficiency are outlined. Here we assume difference-frequency generation
(DFQ), but the results apply equally well to any 3-wave mixing process such as sum-
frequency generation (SFG), second harmonic generation (SHG), optical parametric
amplification (OPA), and optical parametric oscillation (OPO). The optical fields are

in the form:

Ej = £;(z)e™™, (2.2)

where E; denotes the electric field with a wave-vector k; along the z direction, and
&; is the slowly varying envelope function of the field E;. The equation of motion for
the idler field at frequency w; is given by [1]

dgi Wy

e zn—iéd(z)gp& exp(1Ak z). (2.3)
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The above equation assumes no power loss inside the nonlinear medium and collinear
interaction among the three fields. Furthermore, it is also assumed that the power
accumulation at the idler frequency is much lower than the pump and signal power
levels, and, therefore, there is no power depletion in the pump and signal fields as a

function of distance. That is,

and

Here, Ak’ is the wavenumber mismatch among the three fields and is given by

i

Ak =k, — ky — k;.

d(z) is the nonlinear optical coefficient for the 3-wave mixing process and is a function

of the distance z. Letting I' = inﬂi';gpé's*, the output idler field can be expressed as

d&;(2)
dz

= Dd(z) exp(iAk 2). (2.4)

In a quasi-phasematched nonlinear medium the sign of the effective nonlinear coeffi-
cient d.ys is periodically modulated with a period A, as shown in Fig. 2-3 [26]. That

is,

() = { desy nA<z<(n+3)A (25)

—desy (n+3A<2z<(n+1)A

where 7 is an integer and A is the QPM grating period (A = 2[, for 1st-order QPM).
Let’s define a normalized function g(z) such that g(z) = d(z)/dess. The field ampli-

tude &; at a distance [ can be expressed by the following integral:
Ei(z= Fdeff/ z) exp(iAk z)dz. (2.6)
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Figure 2-3: Profile of the effective nonlinear coefficient in a 1st-order QPM interaction
where sign of the nonlinear coefficient alternates with a periodicity equal to twice the
coherence length.

Since g(z) is a function periodic in z with period A, it can be represented as a Fourier

series:
m=-+00
9(z) = Y. Guexp(—iKnz), (2.7)
where
2mm
K, = .
A

For the particular pulse train shown in Fig. 2-2, the Fourier coeflicient G,, takes the

form

Gm = —2—, m = odd integer. (2.8)
mIm
Substituting (2.8) into (2.6), we obtain
m=-400 ) ,
E(z=1)=Tdes; 3. Gum / exp{i(AK — Kpn)2}dz. (2.9)
m=—00 0

Let’s assume that the m®™ harmonic term K,, is close to Ak" such that the integral
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is dominated by the m*® harmonic term. Evaluating the integral gives

l )
E(z =1) =Tldesy 2 exp (zéﬁ—) sinc (éf—> , (2.10)

m 2 2

where

Ak = Ak — Ky =ky — ks — ki — K.

According to (2.10), £(z) is maximized if the wavenumber mismatch Ak is set equal

to K,,, or equivalently, if
2mm

il —

(2.11)

Equation (2.11) gives the period at which the nonlinear d.sy coefficient needs to be
modulated to quasi-phasematch a nonlinear interaction with a wave-vector mismatch
Ak'. The parameter m in equation (2.11) refers to the order of the QPM interaction.
For first-order QPM interaction, the required QPM period is

2

Al = m (2.12)
Likewise, for a third-order QPM interaction, the QPM period is
6
Az = ————— = 3A,. .
A S 3A, (2.13)

2.3 Quasi-Phasematched Difference-Frequency Gen-
eration

In this section we present a brief review of the basic concepts of difference frequency
generation (DFG) and some of the equations for analysis.

In a DFG interaction the outputs of two coherent optical sources are combined
and sent through a x(® nonlinear optical medium. The x(® nonlinearity results in
the generation of an output field at the frequency difference between the input optical
frequencies. As illustrated in Fig. 2-1, the energy conservation requirement for DFG

is
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Wy = Wp — Ws. (214)

Again, as discussed in Section 2.1, in keeping with the terminology used for OPO
analysis, we call the difference-frequency output the idler field, the higher-frequency
input the pump field, and the lower-frequency input the signal field. The momentum

conservation, or phasematching, condition is typically expressed as

k, = ks + k;. (2.15)

where k,, k,, and k; are the wave-vectors for the pump, signal, and idler fields,
respectively. For the special case where all three fields are collinear, one can express
the phasematching condition in terms of the refractive indices and wavelengths of the
interacting fields:

ng Ny

oy _ i}
BN (2.16)

where n,, n;, and n, are the refractive indices at the signal, idler, and pump wave-
lengths. In QPM the phasematching condition is modified to take the following form:
np _ns n 1

HRE WY (2.17)

where A is the QPM period for the DFG interaction. In general, the refractive indices
are functions of temperature, and therefore the phasematching condition is also a
function of temperature. For a given QPM period, efficient conversion is possible
only within a specified temperature range. The intensity of the idler output is given

as

1 1
I, = aniceoEiE;‘ = §ni060|8i|2. (2.18)

Likewise, the intensities of the pump and signal fields are expressed as

I,= %anEOIEPP (2.19)
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and

1
I, = §nsc60[53|2. (2.20)

Substituting (2.10), (2.19), and (2.20) into (2.18), we obtain the DFG output inten-
sity:
8m2d% 12 Akl
= —— 9@ [ [sinc® | — 2.21
P oeeninyns A2 T i ( 2 ) ’ (2:21)
where dg = 2-d.;; is the effective nonlinear coefficient for a QPM interaction. The
above expression applies to plane waves. For Gaussian beams, the total power is the

more relevant quantity. Let’s define the output powers for the pump, signal, and idler

fields as
P, = LA, P = LA, P, = LA,

where A,, A,, and A; are the effective beam areas of the respective fields. It is
straightforward to show that for Gaussian beams the effective beam area is related

to the 1/e% beam radius as follows:

A, = gwg, As

I
o
fagm
X
I
|
g

The idler output power expression thus becomes

16md% 12 1 Akl
P=——9 _pp—— sinc®(—-]. (2:22)
€,CTL MM A w3 + w2

The above expression is valid in the limit of a loosely focused Gaussian beam in which
the confocal parameter of the beam, defined as b = 2rnw?/A is large compared to the
interaction length of the nonlinear medium. w, is the 1/e* waist radius of the beam.
In the case when the confocal parameter is comparable to or less than the interaction
length, the above expression needs to be modified to include the effect of the strong

focusing. Taking into account the effect of strong focusing, as analyzed by Boyd and
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Kleinman [27], the expression for the output idler power becomes

(2.23)

167 d% P,P,lh,,(B,
p, =% (B,¢) sinc? (Azkl>.

i = 1 1 9
ceonpnsni/\%(;; +50)

Here h,,(B, ¢) is the so-called reduction factor. The variable B takes into account the
effect of double-refraction in an anisotropic medium, and ¢ = /b is the interaction
length normalized to the confocal parameter of the Gaussian beam. The reduction
factor h is maximized with respect to B when B=0, corresponding to non-critical
phasematching in which the direction of propagation is along one of the principal axes
of the nonlinear medium, and therefore there is no reduction in conversion efficiency
due to Poynting vector walk-off among the interacting fields. Unlike birefringently
phasematched interactions, which can seldom be non-critically phasematched, QPM
interactions can always be designed to be non-critically phasematched at the user-
desired temperature by specifying the proper QPM grating period. This constitutes a
major advantage of QPM over birefringent phasematching. Under the optimal focus-
ing condition in which ¢ = 2.28, and B = 0, hy,(B, ) = 1.08. In the loosely focusing
limit we find A, (B, ) = ¢, and equation (2.23) becomes identical to equation (2.22).

2.4 Quasi-Phasematched Optical Parametric Os-
cillation

In optical parametric oscillation the nonlinear medium is placed inside an optical
cavity that resonates one or both of the signal and idler fields, as shown in Fig. 2-
4. There exists a threshold power level for the pump field which must be reached
before the signal and idler fields begin to build up power. Physically, the gain at
the signal and idler frequencies is provided by the pump beam. The more power
the pump delivers to the gain medium (i.e. the nonlinear crystal), the larger the
gain experienced by the signal and idler fields. Below the threshold pump power, the
losses at the signal and idler frequencies due to the output coupling of the mirrors and

intra-cavity losses exceed the gain provided by the pump over one cavity round-trip,
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Figure 2-4: An optical parametric oscillator.

and therefore no power buildup is possible at the signal and idler frequencies. At the
threshold pump power, the gain at the signal and idler fields matches the total loss,
leading to non-decaying signal and idler fields over one resonator round-trip. Further
increase in the pump power results in increasing power levels in the signal and idler
fields. In a singly-resonant optical parametric oscillator (OPO), only the signal field
is resonant inside the cavity; the cavity is highly lossy at the idler wavelength. In a
doubly-resonant OPO, both the signal and idler fields are resonant.

The energy conservation and phasematching requirements for an OPO are anal-
ogous to those for DFG but with one important distinction. In a DFG interaction
the interacting frequencies are fixed with the conversion efficiency of the idler output
determined by the phasematching conditions. In an OPO the signal and idler output
frequencies are determined directly by the phasematching conditions, which can be
varied to tune the OPO output frequencies. Hence an OPO is effectively a coherent
tunable source and serves as an attractive alternative to tunable lasers.

The energy conservation requirement for an OPO stipulates that the pump fre-

quency equals the sum frequencies of the signal and idler fields. That is,

Wp = Wy + wj. (2.24)

In terms of the free space wavelengths A of the interacting optical fields, the energy

conservation requirement is
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1 1 1
/\—p = )\—s + -/-\-l (2.25)

The energy conservation requirement determines the allowed signal-idler wavelength
pairs (of which there are an infinite number) for a given pump wavelength. Just as
in the case for any nonlinear optical interaction, the phasematching condition must
also be satisfied in an OPO in order to obtain efficient power conversion from the
pump to the signal and the idler. As already seen in Section 2.3 for the case of DFG,
the phasematching condition for an OPO stipulates that the wave-vector of the pump

field must be equal to the vector sum of the wave-vectors of the signal and idler fields:

kp = Es + ]_{;i- (2'26)

Again, for the special case where the fields are collinear, the phasematching condition
can be expressed in terms of the refractive index and the wavelength:
@ Ng T,

where n,, n,, and n; are the refractive indices at the pump, signal, and idler wave-
lengths, respectively. Just as for the case of DFG, the QPM phasematching condition
is

Ny Mg 1y 1

R tRtE (2.28)

The refractive indices are functions of both wavelength and temperature, and in
general the output signal and idler wavelengths are determined by the pair of ns and
n; that most closely satisfy the phasematching condition. Furthermore, because of
the temperature dependence of the refractive indices, tuning the temperature of the
crystal changes the phasematching condition and thus tunes the wavelength of the
output signal and idler fields. It should be pointed out that the cavity resonances
for the signal idler field also play an important role in determining the exact output

wavelength of the OPO. The OPO cavity resonances will be discussed in Section 2.4.3.
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2.4.1 The OPO threshold

In this section we derive the expression for the threshold pump power necessary to
achieve oscillation in an OPO. We take the case of a doubly resonant OPO since the
experimental devices to be discussed in Chapter 7 are based on a doubly-resonant
OPO.

The equations of motion for the signal, idler, and pump fields, are, under the

slowly varying field envelope approximation,

dgs . ,wsdQ % .
T, = e EEi" exp(+iAkz) (2.29)
dgi _ .w,-dQ * .
- =t e E,E5" exp(+ilkz) (2.30)
df,  wydg ,
T, = e E,Es exp(—iAkz), (2.31)

where Ak = k, — ks — k; — K and dg = 2d.ss. If we consider the fact that the
polarization waves at the three wavelengths do not have the same beam size as that
defined by the cavity, we need to modify equations (2.29) to (2.31) to include only
those components of the polarization waves that are supported by the resonator modes
for the three interacting fields. After taking this effect into account, the equations of

motions become

g, _ o 2uput .
B £t e Ak 9.32

dz z NsC ’wg’wg + wgwf + wzwlz P GXD(+Z z) ( )

d&; widg 2’w§w2 -

dz nic wiw? + wlw? T wrwr P exp(+iAkz) (2.33)

dép _ .wplg 2wlw? '

—— S 1 g 83 —_ Ak . 2'34

dz TpC wgw§+wgwg+w§w? »Es exp(—iAkz) ( )

We now define normalized variable A4,,(z) such that |A,,(z)|* is the number of photons

per second of each field, we obtain

dA,

e DA, A;" exp(+iAkz) (2.35)
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dA;

-:i_z— = F.APAS* exp(+iAkz) (236)
d
7":’1 = —T A, A, exp(—iAkz) (2.37)
where 1
Q m/\m 2 2
An(2) = —i [ LLmmTm ) " e (2) (2.38)
4h
and N
_ 2w, wsw; 16mhd?, 2 (2.39)
T w2w? + w2w? + wiw? \ €nyngn A A '

According to the analysis of Boyd and Kleinmann {27], optimum conversion efficiency

occurs when
1 1 1

T2 2 2
’UJp Wy w;

In this case the parametric gain coefficient I" becomes

167rhdg2

I =
€T Ap AN (W2 + W)

(2.40)

Integrating the normalized equations of motion (2.35) through (2.37) from z = 0 to
z = | and assuming that the field amplitudes do not change appreciably over the

length [, one obtains

A (1) — A,(0) = —Ix* As(0).A:(0) (2.41)
Ay (1) — As(0) = +ixA,(0) A7 (0) (2.42)
Ai(l) — Ai(0) = +IxAp(0)A5(0), (2.43)
where
sin(Akl/2)

x = Dlexp(—iAkl/2) k2
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and
Lsin?(Akl/2) 16mhd3? sin?(Akl/2)

x|* =T - :
(Akl/2)? €anpsMidpAsAi(w? + w?) (Akl/2)?

Including the effects of focusing, |x|? becomes

167hd%lhm(B,€)  sin®(Akl/2)

€M A Az + 5)  (AKL/2)?

IxI* = (2.44)

We now derive the threshold power for optical parametric oscillation. Setting gain
equal to loss for the respective fields inside the oscillator at resonance, we obtain the

following coupled equations:

KpAp = tpe, — X" AA; (2.45)
ksAs = xApA] (2.46)
kpAi = xApA;. (2.47)

Here, k,, ks, and k; are the dimensionless round-trip total field loss and are defined

as

bkm =1 —1m(1 — o), (2.48)

where a,, is the field amplitude loss due to crystal absorption and r,, is the effective
field amplitude loss from the cavity mirrors. In Eq. (2.45) e, is the external pump field
amplitude and t, is the transmission coefficient of the input coupler. By multiplying
(2.47) by the conjugate of (2.46), one gets

KsKi
IxI*

|~Ap|2 =

Using (2.45), with the condition |A,|, |A;| < |A4,| at threshold, one obtains

K2Kiks

x>

Iep,th|2 =

where |e,|? is the threshold pump power in units of photons per second. The
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threshold pump power in watts is

he ngnms
Ap t;27|X|2 .

hc
Pth = )\_lep,thF = (249)
P

The above analysis has assumed that the pump field is resonant inside the cavity.
For the special case where the pump is non-resonant and makes a single pass through
the nonlinear medium with unity transmission at the input coupler, we can set k,=

1 and t,= 1, in which case the threshold pump power is

he KK

Py =——.
t Ap |X|2

(2.50)

In Eq. (2.50), the signal and idler losses ks, &; refer to the round-trip attenuation of
the signal and idler fields. Assuming that the losses are small, that is k, < 1 and
K; < 1, we can approximate the round-trip power loss as, a; as a; ~ 2k, and a; ~ 2x;.
Furthermore, by substituting (2.44) into (2.50), we obtain an expression for Py, that
is similar to that for the DFG output power (2.23):

p, _ CeompnanidAi(1/ks +1/k) sin?(AkL/2)]7! (251)
" 647 des ;2 Lhm (AkL/2)? '
Under phasematched condition, Ak = 0, and (2.51) reduces to
oTlpTsTiAs A (1/ks + 1/k;
p,, = Seolal? (1/ks+1/ ) (2.52)

64mdes*Lhm,

As mentioned in the previous section, the absence of walk-off among the interact-
ing fields in a non-critically angle-phasematched interaction results in a more efficient
single-pass conversion efficiency and thus a higher nonlinear gain |x|? and therefore a
lower pump threshold power compared to that for critical angle-phasematching that

is unavoidable in most birefringently phasematched interactions.

2.4.2 Above-threshold OPO output

We now derive the expression for the signal and idler output power for the case

where the pump power is above threshold for a doubly-resonant OPO. The coupled
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equations above threshold are

kpAp = —X*" A A; + tpe, (2.53)
ksAs = XAp A} (2.54)
KkpAi = xApAj. (2.55)

By substituting (2.55) into (2.53) we obtain an expression for A,,

21 4 12
A, (1+ Ix|*]As| ) _ tpep_

Kpk; Kp

Taking the magnitude squared, one gets

2 2\?2  $2|g |2
A2 (1+ x[?A4s| ) plel” (2.56)

oKi /cf,
Because of the oscillation condition that gain equals to loss at the signal and idler
wavelengths, the internal pump power inside the resonator is clamped at the threshold

level when pumping above threshold. That is,

Kski

Apnl? : 2.57
I I | pith | |X| ( )
Substituting the above expression into (2.56), one obtains

2 2\ 2 2 t

Kpk K K,SI{Z lep th[

Note that the term |e,|2/|epn|? is simply the ratio between the external pump power

and the threshold pump power. The signal power inside the cavity (in units of photon

P
A2 = Bl (1/— _ 1). 2.59
I | lX'2 Py, ( )

per second) is
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Likewise, the idler output power inside the cavity is

- ()

The signal and idler output powers outside the cavity are determined by multiplying
(2.59) and (2.60) by the power transmission T}, T; of the output coupler at the signal

and idler wavelengths. The expressions for the signal and idler output power becomes

9 KpKi P
1 2.
Ao = 250 (|5 - 1) 261
P
Al =Bl (1/ 1) 2.62
l I out IXIQ ~Pth ( )

Making use of (2.44), the expressions for the signal and idler output power in units

| P
— -1 2.63
( Pth. ) ( )
P —niiTP yESES) (2.64)
t,out = )\ Kok th Pth .

Again, if we assume a single-pass pump geometry and unity pump transmission

of watts become

Ps,out -

Ap
As K
A

through the cavity, we can set k, = 1 and ¢, = 1. Furthermore, by substituting

as = 2k, and a; = 2k;, the signal and idler output powers become

20, T, | P
P; ou Ly —_— -1 2.
out = )\s Qs " ( Pth ) ( 65)
20, T; / P
P = gy a—thh ( P - 1) . (2.66)

Sometimes it is useful to describe the performance of the OPO in terms of the total

conversion efficiency 7, defined as the ratio between the sum of the signal and idler

output powers and the input pump power. From (2.65) and (2.66), we obtain

Psout+Piout (]-T lﬂ)Pth P
_PB out IEVEa (P ) 9.67
P e e P Vs (2.67)

For degenerate OPO outputs where A, = X;, a; = a; = as, and T, = T; = Ty, the

46



expression for 77 can be further reduced to

o Tsi Pin P
=227 (,/ B 1). (2.68)

2.4.3 OPO cavity resonances

In a doubly-resonant OPO the signal and idler output frequencies are determined
by a combination of the requirements for the conservation of energy, the minimum
threshold pump power for oscillation (which, in turn, is a function of phasematching,
round-trip cavity losses, etc.), and the double-resonance condition. A typical OPO can
operate on a large number of discrete oscillation frequencies within the phasematching
bandwidth. For PPLN, the phasematching bandwidth for a degenerate OPO pumped
at 798 nm is ~150 nm for a 10-mm interaction length. In general, the OPO oscillates
at frequencies that are on or very close to the cavity resonances at the signal and
idler wavelengths. Let’s define the signal/idler axial mode numbers as m; = 2L/,
and m; = 2L;/);, where L; and L; are the optical path lengths of the cavity and Aj,
A; are the free space signal/idler wavelengths. There are two types of mode spacings
for the signal/idler outputs. The first type, called the axial mode spacing, are the
frequency changes associated with integral changes of the mode numbers m; and m;.
A signal/idler mode pair differs from an adjacent pair by a change of +1 in m,, in
conjunction with a change of -1 in m;, or vice versa, such that the total mode number
m = mg + m; remains unchanged.

The change in the signal/idler frequency Af = Af, = —Af; for adjacent mode
pairs is given approximately by the cavity free spectral range:

c
Af ~df = A

A detailed analysis such as those given by Eckardt et al. [28] and Lee et al. [29] shows
that the actual oscillation frequencies may differ slightly from the cavity resonance
frequencies in order to satisfy the condition of energy conservation. In such cases

the precise frequency separation between adjacent signal/idler axial mode pairs also
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depends on the cavity finesse for the signal and idler fields. A straightforward way
to tune the OPO signal and idler outputs is by changing the total cavity length L,
where

+nL (2.69)

L= Lfreespace crystal

with n being the refractive index. The change in AL that corresponds to a frequency

separation Af between adjacent signal/idler axial mode pairs can be shown to be [29]

A
AL = L(:rystal(ns —n; + o fs — aifi)_]'c' (2.70)

o

where a, = An,/Af, and o; = An;/Af; are the linear dispersion coefficients, and
f, is the pump frequency. In general, as a tuning variable, say the cavity length or
temperature, is varied, an adjacent signal/idler mode pair may better satisfy the en-
ergy conservation requirement and/or yield a lower pump threshold than the original
pair. It then becomes advantageous for the oscillation frequencies to hop to the ad-
jacent signal/idler mode pair. Such a change in the signal/idler oscillation frequency
is called mode hopping.

The second type of mode spacing is called the cluster mode spacing and corre-
sponds to integral change in the mode number m = m, + m;. The frequency spacing

between adjacent clusters is given as [28]

6f36fi
Afcluster = m (2.71)

where §f, and 6 f; are the free spectral ranges of the cavity at the signal and idler
frequencies. In general Afuj cter > Afaxial- If the gain bandwidth of the OPO in-
teraction is large enough to support more than one frequency cluster, the signal/idler
frequency pairs from different frequency clusters occupy the same cavity position.
That is AL= 0 for corresponding signal/idler mode pairs from different frequency
clusters. This situation can lead to unpredictable mode hops between the clusters

under small perturbations.
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2.5 Calculation of QPM Grating Period

As discussed in Section 2.1, a quasi-phasematched interaction involves a periodic
reversal of the sign of dgs; to compensate for phase velocity dispersion. Let’s consider
the case of difference-frequency mixing and optical parametric oscillation that we
discussed in the previous two sections. From (2.17) and (2.28) the phasematching
condition for a collinear interaction can be expressed as

p

) = +

(2.72)

|
>~|§
> -

—+

©w
>3

P

where A is the period of the sign reversal. From now on we shall refer to the sign
reversal period A as the grating period.
In general the refractive index of any nonlinear material is a function of both

wavelength (dispersion) and temperature. For LiNbO3 normal dispersion results in

over the entire transparency region of the material. The phasematching condition

can thus be expressed as

np(Ap, T) 1A, T) | (N, T) | 1
e = T (2.73)

The grating period is thus given by

-1

(A, T)  ns(As, T)  mi(N, T)

A=17 X A

(2.74)

Very accurate Sellmeier’s equations for LINbO; are available that facilitates the design
of the proper grating period A necessary for quasi-phasematching any interaction
within the transparency region of 0.33 - 5 um. The temperature-dependent Sellmeier’s
equations used in this work is derived by Edwards and Lawrence [30]. In interactions
utilizing the ds3 coefficient, as is true for all work described in this thesis, all three

fields are polarized as extraordinary waves. The extraordinary refractive index is
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given as
A+ B F
A2 — (A3 + BQF)2

where A= 4.5820, A;= 0.09921, A;= 0.21090, A;= 0.021940, B;= 5.2716 x 1078,
By= 4.9143 x 1078, B3= 2.2971 x 1077, and F = (T — 24.5)(T + 570.5). The

nz = Al + -+ B3F - A4/\2, (275)

wavelength A is in units of yum, and the temperature T is expressed in °C.
The grating period itself is a function of temperature as a result of thermal ex-

pansion of the LiNbOj;. The coefficient of expansion a for LiNbOj is 1.5 x 1075/K

2.6 Wavelength and Temperature Bandwidths

In this section we derive expressions for the spectral and temperature bandwidths
for quasi-phasematched nonlinear optical interactions. This is particularly important
because the phasematching condition is a very sensitive function of the refractive
indices of the interacting waves which are, in turn, sensitive functions of both wave-
length (dispersion) and temperature.

Equation (2.10) shows that the conversion efficiency for a DFG interaction is pro-

Ak

57 ){] where Ak is the wavenumber mismatch from phasematched

portional to sinc?[(
condition. The conversion efficiency drops to 1/2 of its peak when sinc?[(££)i]= 0.5,
or when Akl= 2.783. Assuming that the length [ is fixed, the full-width-half-max

(FWHM) bandwidth is given by

(SAK) pw a = 5.566//1. (2.76)

We first derive a general expression for the phasematching bandwidth associated with
an arbitrary physical observable = near x,. Let Ak be a function of z and assume that
the interaction is phasematched at z = x, such that Ak(zx = z,= 0). By expanding
Ak in a Taylor series around z, and keeping just the first-order term, we obtain

Ak(2) = (& = 7)o .17
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The conversion efficiency drops to 1/2 when Ak = (6z)(22%) = 2.783/l. This gives

‘W“) h (2.78)

(6z)rwam = (5.566/1) (Ts'z—

2.6.1 Spectral bandwidth

Based on equation (2.75), the expression for the FWHM spectral bandwidth is

(O0m) pwant = (5.566/1) (%f—n’f) = (5.566/1) (%’3) _ (2.79)

Recall that Ak = k, — ks — ki — K, and Ak = k, — ks — k;. Here m = p, s,1 refers
to the pump, signal, and idler, respectively. The above expression can be rewritten

in terms of the interacting wavelengths and the corresponding refractive indices:

(6Am) Fwan = (0.886/1) [& (5; -3 /\—)] h Irm=Amo (2.80)

As an illustration of typical spectral bandwidths associated with LiNbOg nonlinear
interactions, consider a QPM LiNbOj; parametric interaction via the ds; nonlinearity
with a pump wavelength of 1064 nm. Let’s consider two cases. In the first case, the
signal and idler outputs are non-degenerate with A,= 1596 nm and A;= 3192 nm. In
the second case, the signal and idler outputs are degenerate with A;=X;= 2128 nm.
Let’s further assume that the pump wavelength is fixed because we are interested in
the spectral bandwidth of the signal field. According to Myers el al. [31], the spectral
bandwidth based on calculations using the Sellmeier’s equations [30] for a 1-cm-long
interaction length is 11 nm for the non-degenerate interaction and 322 nm for the

degenerate interaction.



2.6.2 Temperature bandwidth

Based on Eq. (2.78) the expression for the FWHM temperature bandwidth is

(6T) pwan = (5.566/1) (%’f)_ . (2.81)

However, in this case the crystal length [ is also a function of temperature. (2.78)

should then be modified to

(6T poy s = (5.566) [%(Akl)}— . (2.6

The temperature dependence of the phasematching condition contains two parts: the
change in the refractive index as a function of temperature, and the change in the

grating period as a result of thermal expansion of the crystal.

%(Akl) = l%éTﬁ + Ak;—jl, =1 (é{%{i — 6—(?;7"1) + Ak—(—%l; (2.83)
The first term on the right hand side of (2.83) is
l%{{ = 27l (7\1';% - /\i‘;} - /\i%) . (2.84)
The second term on the right hand side of (2.83) is
- l%"- = —l-(%, (27;\""”) = 1217{2"% = Kml/l\g—é\,. (2.85)
The thermal expansion coefficient is given by
o= LA _ 101
Aé 6T’
such that (2.85) becomes
- l%r% = aKmnl. (2.86)
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The third term on the right hand side of (2.83) is

ol ’ n n n;
o [ — g [P s MY _ '
AkéT Ak al — Kol = al (/\p Y )\i> Kol (2.87)

We then obtain the following expression for the FWHM bandwidth:

(6T) — (0.886/1) | = (22 - Zs _Ti) 1dn, 14n,  16m\]"
rwaM = (U 2r\ N A N A 0T A 6T X 0T
(2.88)

The dependence of the index of refraction n on both wavelength and temperature
can be estimated from the Sellmeier’s equations [30]. If either the temperature or
the wavelength is tuned, Ak would deviate from 0, and the reduction in conversion
efficiency would be given by equation (2.23).

As we have done in the previous section, let’s again consider a 1064-nm-pumped
d3s QPM parametric interaction in a l-cm-long LiNbOj3 at T= 25°C for the non-
degenerate (A\,= 1596 nm, \;= 3196 nm) and the degenerate (A,=X;= 2128 nm)
cases [31]. The temperature bandwidths are 22°C for the non-degenerate interaction
and 19°C for the degenerate interaction based on calculations using Sellmeier’s equa-
tions [30]. Furthermore, it is interesting to compare the temperature bandwidths
for QPM interactions with parallel-polarized fields and the orthogonally-polarized
birefringently phasematched interactions in LiNbOjz. In LiNbOj; the temperature
bandwidth of a parallel-polarized QPM interaction is determined primarily by the
temperature dependence of dispersion and to a lesser extent by the thermal expan-
sion of the crystal length and grating period. For a birefringently phasematched
interaction which must be orthogonally polarized, the temperature bandwidth is de-
termined by a combination of the temperature dependence of dispersion and of the
birefringence between the ordinary and extraordinary indices, and also to a lesser ex-
tent by the thermal expansion of the crystal. Because the temperature dependence of
the birefringence is greater than that of dispersion in LiNbOj3, the temperature band-
width is larger for parallel-polarized interactions. For the same 1064-nm-pumped

parametric interactions described above but using the d3; nonlinearity, where the in-
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teracting fields are orthogonally polarized, the temperature bandwidth would be 1.0°C
for birefringent phasematching and 2.8°C for QPM for both the non-degenerate and

degenerate cases.

2.7 Novel Features of QPM Nonlinear Optics

The user-chosen phasematching conditions that are possible with quasi-phasematched
materials such as periodically-poled lithium niobate (PPLN) have made it possible
to incorporate, on a single piece of nonlinear material, novel functionalities which
were previously unattainable with the use of birefringently phasematched nonlinear

materials.

2.7.1 Use of multiple parallel gratings for OPO tuning

One of the unique features of QPM is the ability to integrate multiple functional
blocks on a single piece of nonlinear material such as PPLN by defining different
grating periods on different parts of the material. One important application of multi-
grating PPLN involves the use of multiple parallel grating sections to realize discrete
wavelength tuning of the signal and idler outputs of an OPO. Consider an OPO with
input frequency w, and signal and idler outputs at ws and wy. Suppose one would
like to access another pair of signal-idler output pair at ws; and wi;. To accomplish
this feat one needs to alter the phasematching conditions for the new interaction.

Consider the phasematching condition for the original interaction (interaction 0):
Ak() = kp e ksg - IC,‘() - KQ = 0 (289)

However, without altering any of the physical properties of the material, the new
interaction (interaction 1) would not be phasematched because of dispersion. That
is,

Ak)l - kp - ksl - kil - KO # 0. (290)
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One method to phasematch the new interaction is to alter the indices of refraction

for the pump, signal, and idler fields such that
Ak =k, —ky" = ki — Ko =0. (2.91)

This can typically be accomplished by changing the temperature of the material or
by applying a voltage across the crystal using the electro-optic effect. An alternative
way to achieve phasematching for the new interaction is to use a different grating

period such that a new grating vector K, satisfies the phasematching condition

Akl = kp - ksl - k’i] - K] = {. (292)

Thus for each pair of signal and idler output frequencies w;, and w;, that one would
like to access, there would be a corresponding grating period A, such that the phase-

matching condition

Ak = ky — kg — kin — Kn =0 (2.93)

can be satisfied. In a practical application such as an OPO, the tuning of the output
frequencies of the OPO can be achieved by defining a number of grating sections in
parallel, with each section having a slightly different grating period from its adjacent
section. To provide full spectral coverage, the phasematching bandwidths of the
adjacent sections must overlap partially. To tune the output frequencies up or down,
one would translate the nonlinear crystal laterally to the section with the proper
grating period to satisfy the phasematching condition, as illustrated in Fig. 2-5. The
use of multiple grating sections to tune the output frequencies of an OPO has been
demonstrated by Myers et al. in 1996 [32]. In that work a PPLN with 25 parallel
grating sections with grating periods ranging from 28.7 ym to 32.1 um was used to
discretely tune the idler output of an OPO pumped at 1.064 ym from the degenerate
wavelength at 2.128 ym to 4.83 pum. The corresponding signal tuning range was from
2.128 pm to 1.36 um. Note that the discrete tuning using multiple grating periods can

be combined with continuous frequency tuning methods such as temperature tuning

55



]_' M Win (A=Ay)

]_'(Ds(N-l)’ O)i(N-l)(A:A(N-l))

]_’(Dsz 0, (A=A
]—'(Osl’ 0;; (A=A,)

Figure 2-5: Tuning of a QPM OPO by multiple grating periods. By defining a series
of QPM gratings in parallel, each with a slightly different grating period from the
adjacent gratings, one can tune the signal/idler output frequencies by choosing the
section with the desired signal/idler output frequencies.

P

to offer a full wavelength coverage over a very wide spectral region. It is also possible
to implement continuous wavelength tuning of an OPO using a nonlinear material
with a continuously varying grating period, as shown in Fig. 2-6. In this scheme
the output of an OPO can be continuously tuned by simply translating the crystal
laterally. The use of a continuously variable grating period eliminates the need for
temperature tuning. Such a design was experimentally demonstrated by Powers et
al. in which a cw QPO pumped at 1.064 pm was continuously tuned from 1.53 ym to
1.62 pm for the signal output at 150°C by using a PPLN sample with a continuously
varying grating period from 29.3 pm to 30.1 pm [33].

2.7.2 Multiple gratings in series

Another class of applications of multiple-grating QPM material involve integrating
multiple nonlinear interactions in series on a single piece of nonlinear material. There
are a number of applications of nonlinear optics which requires the use of 2 or more
nonlinear frequency mixing stages in series. One example is a 3-to-1 optical fre-
quency divider, which requires 2 nonlinear frequency mixing stages in series. The

3-to-1 optical frequency divider will be discussed in Chapter 6. Conventionally, such
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Figure 2-6: PPLN OPO with a fan-out grating pattern. The side of the crystal
indicates the poling direction. The grating period changes continuously along the
y-direction, phasematching a continuous range of signal and idler output frequen-
cies.(Powers et al., Optics Letters 23(3), pp. 159-161, 1997).

an application would require the use of 2 separate nonlinear crystals for the 2 nonlin-
ear interactions. The severe restrictions for conventional birefringent phasematching
imply complicated setup for both frequency-mixing stages. Furthermore, it is often
difficult, if not impossible, to find two nonlinear crystals that will phasematch the ex-
act wavelengths involved in the 2 nonlinear interactions. However, one can integrate
the 2 nonlinear interactions on a single piece of material by simply partitioning the
sample into two functional blocks in series, with each functional block having its own
grating period necessary to phasematch the corresponding interaction. Figure 2-7 (a)
illustrates the concept behind the use of multiple gratings to realize multiple nonlin-
ear interactions. The beauty of this concept is that one can design the grating period
in such a way that the two interactions will phasematch at the same temperature, as
illustrated in Fig. 2-7 (b). The application of this principle can be extended to more
than 2 functional blocks, making such devices useful for applications in optical signal
processing. The design of the grating periods for our double-grating 3-to-1 optical

frequency division will be discussed in more detail in Chapter 6.
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Figure 2-7: Simultaneous phasematching of 2 nonlinear interactions in a QPM non-
linear crystal. In (a), 2 different grating periods are used to phasematch the different
nonlinear interactions. In (b), the grating periods are chosen such that the peak
phasematching temperatures of the 2 interactions coincide.
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2.7.3 Bandwidth engineering

In addition to the unique features of integrating multiple functionalities on a single
piece of QPM material by defining multiple grating periods for different parts of the
sample, there are several other features unique to the use of QPM nonlinear optics not
found in birefringently phasematched interactions. One such feature is the possibility
of bandwidth engineering using aperiodic grating structures. Consider the normal
case of quasi-phasematched interaction with the regular periodic nonlinear coefficient
profile as shown in Fig. 2-3. For the case of difference-frequency generation, the
k-space tuning curve of the DFG output profile is, according to equation (2.23), the
Fourier transform of the spatial profile of the nonlinear coefficient. In principle, we
can phasematch a nonlinear interaction with any arbitrary tuning curve by using
a nonlinear coeflicient profile which is the inverse Fourier transform of the desired
tuning curve. This, however, most often requires a continuously spatially varying
nonlinear coefficient profile which is in general not readily available. For instance
to produce a “flat top” tuning curve requires a sinz/z nonlinear coefficient profile.
Fejer et al. was able to demonstrate that one can approximate the desired nonlinear
coeflicient profile by the use of a discrete approximation to the nonlinear coefficient
[26]. The approximation consists of using a building block of length L = 2ml, where
m is the order the QPM interaction. The block consists of 2 sections, as shown in Fig.
2-8. The first section of length | has a nonlinear coefficient equal to +d.ys, whereas
the second section of length (L — !) has a nonlinear coefficient equal to —dess. The
effective nonlinear coefficient over this building block can be shown to be

dgo = 2deyy sin (Akl) exp (—z—Aﬁl-)

mm 2 2

where Ak = k, — ks — ki — Kp,. By varying the ratio between ! and L along the length
of the crystal, which is user-controlled via the lithographic mask, one can construct
a QPM grating structure with a close approximation of the desired tuning curve.
Figures 2-9 (a) and (b) show the synthesized flat top and triangular tuning curves

obtained by using the nonlinear coefficient profiles dg; = (—%ﬂ-) sin(z;‘;\’,’i) / (%Tl) and

mm
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Figure 2-8: Building block for discrete approximation to the synthesis of an ar-
bitrary effective nonlinear coeflicient. For L = 2ml,, where [, is the coherence
length and m is the order of the QPM, the effective nonlinear coeflicient is dg =

2d.pr : .
==lf gin (%) exp (——z%).

dg; = (%ﬁf-) sinz(%ri)/(g‘f—v’—’i){ respectively, where j= 1, 2, ..., N. The reader is

referred to Reference 26 for a more detailed discussion.

2.7.4 Chirped QPM gratings

Besides bandwidth engineering, aperiodic QPM gratings also find potential applica-
tions in the stretching or compression of ultrashort laser pulses [34]. Arbore et al.
has demonstrated the novel use of a chirped QPM grating for generating compressed
second harmonic output from chirped fundamental input pulses [35]. Figure 2-10
shows a schematic of a chirped QPM grating consisting of a grating structure with
continuously varying QPM periods along the length of the grating. The different
QPM periods are designed to phasematch the different spectral components of the
chirped input pulse. The chirped input pulse can be considered as possessing different
frequency components for different temporal intervals of the pulse, as illustrated in
Fig. 2-10. That is, the front of a chirped pulse has a higher optical frequency than the

tail of the pulse, or vice versa. The chirp compression scheme is based on the effects of
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Figure 2-9: Synthesized SHG tuning curves using the discrete approximation method
shown in Fig. 2-8 in a structure of length NI, with m = 3. (a) shows a flat-top tuning

curve synthesized using dg; = (%ﬁi) sin(z—‘}—v’ﬂi)/(z'*—b’;i), j=1,2, ..., N. (b) shows a
triangular tuning curve synthesized using dg; = (3:’.%1) sin2(&b’;i) / (%'1)2. E, denotes

the second harmonic field amplitude normalized to the peak of the tuning curve for
an ideal 3rd-order (m = 3) QPM structure with |dg;| = -2 and the same total length
L. (Fejer et al., IEEE Journal of Quantum Electronics 28(11), pp. 2631-2654, 1992)
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Figure 2-10: Time-domain representation of pulse compression during SHG in ape-
riodic QPM gratings. Different shadings correspond to the optical frequency of each
temporal slice of the fundamental pulse (dashed curve) and to the optical frequency
for which SHG is quasi-phasematched in each spatial region of the aperiodic QPM
grating. (Arbore et al., Optics Letters 22 (17), pp. 1341-1343, 1997)

group-velocity mismatch between the fundamental and second harmonic wavelengths
in the nonlinear material and the spatial localization of second harmonic conversion
for the different spectral components that is due to the chirped QPM grating. As a
result of group velocity dispersion inside the nonlinear material, the generated sec-
ond harmonic pulse will lead or lag the fundamental pulse. Because of the chirped
QPM grating different frequency components which make up the input pulse will
phasematch at different positions along the length of the QPM grating. For a chirped
input pulse this is equivalent to the statement that the different temporal slices of
the chirped input pulse will generate second harmonic outputs in different regions of
the grating and therefore experience different lead or lag times relative to the center
of the fundamental input pulse. If the “chirp” of the QPM grating is designed such
that the second harmonic outputs of the different spectral components coincide at the
same time in space, the resulting second harmonic output will be chirp-compensated
and greatly compressed, as shown in Fig. 2-10 for a chirped PPLN, where the sec-
ond harmonic pulse lags the fundamental pulse. Arbore et al. has demonstrated a
110-fs second harmonic output pulse from a 17-ps chirped input pulse at 1560 nm in

a chirped-PPLN sample with grating periods ranging from 18.2 um to 19.8 um [35].
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2.7.5 Spatial beam profile engineering

The engineering properties of QPM nonlinear materials can also be extended to con-
trolling the spatial beam profile of the generated nonlinear output beam. Consider the
grating design shown in Figs. 2-11 (a) and (b). For Gaussian beam inputs the struc-
ture in Fig. 2-11 (a) would produce an output with the same Gaussian beam profile.
Now consider the grating structure shown in Fig. 2-11 (b). The center of the beam
which has the highest intensity, sees the shortest grating length, and thus has the
lowest conversion efficiency in the nonlinear output. As we move outwards from the
center of the input beam, the grating length becomes correspondingly longer, thereby
increasing the conversion efficiency. For instance, one can design the structure in
such a way that the output beam has a flat top intensity profile as demonstrated by

Imeshev et al. and shown in Fig. 2-11 (b) [36].

2.8 Nonidealities

Several types of nonidealities associated with the fabrication of quasi-phasematched
devices contribute to potential reduction in conversion efficiency. This section dis-
cusses several of the most commonly encountered types of fabrication nonidealities in

the electric field poling technique that will be discussed in Chapter 4.

2.8.1 Sub-optimal duty cycle

We define the duty cycle of a QPM grating as
D= l(+dejf)/A

which is the ratio of the length of the sections with d = +d.ss to the QPM grating
period A. In equation (2.10) it was assumed that the relative lengths of sections
with positive and negative signs of d.s; are equal. That is, D = % We now derive
an expression for the reduction in the effective nonlinearity for deviations from the

optimum duty cycle of 50%.
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Figure 2-11: Effect of spatially-varying QPM grating length on generated second
harmonic beam profile for a Gaussian fundamental beam profile. In (a), a uniform
grating structure produces a Gaussian second harmonic output beam profile. A non-
uniform grating structure shown in (b) produces a flat-top second harmonic output
beam profile.
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Recall from Section 2.2 the normalized conversion efficiency is defined as g(z) =

d(z)/dess. For the ideal QPM grating structure with the optimum 50/50 duty cycle,

( +1 nA<z<(n+3)A
Z) =
-1 (n+3)A<z<(n+1)A

If the duty cycle is allowed to deviate from the optimal 50/50 ratio such that

9(z) =

+1 nA<z<(n+ D)A
-1 (n+D)A<z<(n+1)A

where 0 < D < 1, the Fourier coefficient G,, in equation (2.9) becomes

2
Gm = — sin(rmD), (2.94)

and, in the case of difference-frequency generation, the expression of the output field

becomes

E(z=1)= Fdeff—;;{ sin(rmD) exp (zéé]-c—l-) Isin (%l_c_l) : (2.95)

Based on the above expression, one can incorporate the effects of non-50/50 duty

cycle into the effective nonlinear coefficient dg defined in Eq. (2.14) such that
dg = Idesysin(mmD) (2.96)

The above expression also proves that the effective nonlinear coefficient dg is max-
imized for a 50/50 duty cycle in which D =  and the sin(mmD) term becomes
unity.

Let’s define Al as the deviation of the length of the +d,. ;s domain segment from the
coherence length .. That is, Al = l(1q,,,) —l.. The duty cycle is then D = 5 +Al/2L,.
The ratio between the idler output power with a non-50/50 duty cycle to that with
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the ideal 50/50 duty cycle (Al = 0) is

AL LT (L+Al] _, (rAl
- g) = gin? [w ( ol )} = cos? ( 5T ) (2.97)

Based on this expression, a 50% reduction of the conversion efficiency results when

Al = 2l

€i(z = D]
|€i(z = D]

(D
(D

2

As will be described in Chapter 3, the spreading of reversed ferroelectric domains
during electric field poling of the nonlinear crystal leads to a final grating structure
with a non-50/50 duty cycle. To illustrate the effects of a non-50/50 duty cycle on the
conversion efficiency for common QPM applications, let’s consider two nominal cases.
The first case corresponds to frequency doubling of a Nd:YAG laser output at A=
1064 nm with a grating period of A= 6.8 ym. Let’s assume that, due to the spreading
of the reversed ferroelectric domains, the final width of the reversed domains is 2um
beyond the design width of 3.4 ym. That is, Al=2 pm and [.= 3.4 pm. The resulting

normalized conversion efficiency is

2) _ .36 (2.98)
22 = (.36, .
2

That is, the resulting conversion efficiency is only 36% of that for a grating with a
50/50 duty cycle. The second case corresponds to a degenerate OPO pumped at
1064 nm, yielding signal and idler outputs at 2128 nm. The grating period for this
interaction is 31.7 um, corresponding to a coherence length [,= 15.85 ym. Again,
let’s assume a final reversed domain width that is 2 um beyond the design width of
15.85 ym. That is, Al= 2 ym and l.= 15.85 ym. Equation (2.97) gives

[£:(z = DII(D # 3)
[€:(z = DIPI(D = 3)

= 0.96. (2.99)

The resulting conversion efficiency is only reduced by 4% compared to the case with
a perfect 50/50 duty cycle. The above examples illustrate the different sensitivity
of the conversion efficiency to a fixed deviation from 50/50 duty cycle for different

grating periods.
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2.8.2 Random duty-cycle error

In the actual fabrication of QPM devices based on the use of photolithographic tech-
niques, the period of the QPM grating structure is defined by the photolithographic
mask. However, the boundary positions of the interfaces between +d.;; domains and
—d,s; domains may deviate from their ideal locations. This type of error is called the
random duty cycle error. It assumes that the overall periodicity of the grating struc-
ture is a constant but the individual lengths of the domain sections have a random
variation around the design value. Let’s assume a grating structure with the optimum
50/50 average duty cycle but with random duty cycle errors such that the standard
deviation of the domain lengths is o;. The effect of Gaussian random duty-cycle error
on the effective nonlinear coefficient dg has been theoretically analyzed by Fejer [26]

and is given by

-Cf?-"—:—ﬂ A exp (—2—2-0%2) , (2.100)
21,
under the assumption that the number of periods in the grating is large. We find
that for a 50% reduction in conversion efficiency, o, = 0.375!,.

As an example, let’s again consider the two cases with A= 6.8um and A= 31.7 yum

discussed in the previous section. Let’s assume that ;= 1 pm. For the case where

A= 6.8 um and [.= 3.4 pm, (2.100) gives

d2Qa:0'[

o=0

For the second case where A= 31.7 pm and l.= 15.85 pm, (2.100) gives
Qo:al = 0.98. (2102)

The above examples show that random duty cycle errors have a much more pro-
nounced effect on the conversion efficiency for interactions using short grating periods

than those using long grating periods.
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2.8.3 Missing domain reversals

As will be discussed in Chapter 3, a typical way to prepare the structures with alter-
nating signs of the nonlinear coefficient d.;; is to periodically reverse the ferroelectric
domain orientation of a single-domain ferroelectric material. The reversal of the fer-
roelectric domain orientation corresponds to a reversal in the sign of the nonlinear
coefficient. In many instances due to imperfections of the fabrication process miss-
ing reversals may occur. Figures 2-12 (a) and (b) illustrate the effect of a missing
domain. In Fig. 2-12 (a), each domain reversal represents a sign flip in the nonlinear
coefficient and thus adds a 7 phase shift to the relative phase of the interacting waves
to reset the accumulated phase slip to zero. A missing domain, as shown in Fig. 2-12
(b), however, has the effect of letting the total phase slip accumulate for another 27
radians before the next domain reversal resets the relative phase to zero. The net
effect of a missing domain reversal is to reduce the effective number of domains by
2. The reduction in the effective nonlinear coefficient dg due to M missing domain

reversals in a QPM grating with N periods is shown by Fejer et al. [26] to be

|do(M missing domains)|?
|do(ideal)|?

= (1—M/N)? (2.103)

As an example, consider a QPM nonlinear material with a length of 10 mm and a
grating period of 20 um such that the total number of periods is N= 500. The effect
of 1 missing reversal, according to Eq. (2.106), is to reduce the conversion efficiency

by 0.4%.
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Figure 2-12: Effect of missing domain reversal on DFG conversion efficiency. In (a),
the orientation of the domains alternates every coherence length, leading to continued
power growth of the DFG output. In (b), a missing reversal at the second domain
segment results in a reversal of power flow over the length of the missing domain and
thus contribute to reduce the overall conversion efficiency.
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Chapter 3

Fabrication and Characterization

This chapter deals with the fabrication of QPM nonlinear optical materials. As dis-
cussed in preceding chapters, the phase mismatch among the interacting fields in a
nonlinear interaction can be compensated by a switch in the sign of the nonlinear d
coefficient with a periodicity that is an integer multiple of twice the coherence length
for the nonlinear interaction. In practice, the switch in the d coeflicient of the medium
can be accomplished by a periodic reversal in the orientation of the ferroelectric do-
mains of the nonlinear optical material. As mentioned in Chapter 1, in the early
days this was realized by stacking a series of nonlinear optical crystal “plates” with
alternating ferroelectric domain orientations, which was severely hampered by losses
at the interfaces from one plate to another, resulting in low conversion efficiencies
[3][4][5][6][7]. In recent years, QPM materials have been fabricated by periodic ferro-
electric domain reversal that is introduced directly on a single piece of single-domain
nonlinear optical crystal.

In the following sections, discussions will center on the many ways of fabricat-
ing periodically domain-reversed single crystals. Section 3.1 discusses the choice of
lithium niobate (LiNbOj) as the nonlinear material for this work. Section 3.2 sum-
marizes three selected methods for preparing periodically domain-reversed nonlinear
crystals. Section 3.3 reviews the various setups in which an electric field is used to
domain-reverse the ferroelectric domains. This method, called electric field poling, is

used in this work to fabricate QPM devices. Section 3.4 details the procedures and
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hardware for fabricating periodically poled lithium niobate (PPLN). Finally, Section

3.5 describes the characterization of the fabricated samples.

3.1 QPM Materials—Choice of Lithium Niobate

To date ferroelectric domain reversal has been accomplished in several nonlinear op-
tical materials using a variety of methods. These materials include lithium niobate
(LiNbOj3), potassium titanyl phosphate (KTP), rubidium titanyl arsenate (RTA), and
lithium tantalate (LiTaO3). Of these, LiNbOj is chosen for the work described by this
thesis mainly because of its large nonlinear d coefficient compared to the others, its
low cost, high optical quality, and the fact that LiNbO3 has been extensively studied
and widely used. Many of its physical properties are well known, and high quality

crystals are readily available at very reasonable prices.

3.2 Methods of Preparing Domain-reversed Lithium

Niobate Crystal

In recent years ferroelectric domain reversal in LINbO3 has been accomplished using
a variety of methods, each with its advantages and disadvantages. In this section
we present a brief discussion of three representative methods developed for domain-
reversal in LINbOj, namely, titanium in-diffusion, electron beam writing, and, electric
field (E-field) poling.

(1) Titanium In-diffusion

In titanium in-diffusion, ferroelectric domain reversal takes place when a layer of
titanium is diffused into the -z face of the LiNbOj; crystal at a high temperature,
as shown in Fig. 3-1 (a) and (b) [37][38]. One of the major advantages of using
this method is that a periodic grating composed of titanium lines can be fabricated
with standard lift-off lithography used in the microelectronics industry. The subse-
quent high temperature diffusion into the LiNbO; substrate results in a periodically

domain-reversed structure with a period and duty cycle that is precisely defined by

71



(a)
Titanium Grating

ke
U

Before In-Diffusion

+Z

(b)
Titanium Grating

(dd b

N\
J

After In-Diffusion

Figure 3-1: Ferroelectric domain reversal by titanium in-diffusion. In (a), a periodic
grating pattern consisting of titanium is deposited onto the -z face of a LiNbOs
substrate. In (b), domain reversal takes place when the titanium is driven into the
LiNbQj; substrate via high temperature diffusion. Only a shallow region near the

surface is domain-reversed.
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72



the lithographic mask. However, titanium in-diffusion has its limitations. For one,
the domain reversal takes place only near the surface of the -z face of the z-cut crystal
and is about a few tens of um thick. This limits the use of titanium in-diffusion to
mainly waveguide applications where the optical field is highly confined to a narrow
region. Furthermore, as shown in Fig. 3-1 (b), the domain reversal profile takes on a
triangular shape instead of the ideal rectangular shape, which produces non-optimal
overlap between the guided modes along the domain-reversed grating, and thereby
results in reduced conversion efficiency. Furthermore, the waveguide fabrication pro-
cess can be time-consuming. Nevertheless, the fact that domain-reversal gratings can
be fabricated using standard microfabrication procedures has resulted in widespread
use of this method to fabricate QPM LiNbO3; waveguide devices.

(2) Electron Beam Writing

Domain reversal using direct electron beam writing was first reported by Yamada
and Kishima [39]. In this method, the +z face of a thin piece (approximately 1 mm
thick) of LiNbOj crystal is bombarded with an electron beam, and domain reversal
takes place at the spot where the electron beam hits the sample (Fig. 3-2). The
merit of this method lies in the fact that the reversed domains can traverse the entire
thickness of the crystal, in principle making it suitable for bulk QPM applications.
In practice, however, a number of non-idealities and other factors have prevented this
method from becoming widespread. The first is that while electron beam is effective
in producing domain-reversal in one spot, it does not work well when one tries to
domain reverse a continuous grating-like region. Instead, the reversed domains occur
in segmented regions, as illustrated in Fig. 3-3. Furthermore, the domain reversal
was obtained in only a fraction of the overall area scanned by the e-beam [39]. These
difficulties, coupled with the high cost and general inaccessibility of electron beam
machines, have prevented the electron beam writing method from seeing widespread
use.

(3) Electric Field Poling

In electric field poling the ferroelectric domains of LiNbO; is reversed by applying a

dc electric field above the coercive field of LiNbOs across the zaxis of a zcut LINbO3
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Figure 3-2: Ferroelectric domain reversal by electron beam writing.
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Figure 3-3: Periodic domain reversal of LiNbOj3 by electron beam writing. Shown is
a photograph of the +z face of a LiNbO3 sample domain-reversed by direct e-beam
scanning on the -z face. Domain reversal occurred in segmented regions as opposed
to a continuous line region. (Yamada et al., Electronics Letters 28(8), pp. 721-722,

1992)
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wafer. As in the case for titanium in-diffusion, photolithography is used to define
a periodic grating where metal is patterned on one face of the wafer. A uniform
conducting layer contacts the other face. The poling field is created by applying
one or more high voltage pulses between the metallized portion of the grating on
one face and the uniform conductor on the other face of the LiNbOj; crystal. One
major advantage of the electric field poling method is that the reversed domains can
reach very deep into the LiNbO; sample. In practice 1-mm-thick samples have been
successfully and reliably domain-reversed. Furthermore, the period of the grating
pattern is precisely defined by the lithographic mask, just as in the case for titanium
in-diffusion.

In some sense, the electric field poling method combines the virtues of the e-beam
scanning method and the titanium in-diffusion method. With electric field poling, it
is possible to inexpensively and reliably fabricate periodic domain-reversed gratings
that extend from one face of the crystal to the other. However, the electric field
poling method is not without its own set of problems. One of the major problems lies
in the tendency of the reversed domains to spread laterally beyond the width defined
by the lithographic mask. This lateral spreading gives rise to a non-optimal duty
cycle of the reversed domains which reduces conversion efficiency. Furthermore, the
domain-reversal spreading is typically nonuniform from one reversed domain to the
next, resulting in a random duty cycle error. Fortunately, improvements in fabrication

technology in recent years have reduced these problems significantly.

3.3 E-field Poling Method

Domain reversal by electric field poling was first reported in 1992 by Yamada {40].
It had been well known for many years that ferroelectric domains can be reversed by
application of a strong electric field for many ferroelectrics. A qualitative illustration
of ferroelectricity in LiNbOj3 is shown in Fig. 3-4 [41][31]. The polarity of a ferro-
electric domain is determined by the offset of the metal ions either above or below

the oxygen layers of LiNbO;. Domain reversal involves changing the crystal from one
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Figure 3-4: Molecular structure of LiNbO3. LiNbQ; has 2 stable energy configura-
tions, corresponding to anti-parallel domain orientations. The direction of offset of
the lithium and niobium ions relative to the oxygen layer determines the domain ori-
entation. The domain orientation can be reversed by an external field with sufficient
activation energy to move LiNbOj; from one stable energy configuration to another.
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Figure 3-5: Schematic of an electric field poling apparatus using metal grating. A
metal grating structure is patterned onto the +2z face of the LiNbOj3 substrate. The
metal grating is contacted directly by the high voltage circuitry. The -z face is uni-
formly coated with metal. Domain reversal usually takes place inside oil to prevent

voltage arcing between the metal pattern on the 42z face and the uniform metal layer
on the -z face.

stable energy configuration to the other. Domain reversal typically occurs when the
applied field exceeds the so-called coercive field of the crystal, which for LiNbOj is
21 kV/mm. For LiNbO3, however, the sample tends to suffer dielectric breakdown
well before domain reversal takes place. Yamada discovered that if the LINbO3 sam-
ple was thin enough, domain reversal could take place at a voltage lower than the
sample breakdown voltage. The first electric-field poled devices was domain-reversed
by applying high voltages across a 0.25-mm-thick sample in an oil bath {40][42]. The
use of oil was necessary to prevent voltage from arcing through the air path between
the £z faces. Typically, a metal grating is defined on the +z face of the zcut sample,
while the -z face has a uniform metal film, as shown in Fig. 3-5.

E-field poling was later demonstrated [43] using liquid electrolytes instead of metal
electrodes by Webjorn et.al. In this scheme the periodic grating structure was pat-
terned by standard photolithography with a photoresist thickness of 1000 A. The

sample was then contacted on both sides by a solution of LiCl in De-ionized water.
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Figure 3-6: Schematic of an electric field poling apparatus using liquid electrolyte.
A photoresist grating structure is patterned onto the +z face of the LiNbO3 sub-
strate. The areas between the photoresist grating is contacted by a liquid electrolyte
conductor. Domain reversal takes place in the areas contacted directly by the liquid
electrolyte. The -z face is uniformly contacted with liquid electrolyte.

Physically, this was accomplished by sandwiching the LiNbOj; crystal between two
filter papers soaked in LiCl solution. The LiCl solution was contacted on both sides
of the sample to a high voltage pulser, and high voltage pulses were applied across
the sample with the LiCl solution serving as the metal contacts. Figure 3-6 illustrates
this domain reversal scheme. The photoresist in this case acted as an insulator, so
that the areas covered by photoresist were not domain reversed.

A variant of the liquid electrolyte poling was demonstrated later by Myers et al.
[9][31]. In this design, shown in Fig. 3-7, the lithium niobate sample was patterned
with a metal grating on the +2z face, much as in the design using oil as insulation.
Photoresist was then deposited onto the +2z face, covering most of the grating pattern
except for the contact pads (not shown in Fig. 3-7) which were left exposed. The
LiNbQ3 sample was contacted on both sides by a solution of LiCl. This was realized
by squeezing the sample between two O-ring chambers connected to a reservoir of the

LiCl solution. The liquid electrolyte reservoirs were then connected to a high voltage
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Figure 3-7: Schematic of an electric field poling apparatus using metal grating and
liquid electrolyte. A metal grating structure is patterned onto the +z face of the
LiNbOj substrate. A layer of photoresist covers most of the metal grating pattern
except for the contact pads (not shown), which are left exposed. Liquid electrolyte
is then applied over the photoresist and contacts the metal grating pattern via the
contact pads. Domain reversal takes place in the areas contacted by the metal grating.
The -z face is uniformly contacted with liquid electrolyte.
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source. Electrical contact was made via the liquid electrolyte to the exposed contact
pads of the metal pattern on the +2 face and to the bare LiNbO3 surface on the -z
face. In this scheme, the photoresist again served as an insulator, preventing domain
reversal from taking place between the metal lines. However, now the LiNbOj3 surface
is directly contacted by metal as opposed to liquid electrolyte. It was claimed that
the metal lines provide better domain-reversal pattern fidelity than does the liquid
electrolyte alone [31].

The liquid electrolyte method has several advantages versus the oil method. The
oil method seems to be very sensitive to the high voltage pulse parameters. The
correct voltage and pulse widths must be used to obtain reasonable results. Working
pulse widths tend to be very short, ranging from 100 us to 500 ps. Growth of
the reversed domains along the z axis is essentially instantaneous. The duration of
the pulse allows primarily lateral growth of the reversed domains under the areas
defined by the electrodes. Additionally, there is a tendency for the reversed-domains
to spread laterally beyond the defined electrode width if the poling field continues
to be applied after a given area of the grating pattern has been domain-reversed.
With long pulses the reversed domains in one part of the sample has time to spread
while the other parts of the sample are being poled. With short pulses, however,
the duration of the poling pulses are short enough that there is little time for excess
lateral spreading of the reversed domains in any part of the sample. The liquid
electrolyte method, on the other hand, is largely insensitive to the pulse length used
or the exact poling voltage. Short as well as long pulses (up to a few seconds) can be
used. The photoresist in the liquid electrolyte scheme acts as an effective insulator
which suppresses fringing fields between adjacent electrodes. The tendency of the
reversed domains to spread is hindered by the photoresist layer between the electrodes,
therefore making it possible to use long pulses without having the grating structure
“washed-out” by excessive lateral spreading of the reversed domains. Nevertheless,
a moderate amount of excess lateral spreading of reversed domains of 2 um or more
still exists in the liquid electrolyte poling scheme, and special care must be taken

in domain-reversing samples with grating periods below ~ 10 pm. Furthermore, in
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the liquid electrolyte scheme, the poling results also depend somewhat on the poling
current, as lower current have been found to produce straighter domain walls [9][31].

It has been known that having the periodic pattern on the +z or -z face makes
a difference in the poling results. Early poling studies based on the oil method have
concluded that the periodic pattern should be on the +z face since the orientation of
the dipoles causes the domain reversal to initiate from the +z face [40][42]. One could
either ground the pattern on the +z face and apply negative pulses to the backside
or apply positive pulses to the pattern and ground the backside. The poling method
used by Myers et al. also follows this heuristical conclusion [9](31]. However, Webjorn
et al. reported little difference between fabricating with the pattern on the +2z face of
the crystal and doing so on the -z face [43]. In fact, their devices were all fabricated
with the pattern on the -z face. In this work the poling method will closely follow
that described by Myers et al. where grating patterns are fabricated on the +z face
[9][31].

3.4 Fabrication of PPLN

This section discusses the standard procedures and relevant issues in the fabrication
of PPLN used in the work described by this thesis.

The first step in the fabrication of PPLN involves the patterning of electrodes
with the desired grating periods on the +z face of a z-cut LiNbO3 sample. We used
standard photolithographic techniques to pattern metal grating structures on the +2z
face of the LiNbO3z sample. Table 3.1 shows the standard procedure for patterning
the metal pattern. The starting material was a z-cut 75-mm-diameter LiNbO; wafer
purchased from Crystal Technology. We typically cut out 1.5 cm x 1.5 cm or 2 cm x
2 cm square pieces from the 3" wafer to accommodate a typical grating pattern of 1
em x 1 em. In our earlier fabrication of 0.25-mm-thick PPLN, we used 1-mm thick
starting wafers and lapped the individual square pieces down to 0.25 mm. In our
subsequent fabrication of 0.5-mm-thick PPLN, we used 0.5-mm-thick starting walfers,

and thus no lapping was necessary. The procedure for our most recent fabrication
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Step | Procedure

1 | Clean zcut LiNbO3 sample with standard
solvents: trichloroethylene, acetone, isopropanyl.
2 | Spin Shipley 1430 photoresist on +z face of sample:
30 sec at 4000 rpm, thickness ~ 1.67 pm.
3 | Soft bake sample with photoresist: 80°C for 20 min
4 | Expose grating pattern on photoresist.
Exposure time: 6 sec.
5 | Soak sample in chlorobenzene for 15 min.
6 | Develop sample with photoresist in 7:1 Shipley 606
photoresist developer.
7 | Deposit metal in e-beam evaporator: 100 ATi +
2000 A Au.
8 | Lift-off photoresist in acetone.

Table 3.1: Processing procedure for patterning metal grating on LiNbOj3

of 0.75-mm-thick PPLN was identical to that for the 0.25-mm-thick PPLN with the
exception of the 0.75 mm final thickness. After cleaning with standard solvents,
the sample was placed in buffered hydrofluoric acid (BHF) for a few minutes to etch
away any surface impurities that might be present. This improved the adhesion of the
metal layer to the bare LiNbOj surface in the subsequent metal deposition process.
A 1.6 pm thick layer of Shipley 1430 photoresist was deposited on the +z face of the
sample. The sample was then held in contact with a glass mask with the desired
grating pattern and exposed by ultraviolet (UV) light. The mask design was such
that the areas to be occupied by the metal electrodes were exposed by the UV light.
The exposure to UV light altered the chemical properties of the exposed photoresist
such that subsequent immersion of the sample in a photoresist developer dissolved
the exposed photoresist but left the UN-exposed photoresist intact.

After exposure and development we deposited a metal layer consisting of 100 A
of titanium followed by 2000 A of gold via e-beam evaporation. The sample was
then immersed in acetone to dissolve the photoresist and thereby “lifting off” the
metal in areas where the metal layer had covered the photoresist. Following metal
deposition we deposited another layer of photoresist over the entire grating pattern

except for a portion of the grating area which was designed for contact with the liquid
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Figure 3-8: Liquid electrolyte poling fixture. A zcut LiNbOj; substrate is squeezed
between two O-ring chambers. LiCl solution contacts the two sides of the sample
through the two O-ring chambers. The two reservoirs containing the LiCl solution
are electrically connected to the high voltage circuitry via two wires.

electrolyte. Instead of using a metal contact for the +2z face, one may also contact
the +2z face directly with liquid electrolyte. In this approach, the metal deposition
step is eliminated. We generally prefer the use of metal grating because the metal
seemed to form a better contact with the LINbO3 which resulted in a lower threshold
voltage for poling.

A schematic of the liquid electrolyte poling fixture is shown in Fig. 3-8. We sand-
wiched the LiNbO3 sample between two O-rings. Each O-ring was squeezed between
the LiNbO3 sample on one side and a plexiglass block on the other side. The size of
the O-rings was chosen such that the inner boundary of each O-ring was sufficient to
enclose the entire grating pattern. The plexiglass block contained a liquid electrolyte
reservoir which was connected to the O-ring chamber. After securing the LiNbOj3
sample between the O-rings, the reservoirs in the plexiglass blocks were filled with
liquid electrolyte consisting of a lithium chloride (LiCl) solution. The LiCl solution
was prepared by dissolving 50 g of LiCl in 100 ml of de-ionized water. We then filled
the O-ring chambers with the liquid electrolyte by pumping the air out from the liquid
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Figure 3-9: High voltage circuitry for electric field poling of LiNbOs3.

electrolyte reservoir using vacuum. Electrical contacts were then established between
the liquid electrolyte reservoirs and a high voltage pulse generator. A schematic of
the high voltage domain-reversal setup is shown in Fig. 3-9. With the -z face of the
LiNbOj; sample grounded, high voltage pulses with positive polarity were applied to
the +z face. An electric field strength exceeding the coercive field of 21 kV/mm for
LiNbO; was required to initiate domain reversal. As shown in Fig. 3-9, the poling
current through the sample was regulated by a current-limiting resistor and by the
applied voltage. The voltage across the sample was monitored by a resistive voltage
divider while the current through the sample was measured by an 100 §2 resistor.
Domain-reversal was observed as the pulser voltage was ramped above a threshold
voltage. Figure 3-10 shows plots of the voltage across the sample and the current
through the sample as a function of time. As the voltage was raised beyond the
threshold, current due to ferroelectric domain-reversal began to flow. The voltage
across the sample was clamped at the threshold voltage while domain reversal took
place, and the current was determined by the difference between the pulser voltage
and the threshold voltage and by the current-limiting resistance. In general, the cur-

rent was not quite constant because the threshold voltage typically varied somewhat
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Figure 3-10: Current and voltage monitors during electric field poling. Ferroelectric
domain reversal is monitored by the current flow due to the movement of free charges
to compensate for the reversal of the permanent electric dipole moments of the mate-
rial. Current flow ceases when the domain reversal process is completed. The current
level is regulated by a current-limiting resistor Ry, positioned between the sample

and the high voltage source (shown in Fig. 3-9).
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from one part of the sample to another. The sample with the poling parameters shown
in Fig. 3-10 was completely domain-reversed in a single pulse. After domain-reversal
was completed, the current flow stopped, and the voltage across the sample reverted
to the pulser voltage. One can calculate the total charge needed to pole a sample
by determining the total area covered by the grating electrodes and the spontaneous
polarization of LiNbOj;. The total charge required to pole a LN sample with poling

area A is

AQ = 2P, A.

where P,= 71 uC/cm? is the spontaneous polarization. The current monitor allowed
us to calculate the total amount of charge transferred after each pulse. In cases where
the poling was to be completed in several pulses, one could thus keep a “running total”
of the amount of charge to be transferred and thus determine whether additional
pulses were needed, and if so, what the pulse length should be. There are a number
of issues associated with the E-field poling process:

First, the zcut LN samples were subject to dielectric breakdown if the applied
voltage exceeded the threshold voltage by more than a few hundred volts. As a general
rule of thumb, the thicker the sample, the smaller was the “poling window” between
the poling threshold and the breakdown voltage. We have successfully poled samples
with thicknesses of 0.25 mm, 0.5 mm, and 0.75 mm. As the thickness approaches 1
mm, the poling threshold and the breakdown voltage became roughly equal, which
made it exceedingly difficult to completely pole a sample without dielectric break-
down.

Second, in general the domain reversal profile spread out laterally by at least 2
pm or so from their defined widths. It is thus important that the voltage pulse was

"turned off after all areas under the electrodes had been completely poled. Leaving the
voltage pulse on resulted in additional lateral spreading of the reversed domains. In
our poling experience we found it difficult to predict exactly how much of the grating

area would be poled in one single pulse. Therefore, we normally tried to pole the
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sample in 3 or more pulses rather than a single pulse such that we could adjust the
total number of pulses and/or the width of the pulses based on the amount of poling
completed after the previous pulses.

Third, it was necessary to place a high-voltage diode in series with the LiNbOj
sample to prevent reversal of the ferroelectric domains back to its original configura-
tion at the end of a pulse. According to Myers et al. domain reversal is permanent
after roughly 50 ms [31]. If the voltage were abruptly turned off after 50 ms, domains
that switched polarity in the last 50 ms would return to their original polarity, gen-
erating large “back reversal” current [31]. When the poling rate is fast, the amount
of material that reverts to its original polarity may represent a significant portion of
the domain-reversed region. By placing a diode in series with the LiNbO3 sample,
one can effectively block the back-reversal current flow.

After poling the samples, we immersed the samples in hydrofluoric (HF) acid to
remove the metal electrode and to delineate the reversed domain patterns on the +2z
and -z faces. The etch rate differs for the two domain orientations, thereby revealing
the domain structure. On some samples, we also cut the samples along the z-direction
and polished the &y faces. Observation under a microscope shows that the reversed
domain pattern spread out laterally from the widths that were defined by the metal
grating. Depending on the amount of over-poling, the lateral spreading can be as low
as 2 pm for samples with minimum spreading or as high as 5 pm or more for severely
over-poled samples. We also measured the random duty cycle error by sampling 20
periods over a certain segment of the poled samples and measuring the variation in the
duty cycle (on the +z face) over the segment. The random duty cycle error typically
ranges from 0.6 pm to 1.2 um, given a 21.5 pym grating period. By observing the
+2z and -z faces of the LiNbO3; sample we found that typically the domain reversal
pattern uniformity was much better at the +z face, where the metal grating contacts
the surface, than at the -z face. Furthermore, the amount of lateral spreading was
always larger at the -z face than at the +z face. This confirms that the domain
reversal process initiated from the +z face and propagated to the -z face, which was

also observed for partially poled LiNbOjs.
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3.5 Characterization of PPLN

Following E-field poling of LiNbOj3 it was necessary to characterize each poled sample
to determine the quality of the periodic domain reversal pattern. The first step in
characterizing a particular poled sample was to delineate the domain-reversal grating
pattern to assess the overall quality of the poled grating structure. By observing the
delineated structure, one can often identify non-ideal features which can be detrimen-
tal to the nonlinear conversion efficiency and thus the usefulness of the device. Three
of the most common types of non-ideal features are discussed below:

1. UN-poled grating regions. Frequently some portion of the grating structure
failed to domain reverse. Sometimes one or more broken metal grating lines was
the cause of the non-reversal. Many times a whole region of the grating pattern
was UN-poled. This can be caused by the presence of air bubbles in the liquid
electrolyte solution which contacts the samples inside the O-ring, which would lead
to an undefined electric potential over parts of the grating pattern and results in
an UN-poled region. The failure of a whole region to pole can also be due to the
premature termination of the poling field. The net effect of the presence of UN-poled
regions is the reduction in the effective length of the grating and thus a reduction in
the effective interaction length.

2. Non-50/50 duty cycle. As discussed in Section 2.9, optimum conversion effi-
ciency of a QPM interaction is obtained with a 50/50 ratio between the lengths of the
reversed and UN-reversed domains. Figure 3-11 shows a photograph of the etched
+2 face of a typical PPLN sample. From Fig. 3-11 it is evident that the duty cycle is
not the ideal 50/50 ratio. By measuring the widths of the reversed and UN-reversed
domains from the etched +2z and -z faces of the poled sample, one can determine the
amount of deviation from a 50/50 duty cycle.

3. Random duty cycle errors. As discussed in Section 2.9, random variations in
the positions of the domain boundaries contribute to random duty cycle errors, which
results in reduced conversion efficiency as given by Eq. (2.97).

Based on the observation of the delineated domain reversal structure of the PPLN
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Figure 3-11: Photograph of the +z face of a double-grating periodically poled LiNbO3
sample that has been delineated by etching in hydrofluoric acid. The region on the
left has a grating period of 20.1 um while the region on the right has a grating period
of 22.2 pm. The dark bands are the domain-reversed regions.

sample, samples which were deemed acceptable were then polished and then further
characterized by optical means.

The real measure of the quality of a PPLN sample can be determined only by
measurement of the conversion efficiency of the sample in an actual nonlinear fre-
quency conversion experiment. We typically characterized our samples by measuring
the conversion efficiency in a DFG interaction by measuring the following physical
parameters:

1. Peak phasematching temperature. Recall from Section 2.6 that the design of
the grating period for a particular nonlinear frequency conversion experiment was
based on the published Sellmeier’s equation [30], which provides approximate values
of the refractive indices at the wavelengths of interest. Therefore, for a given grating
period, one should not expect the actual peak phasematching temperature to coincide
with that calculated from the Sellmeier’s equation. Furthermore, the accuracy of the

Sellmeier’s equations depends on the wavelength of interest. Therefore, conclusions
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about the accuracy of the Sellmeier’s equations for a particular three-wave mixing
interaction drawn from one set of interacting wavelengths cannot be applied to another
set of interacting wavelengths.

2. Conversion efficiency. Recall from in Section 2.9 that two particular types of
non-idealities, namely random duty cycle errors and a non-50/50 average duty cycle,
contribute to reduced conversion efficiency. Measurement of the conversion efficiency
can be used to experimentally determine the effective nonlinearity of a particular
PPLN sample.

3. Temperature and Spectral Bandwidths. This measurement is used to determine
the effective interaction length of a PPLN sample, which is often somewhat less than
the physical length of the grating. Consider a DFG interaction. Based on equation
(2.23) which expresses the reduction in conversion efficiency as a function of the
wavenumber mismatch Ak, the conversion efficiency scales as sinc?(2£L). Since the
refractive indices of LiNbO; are functions of temperature and wavelength, Ak is also
a function of temperature and wavelength of all three interacting fields. Therefore,
based on the Sellmeier’s equation one can determine the expected full-width-half-max

(FWHM) spectral and temperature bandwidths. By measuring the actual FWHM

bandwidth, which corresponds to
6(AkL) = 5.566,

one can thus determine the effective interaction length L.ss. Several factors can con-
tribute to an effective interaction length which is shorter than the physical interaction
length. In temperature bandwidth measurements, the shorter effective interaction
length can be due to a non-uniform temperature distribution across the PPLN crys-
tal, resulting in a spread of the peak phasematching temperature across the sample.

Another source for the reduced interaction length can be attributed to the non-
uniformity of the domain-reversed structure across the length of the grating structure.
Based on the analysis of Section 2.9, a deviation of the average duty cycle from

the ideal 50/50 ratio results in reduced conversion efficiency but does not affect the
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Figure 3-12: Spectral tuning of DFG conversion efficiency. Relative DFG output
power from a 6-mm-long PPLN crystal with a 21.5 pm grating period is plotted
as a function of pump wavelength for a signal wavelength of 1064 nm at a crystal
temperature of 43.9 °C.

bandwidth and thus the effective length. Likewise, random errors in the duty cycle
also reduce the the conversion efficiency without affecting the bandwidth. However,
in most of the samples we fabricated, both average duty cycle and the random duty
cycle error vary somewhat over the length of the grating due to the non-uniformity
in the spreading of the reversed ferroelectric domains. This can result in increased
temperature as well as spectral bandwidth and therefore an effective interaction length
that’s shorter than the physical grating length.

Figure 3-12 shows results of spectral bandwidth measurements for a QPM-DFG
interaction between a Ti:Sapphire laser and a Nd:YAG laser at 1064 nm. The PPLN
crystal has a grating period of 21.5 pm and a physical grating length of 6 mm. As
seen in Fig. 3-12, the experimental tuning curve has a FWHM bandwidth that’s
about 10% larger than the theoretically calculated curve based on the Sellmeier’s

equation. This suggests that the physical interaction length was only 5.4 mm instead

91



Normalized Output Power

Temperature (deg. C)

Figure 3-13: Temperature tuning of DFG conversion efficiency. Relative DFG output
power from a 6-mm-long PPLN crystal with a 21.5 pm grating period is plotted as a
function of temperature for a pump wavelength of 794.0 nm and a signal wavelength
of 1064 nm. The solid curve, calculated from the Sellmeier’s equations by Edwards,
is shifted by -9.0°C to match the experimental data (filled circles).

of 6 mm. Figure 3-13 shows the results of the temperature bandwidth measurements
for the same DFG interaction and PPLN crystal. Again, the FWHM bandwidth of
the experimental tuning curve had a FWHM bandwidth that’s roughly 10% larger
than the theoretically calculated curve based on Sellmeier’s equations. In addition,
as a result of the limited accuracy of the Sellmeier’s equations by Edwards [30],
the calculated peak phasematching temperature was about 9.0°C higher than the

experimentally measured values.
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Chapter 4

Relevant Work By Others

This chapter aims to provide a summary of the numerous milestones over the past few
years in the rapidly progressing field of quasi-phasematched nonlinear optics. Particu-
lar emphasis will be placed on applications based on periodically-poled lithium niobate
(PPLN). Several of the pioneering works in establishing reliable means of fabricating
PPLN for frequency doubling experiments are discussed in Section 4.1. Section 4.2
reviews the important milestones achieved in the use of PPLN for second harmonic
blue and green light generation. Experiments in QPM difference-frequency generation
of mid-IR outputs are discussed in Section 4.3, while relevant work in PPLN-based
OPQ’s are described in Section 4.4. In Section 4.5 we examine recent device demon-

strations based on periodically poled LiTaO3, KTiOPOy4, and RbTiOAsO;.

4.1 Early Work

The concept of quasi-phasematching was first proposed by Armstrong et al.[1] and
Franken and Ward [2] in 1961, which predates that for the conventional birefringent
phasematching. Early experimental efforts involved stacking together a series of thin
plates of single-domain nonlinear material such as GaAs with alternating crystal
orientations along the zaxis of the crystal, as shown in Fig. 4-1(3][4][5][6]. However,
dielectric losses at the interfaces and the difficulty in fabrication thin plates with

thicknesses on the the order of a few tens of um prevented widespread use of QPM
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Figure 4-1: Stacked coherence length plates. Quasi-phasematching can be imple-
mented by stacking together a series of thin crystal plates with a thickness of one
coherence length. The plates have alternating orientations of the crystal z-axis, cor-
responding to alternating signs of the effective nonlinear coefficient.

materials prepared this way.

The advent of the use of lithographic patterning to periodically domain-reverse
ferroelectric domains for QPM occurred in 1988 when Lim et al. achieved periodic
ferroelectric domain reversal at the surface of a LINbO3 sample by use of the titanium
in-diffusion method discussed in Chapter 3 [38]. Lim et al. reported the first QPM
nonlinear optical interaction by doubling the frequency of a Nd:YAG laser output in
a third-order QPM second harmonic generation (SHG) with grating periods of 15 ym
to 22 pm in a waveguide geometry [38].

Over the next few years numerous results in QPM SHG in LiNbO; were reported.
SHG into the blue spectral region was repeatedly demonstrated [37][38]. As fabrica-
tion techniques improved, devices with shorter QPM grating periods were successfully
fabricated, making it possible to achieve first order QPM SHG into the green and blue
wavelengths. However, because the ferroelectric domain-reversal occurred only in a
shallow region beneath the surface of the LiNbOj3 sample, QPM LiNbOj; nonlinear
optics was limited only to waveguide applications where the field is tightly confined

to the small domain-reversed region near the surface.
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As mentioned in Chapter 3, the first successful QPM nonlinear frequency conver-
sion interaction using electric-field poled technique was reported in 1993 by Yamada
et al. [40] In that work, a 3-mm-long PPLN waveguide was used to double the fre-
quency of a Ti:Sapphire laser output at a wavelength of 851.7 nm. From 196 mW of
infrared input, 21 mW of blue light was generated in a first-order QPM interaction
with a grating period of 2.8 pm. This work demonstrated successfully the full poten-
tial of the E-field poling technique in creating short grating periods for efficient, cost
effective nonlinear frequency conversion.

The first bulk QPM interaction using E-field-poled LiNbO; was reported by
Burns et al. in 1994 [42], who demonstrated second harmonic generation (SHG)
of continuous-wave (cw) blue light from the output of a Ti:Sapphire laser at A=936.8
nm. The 6-mm-long, 230-um-thick PPLN samples had a grating period of A=13.4
pm designed for third-order QPM.

Webjorn et al. also demonstrated SHG of a near-IR source in bulk PPLN to
produce blue light in 1994 with a liquid electrolyte poling setup as described in
Chapter 3 [43]. Using third-order QPM, the output of an 832 nm Ti:Sapphire laser
was frequency-doubled to produce about 20 uW of blue output at a wavelength of
416 nm. The bulk PPLN samples had a grating period of 9 um and were 3.3 mm long
and 200 pm thick. This work demonstrated the alternative use of liquid electrolyte
contacts with photoresist insulator for achieving periodic domain reversal as opposed
to the use of metal grating with oil as insulator in Yamada’s and Burn’s work. For
reasons already discussed in Chapter 3, over the past few year the use of liquid
electrolyte contacts has become the dominant method for fabricating PPLN devices.

Note that in these “early days” the conversion efficiencies achieved were typically
low because of a number of reasons. First, the lateral spreading of the ferroelectric
domain inversion resulted in a grating with a non-50/50 duty cycle, and the random
errors in the boundary positions also contributed to reduce the conversion efficiency.
Second, the very short coherence lengths for interactions that produce visible light
via SHG made it extremely difficult to fabricate first-order QPM gratings for bulk

applications. Therefore, third-order QPM gratings were fabricated instead, but at a
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penalty of nearly 1 order of magnitude reduction in the conversion efficiency.

4.2 QPM Second Harmonic Generation in PPLN

As discussed in Chapter 1, the main impetus behind the interest in QPM second
harmonic generation is to produce coherent blue output from commercial diode lasers
operating in the near-IR spectrum. With output power of 100 mW or more readily
available from today’s single-mode near-IR diode lasers, one can expect to generate
tens of mW of blue output in a single-pass QPM-SHG using PPLN.

Research activities over the past few years have addressed two main issues related
to the use of PPLN for highly efficient frequency doubling crystals. The first concerns
the challenge of fabricating periodically poled LN samples with 3-5 um grating periods
necessary for first-order QPM-SHG of blue light. With improvements in the electric
field poling technique, such as optimizing the ratio between the conductor linewidth
and the grating period to compensate for lateral spreading of the domain-reversal
profile, improving processing techniques to ensure a good, uniform electrical contact
between the grating conductor and the LiNbOj surface, and optimizing poling param-
eters such as the poling current and pulse lengths, high quality short-grating-period
PPLN devices were successfully fabricated for first-order QPM frequency doubling
of near-IR sources. Webjorn et al. demonstrated first-order QPM SHG of 1064 nm
Nd:YAG laser output to produce green at 532 nm in 1995 [44], using both cw and
pulsed pump lasers. The grating period of the PPLN was 6.8 um, and the length
of the sample was 4 mm. Shortly thereafter, first-order QPM frequency-doubling
into the blue spectral region was demonstrated [8] [45] with successful fabrication of
PPLN with grating periods less than 5 pym. Pruneri et al. demonstrated a highly
efficient first-order SHG of a cw Nd:YAG laser output at A= 946 nm to produce blue
light at A= 473 nm [8]. The grating period of the PPLN sample was 4.6 um, the
thickness was 200 pm, and the length was 6 mm. A maximum of 49 mW of blue
output power was produced from 1.07 W of input IR power, indicating a depy of 19
pm/V, which is quite close to the theoretical limit of 21 pm/V. This suggests that
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the fabricated sample had a domain-reversal duty cycle close to the ideal 50% and
that there was little random fluctuation in the domain positions. Comparison of the
work by Pruneri et al. and that by Yamada shows that while waveguide PPLN de-
vices produces higher conversion efficiency due to the confinement of optical fields
inside the waveguides, bulk PPLN devices, with the high d3; nonlinearity and non-
critical phasematching, offer reasonable conversion efficiencies and the potential for
producing high-power single-pass second harmonic outputs. As will be discussed in
the following paragraph, with scaling of the PPLN length and the pump power level,
bulk PPLN devices have been shown to generate high-power second harmonic outputs
with conversion efficiencies in excess of 40%.

The second main issue related to the use of PPLN for frequency-doubled visi-
ble generation concerns the scaling of the interaction lengths of PPLN devices and
pump power levels to improve the single-pass conversion efficiency in order to gen-
erate high-power blue outputs. However, photorefractive effects which typically lead
to distorted output beam profile and reduced conversion efficiency are frequently
associated with frequency doubling into the blue spectral region with mW outputs.
PPLN has been known to be much more immune to photorefractive damage compared
to single-domain LiNbOj due to the cancellation effects between adjacent domains.
One common method to avoid photorefractive damage is to operate the crystal at
an elevated temperature, typically 100°C or higher, where photorefractive effects are
much less pronounced. In 1998, Ross et al. [46] extended the aforementioned work by
Pruneri et al. [8] by the use of a thicker (0.5 mm) and longer (15 mm) PPLN to obtain
a much higher SHG conversion efficiency with high-repetition-rate pulses. 450 mW
average power of blue output at 473 nm was obtained from an average fundamental
power of 1.13 W, yielding a conversion efficiency of 40%. The PPLN was maintained
at an elevated temperature of 140°C to avoid photorefractive damage. This work
demonstrated the capability of PPLN to be used for high-power blue generation with
very high single-pass conversion efficiencies.

Likewise, Miller et al. demonstrated in 1997 42% single-pass conversion efficiency

in the second harmonic generation of 532-nm radiation in a 53-mm long PPLN with
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a grating period of 6.5 um [47]. The key to the high conversion efficiency was the
long interaction length and the high input power of 6.5 W, which produced 2.7 W of
frequency-doubled green output. The maximum output power of 2.7 W was limited
by the onset of irreversible crystal damage at higher pump powers. At high input
powers deleterious thermal loading effects such as thermal lensing became apparent,
even at the elevated temperatures (~ 200°C) the crystal was maintained to eliminate
photorefractive effects. Miller’s work demonstrated the potential for watt-level visible
light generation in PPLN but also exposed the limitation to further power scaling due

to thermal loading effects such as thermal lensing.

4.3 QPM Difference-Frequency Generation in PPLN

While producing blue and green light from frequency-doubling near-IR sources con-
stitutes a major application for LINbO; QPM devices, research activity in the use of
near-IR pump sources to produce tunable radiation in the mid-IR region has also been
actively pursued for potential applications in remote gas sensing and environmental
monitoring. Two approaches, one using difference-frequency generation (DFG) and
the other using optical parametric oscillation, were taken to generate these tunable
mid-IR sources.

In a typical DFG scheme, two near-IR sources are mixed inside a bulk PPLN sam-
ple and a difference-frequency output in the mid-IR wavelength region is generated.
Goldberg et al. generated tunable mid-IR outputs from 3.0 pm to 4.1 pm by mixing
the outputs from a Ti:Sapphire laser and a Nd:YAG laser inside a PPLN sample [48].
The Ti:Sapphire laser was tunable from 750 nm to 950 nm, while the Nd:YAG laser
had a fixed wavelength of 1064 nm. The PPLN sample had three grating periods
that were designed for phasematched idler wavelengths of 3.0 pm, 3.5 pm, and 4.0
pm. Tuning of the idler output wavelength was achieved by tuning the wavelength
of the Ti:Sapphire laser and rotating the angle of the PPLN sample. This was the
first reported use of multiple parallel gratings to extend the tuning range. Later My-

ers et al. also reported the generation of tunable mid-IR radiation from 3.6 to 4.3
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pm by difference-frequency generation between two near-IR diode lasers at 780 nm
and 980 nm, each of which is tunable over tens of nm [49]. ~ 7uW at 3.9 um was
generated from input powers of 180 mW at 780 nm and 500 mW at 980 nm. This
work demonstrated the potential for a compact tunable mid-IR source composed of

two diode lasers and a PPLN chip.

4.4 QPM Optical Parametric Oscillation in PPLN

In applications requiring a more powerful tunable mid-IR source, the use of an optical
parametric oscillator (OPO) is preferred, as it typically can generate tunable outputs
with power levels comparable to the input pump power. In a typical OPO, a pump
source at a near-IR wavelength is frequency down-converted into its signal and idler
outputs, with the idler wavelength at 2-5 um.

The first PPLN-based OPO was reported by Myers et al. in 1995 [9][31]. 0.5-mm-
thick z-cut LiNbOs samples were successfully poled using a liquid electrolyte setup
as discussed in Chapter 3. The ability to pole thicker samples was an important
milestone since it made it possible to accommodate the larger idler beam sizes at
the longer mid-IR wavelengths and to allow longer samples. The OPO was a singly-
resonant Q-switched OPO pumped by a mode-locked Nd:YAG laser at A= 1064 nm.
The sample had a grating period A = 31 pym. As shown in Fig. 4-2, temperature
tuning was used to tune the wavelength of the signal and idler outputs from 1664 nm
to 2951 nm.

As discussed in Chapter 2, one of the novel engineerable design features of using
photolithographic techniques for patterning the periodic grating structure is the use
of multiple grating periods in parallel to extend the tuning range of OPO’s. Myers
et.al. [32] demonstrated such a grating-period tuned OPO, in which a singly-resonant
Q-switched OPO pumped by a Nd:YAG laser at A=1064 nm achieved a tuning range
from 1.36 pm to 4.83 pm, as illustrated in Fig. 4-3. The grating structure consisted
of 25 sections, each with a grating period spaced 0.25 pm from that of an adjacent

section. This work demonstrated the feasibility to extend the tuning range of an OPO
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Figure 4-2: Temperature tuning curve for 1064-nm-pumped Q-switched PPLN OPO
with a 31-um grating period. The calculated (solid) curve is based on the Sellmeier’s
equations and includes thermal expansion. (Myers et al., Optics Letters 20(1), pp.
52-54, 1995)

by a combination of grating period tuning and temperature tuning.

The work by Powers et al. [33] mentioned in Chapter 2 on the use of a fan-
out grating structure to continuously tune the signal and idler output wavelengths
offered the possibility of continuous tuning of the OPO outputs without the need for
temperature tuning, which tends to be a slow process and does not have the degree of
control that the mechanical translation of the crystal along the fan-out grating offers.

The first continuous-wave (cw) OPO using PPLN was demonstrated in 1995 by
Myers et al. in a nearly degenerate doubly-resonant configuration [50]. CW OPO’s
are important in applications requiring a narrow-linewidth source that is tunable over
a large spectral region covering hundreds of nm to several um. Compared to a singly-
resonant OPO in which only the signal field is resonated, the doubly-resonant OPO,
with both the signal and idler fields resonant, has a much lower threshold that is
on the order of tens of mW that can be provided by commercial diode lasers with

optical amplifiers. By comparison, singly-resonant OPO’s in general have thresholds
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Figure 4-3: OPO tuning curve as a function of grating period for a 1064-nm-pumped
Q-switched OPO at room temperature (25°C). The PPLN crystal is translated lat-
erally through 24 different grating sections. The solid curve is calculated from Sell-
meier’s equations. (Myers et al., Optics Letters 21(8), pp. 591-593, 1996)
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on the order of 1 W or higher. The grating period of the 9.3-mm-long PPLN sample
was 28.5 um, and the OPO was pumped by a 977.6 nm master oscillator/ power
amplifier (MOPA) diode laser. Nearly-degenerate OPO operation with signal and
idler wavelengths of 1955.2 nm was demonstrated. With an input power of 370 mW,
64 mW of output signal and idler power was measured.

Further progress in cw QPM OPO was made in 1996 when Myers et al. reported
a cw singly-resonant OPO pumped by a high-powered Nd:YAG laser at A=1064 nm
[51][52]. The grating period was A=29.75 um, and the length of the sample was 50
mm long, suggesting further improvements in the fabrication technology of PPLN.
Three different OPO cavity geometries were used: a two-mirror linear cavity, a four-
mirror linear cavity, and a four-mirror ring cavity. 93% depletion of the pump power
was demonstrated with the four-mirror ring cavity and the four-mirror linear cavity.
Of these configurations the two-mirror linear cavity had the lowest threshold at 2.9
W. The two-mirror cavity also achieved a wavelength tuning range of 3.11 pm to 3.98
pm for the idler beam and 1.45 pm to 1.62 pm for the signal beam by using multiple
gratings that phasematch different signal-idler pairs for the same pump wavelength.
This work demonstrated the potential use of PPLN as a cw widely tunable high-power
source.

Schneider et al. reported in 1997 a cw 1064-nm-pumped OPO which is resonant
at the pump and signal wavelengths [10]. By resonating the pump field inside the
OPO cavity, the external threshold power was reduced to 260 mW, compared to the
3.5 W threshold reported by Myers et al. in a single-pass pump configuration [52].
Unlike the singly-resonant OPO reported by Myers et al. [52] which was pumped
by a multi-longitudinal mode laser, the pump source used in Schneider’s work was
a single-longitudinal-mode laser with good frequency stability. This resulted in a
continuous OPO signal tuning range of 2 GHz without mode hops.

Batchko et al. reported in 1998 the first cw singly-resonant OPO pumped at
532 nm with signal and idler outputs tunable from 917 nm to 1266 nm [53]. The
oscillation threshold was 930 mW internal to the PPLN crystal. This work extended
the cw OPO tuning range to the near-IR spectral region. It should be noted that it
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took considerably longer to demonstrate a 532-nm-pumped cw singly-resonant PPLN
OPO than it did for a 1064-nm-pumped system [51][52]. The key to its successful
implementation was the fabrication of a PPLN sample with both the short grating
period needed for phasematching (A = 6.5 pm) and the long interaction length (53-
mm long grating) needed to obtain sub-watt level of threshold pump power.

One important aspect of the work by Batchko et al. involved the finding that
at high enough pump power levels absorption of 532-nm pump radiation resulted
in thermal lensing and beam-pointing instability of the transmitted pump and idler
beams [53]. Such effects were also observed by Turnbull et al. [11] in a cw PPLN
singly-resonant OPO pumped by an intra-cavity Ti:Sapphire laser with the intra-
cavity laser power clamped at the OPO threshold of 8.8 W. Furthermore, Batchko et
al. also reported that the 532-nm pump radiation induced absorption loss in the IR
which resulted in increased pump threshold power [53].

Singly-resonant cw and Q-switched OPO in PPLN waveguide devices have also
been demonstrated recently. Compared to bulk devices, waveguide devices offer the
advantages of much higher conversion efficiencies as the interacting fields are tightly
confined to the waveguide modes over long interaction lengths. However, waveguide
devices require additional processing steps for patterning and fabricating the waveg-
uides, and also suffer from the fact that single mode operation at the longer wave-
length fields most often means that the shorter wavelength fields are multi-moded,
thereby decreasing the overall conversion efficiency. The first QPM OPO in waveg-
uide geometry was demonstrated in 1995 by Fejer et al. [54]. In that work the domain

reversal was accomplished by the use of titanium in-diffusion.

4.5 Devices Based On Other Periodically-Poled
Materials

By far most of the bulk QPM device demonstrations in recent years have been based

on PPLN. As discussed in Chapter 3, the prevalence of the use of LiNbO; as the
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nonlinear material was due to its high nonlinearity, wide availability, low substrate
cost, and the fact that its material properties have been extensively characterized
such that accurate Sellmeier’s coefficients are available to predict its phasematching
behavior. However, LiNbOj is not without its own problems and limitations. First,
in SHG applications LiNbOj is susceptible to photorefractive damage at visible and
ultraviolet wavelengths even at second harmonic power levels of only a few mW.
Photorefractive damage can be much reduced by operation at elevated temperatures,
which may be an inconvenience for many applications in which room temperature
operation is preferred. Second, the poling of LiNbO3 requires a high coercive field of
21 kV/mm, and practical devices have been limited to thicknesses of 1 mm, which may
be insufficient for high-energy pulsed operations, as discussed by Missey et al. [55].
Finally, the power scaling of pump power for PPLN is limited by deleterious thermal
effects such as thermal lensing and beam pointing instabilities for both up-conversion
(i.e., SHG and SFG) [47] as well for down-conversion (i.e., DFG, OPA, and OPO)
[11][53] interactions at several watts of continuous-wave pump power levels. These
effects tend to defocus the pump beam and cause other instabilities that lower the
conversion efficiency.

For the reasons mentioned above there has been growing interest in exploring other
periodically-poled materials. To date periodical poling has been successfully achieved
in lithium tantalate (LiTaOj), potassium titanyl phosphate (KTP), and rubidium
titanyl arsenate (RTA).

4.5.1 Periodically-poled LiTaO;

LiTaQ; is an isomorph of LiNbOj;. Prior to the advent of electric field poling tech-
nique, LiTaO; was primarily used as electro-optic modulators but not for nonlinear
frequency mixing because it does not have the proper amount of birefringence for
birefringent phasematching over its transparency range, despite the fact that it has
a reasonably large ds; nonlinear coefficient. The advent of periodical poling tech-
niques made possible the use of quasi-phasematched LiTaQ; for efficient nonlinear

optical frequency conversion. LiTaOs has a coercive field of 25 kV /mm, similar to
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the coercive field of 21 kV/mm for LiNbO3.

LiTaO; holds a few advantages over LiNbOj in short wavelength applications.
LiTaO; has a transparency range that extends further into the ultraviolet than does
LiNbOs. The transparency cut-off wavelength for LiTaO; is 280 nm, compared to 330
nm for LiNbOj3 [56]. This makes LiTaOj3 a better candidate for QPM second harmonic
generation of ultraviolet radiation. The refractive index dispersion relationship for
LiTaO; is similar to that for LiNbO3 which requires very short grating periods for
generating visible and ultraviolet light through frequency doubling. However, the
propensity of the reversed ferroelectric domains to spread laterally is somewhat less
than in LiNbOs, which allows the fabrication of grating periods as short as 1.7pm
[57].

One of the disadvantages of LiTaO3 compared to LiNbO; is the fact that the
dss coefficient of 13.8 pm/V for SHG of 1064 nm, although large compared to the
das coefficient of most other nonlinear materials, is a factor of 2 lower than that
for LiNbO3 of 27 pm/V [57]. Another disadvantage is that an accurate Sellmeier’s
equations for the wavelength and temperature dependence of the refractive index of
LiTaO; were not available until recently [56]. In addition, the cost of LiTaO3 remains
high and it it not as readily available compared to that for LiINbO;. These factors
have contributed to limit the widespread use of LiTaQj3 in nonlinear optical devices.
But nevertheless, quasi-phasematched interactions such as SHG and OPO that have
previously been demonstrated in PPLN have also been accomplished in periodically-
poled LiTaO3 (PPLT) as well.

The first nonlinear optical device based on PPLT was demonstrated in 1995 by
Mizuuchi et al. [58] in which blue radiation at 425 nm was generated via frequency
doubling of a Ti:Sapphire laser output in PPLT with a grating period of 3.8 um.
Mizuuchi et al. then reported, in 1997, generation of ultraviolet radiation at 342 nm
by frequency doubling a red diode laser output in PPLT with a first-order grating
period of 1.7 um [57). A Sellmeier’s equation based on SHG experiments using PPLT
at a number of wavelengths combined with refractive index data in literature was

published by Meyn et al. in 1997 [56]. Based on this Sellmeier’s equation, Klein et al.
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demonstrated the first PPLT-based cw OPO. The pump- and signal-resonant OPO
was pumped by an InGaAs MOPA diode laser with signal and idler outputs that were
tunable from 1.55 pm to 2.3 um by use of multiple parallel grating periods ranging
from 27.3 pym to 27.9 pym and by temperature tuning [59]. The lowest threshold
pump power achieved was 360 mW as a result of resonating the pump. An interesting
feature from this work was the operation of the OPO at a pump wavelength where the
nearly degenerate signal and idler wavelengths coincide with the wavelength where
the second derivative of the index of refraction is zero, thus resulting in an extremely
wide phasematching bandwidth, with a temperature tuning coefficient of 25.5 nm/°C

for the signal and idler output wavelengths.

4.5.2 Periodically-poled KTP and RTA

Periodic poling of potassium titanyl phosphate (KTP) and rubidium titanyl arsenate
(RTA) have also attracted attention as an alternative to PPLN for two main rea-
sons. First as mentioned before, PPLN is prone to photorefractive damage at visible
wavelengths unless it is operated at elevated temperatures and to thermal lensing
effects at very high pump powers. KTP and RTA are known to be less susceptible
to photorefractive damage at visible wavelengths and have also been shown to be
much less susceptible to thermal lensing problems compared to PPLN. Second, the
coercive field for poling KTP (2.6 kV/mm) and RTA (2 kV/mm) are about an order
of magnitude lower than the 21 kV/mm coercive field for PPLN, which makes them
much easier to pole. The disadvantages of KTP and RTA are their comparatively
small dss nonlinear coefficient compared to PPLN, their high material cost, and their
low availability.

Successful fabrication of periodically-poled KTP and RTA crystals along with
demonstration of second harmonic generation of visible blue radiation have been
accomplished by several groups [60][61][62][63]. The greater transmission of RTA in
the 4-5 pum spectral region also makes it a suitable candidate for tunable mid-IR source
by DFG or OPO. Reid et al. demonstrated the first OPO based on RTA pumped by a

femtosecond self-mode-locked Ti:sapphire laser, generating femtosecond outputs that
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could be temperature tuned from 1060 nm to 1225 nm (signal) and 2.67 pm to 4.5
pm (idler) using a QPM grating with a period of 30 pm [64]. Subsequently, Edwards
et al. reported the first continuous-wave OPO based on periodically poled RTA [65].
The singly-resonant OPO is located within a Ti-Sapphire laser cavity because of the
high oscillation threshold of 15 W due to the limited interaction length of available
PPRTA and lower nonlinearity compared to PPLN. The OPO was tuned from 1.13
to 1.27 pm (signal) and 2.53 to 3.26 pm (idler) by tuning the wavelength of the
Ti:Sapphire pump laser. One important find of this work was the drastically reduced

thermal lensing effects compared to a similar setup using PPLN [11].
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Chapter 5

The Master Oscillator/ Power
Amplifier Diode Laser System

This chapter provides a detailed review of the assembly and operation of the master
oscillator/ power amplifier (MOPA) diode laser system that was employed as the
pump laser source for both the 3-to-1 optical frequency division experiment and the
2-to-1 Brewster-angle OPO experiment discussed in Chapters 6 and 7, respectively.
Section 5.1 discusses the various requirements the pump laser must satisfy for
the experiments. Section 5.2 briefly reviews the diode laser and discusses its relative
merits. A full discussion of the extended-cavity master diode laser is provided in

Section 5.3, while the power amplifier (slave laser) is discussed in Section 5.4.

5.1 Introduction

For the work described in this thesis, there are stringent demands on the pump laser
system. The primary requirements are:

1. For frequency metrology applications, the spectral purity of the pump laser
must be high, often with frequency uncertainties on the order of 1 kHz or less. Al-
though such ultra-stable frequency lasers are not strictly necessary for our 3-to-1
frequency division demonstration, we nevertheless demand that our lasers have single

longitudinal mode output and spectral linewidths on the order of 1 MHz or less such
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that one may easily reduce the linewidth by electronic servo controls.

2. The laser must be continuously tunable. Since the 3:1 frequency division
experiment discussed in the next chapter involves tuning the laser frequency to an
exact fraction (2/3) of another reference laser frequency and stabilizing the beat signal
between the two lasers to within a 1-GHz detection bandwidth, the laser should be
continuously tunable over a range such that the beat signal can be continuously tuned
over 1 GHz. This requires that the laser frequency be continuously tunable over at
least ~300 MHz, since the beat note frequency is 3 times the frequency difference ¢
between the laser frequency and 2/3 of the reference laser frequency.

3. The laser must have sufficient output power. High pump power is a nec-
essary requirement for nonlinear optical frequency mixing experiments because the
distributed nonlinearity over the typical length of a nonlinear crystal is usually quite
weak. For practical nonlinear optical devices such as optical parametric oscillators,
the threshold pump power range from a few tens of mW for doubly-resonant OPO’s to
a few W for singly-resonant OPO’s. For 3:1 frequency division experiment discussed
in the following chapter where we employ two consecutive difference-frequency gener-
ation (DFG) processes, the need for a high pump power is even more crucial since the
converted outputs are typically 3 to 4 orders of magnitude lower in power compared
to the pump. Since our laser serves as the pump laser for the doubly-resonant OPO
discussed in Chapter 7, we demand that our laser can produce at least 100 mW of
useful pump power going into the nonlinear crystals.

4. The laser must have good mode quality. In many applications requiring mode-
matching the laser beam into an optical resonator such as an optical parametric
oscillator, the eigenmodes of the resonator are Gaussian beams. Such devices act
as a filter allowing lossless transmission for only the lowest order Gaussian mode
(TEMgo). It is thus highly desirable that the mode structure of the laser beam
comprises predominantly of the TEMg, Gaussian mode. Furthermore, many laser
beam parameters such as the beam diameter, radius of curvature, and beam walist,
assumes a TEMg, Gaussian beam profile, which makes the analysis of the beam

profiles much less complicated if the laser mode were a TEMqg Gaussian beam.
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5. The laser should be compact and efficient.

5.2 Background

Diode lasers are prevalent in many applications because of their well known attributes:
high reliability, miniature size, relative simplicity of use, and relatively low cost.
In addition to commercial applications such as bar-code scanners, CD player, and
communications lasers, diode lasers are also attractive candidates for use in scientific
applications because of their unique capabilities such as tunability, high efficiency,
useful power levels, reasonable coherence, and good modulation capabilities.

A diode laser wavelength is determined by the semiconductor material and struc-
ture, and is a function of both temperature and the injected carrier density. In
a typical single-mode laser the wavelength increases monotonically with increasing
temperature and then suddenly jumps to another mode at a longer wavelength with
a typical mode spacing of 0.3 nm [66]. The typical temperature tuning coeflicient
for AlGaAs lasers, which is the type used in our experiments, is about 30 GHz/°C.
The diode laser wavelength is also a function of the injection current of the diode
laser, which also controls the laser output power. Typical tuning of a AlGaAs laser
as a function of injection current is about 3 GHz/mA. Operating a diode laser at a
precise wavelength such as an atomic or molecular transition usually requires iterative
selection of injection current and temperature settings. However, for any given laser,
the optimum tuning to a specific wavelength can never be guaranteed. One alterna-
tive is to use optical feedback techniques to control the wavelength of the laser. An
extended-cavity diode laser is one type of diode laser which allows tuning of the diode
laser to any wavelength within the bandwidth of the gain medium.

Output powers of typical single-frequency near-IR diode lasers are in the tens of
mW range, which may be insufficient for applications requiring single-longitudinal-
mode high-power lasers. To overcome the power deficiency, one may use the diode
laser to injection lock a semiconductor optical amplifier with typical output powers

on the order of a few hundred mW to a few W. Such a system is called a master
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oscillator/ power amplifier (MOPA) diode laser system. The master oscillator and

the power amplifier are typically referred to as the master and slave laser, respectively.

5.3 The Master Laser

This section provides a description of the operating principles of the extended-cavity
diode laser and the associated electronics such as the current source and the thermo-

electric cooler.

5.3.1 Operating principle

Tuning the wavelength of diode lasers and narrowing their linewidths can be ac-
complished using some form of dispersive optical feedback. Distributed feedback
(DFB) and distributed Bragg reflector (DBR) lasers are diode lasers with wavelength-
selective feedback elements integrated in the semiconductor material. Such lasers are
also effective in narrowing the linewidth of the diode laser. Another type of diode
laser with wavelength-selective capability is the extended cavity diode laser (ECDL).
ECDL'’s can be constructed using many configurations. The particular type of ECDL
used in this work employs the Littmann configuration, whose geometry is shown in
Fig. 5-1. The output of a collimated diode laser output is reflected off a diffrac-
tion grating near grazing incidence. The diffracted output beam is retro-reflected
and returned to the diode laser, providing feedback which can be used to tune the
wavelength of the diode laser. The master grating relationship is given as [67]

A

A = —Z(sinfy + sin @) (5.1)
m

Here X is the wavelength, A, is the period of the diffraction grating, f, is the incident
angle, and ¢ is the diffraction angle which also corresponds to the tuning angle of
the tuning mirror about the pivot point. Tuning of the ECDL wavelength can be
achieved by rotating the tuning mirror around the pivot as shown in Fig. 5-1, as this

changes the feedback angle ¢ at which the resonance condition is achieved. The laser
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Figure 5-1: Extended-cavity diode laser (ECDL) in the Littmann configuration. 6,
is the angle of incidence at the diffraction grating; ¢ is the diffracted angle; l4 is the
distance from the diode laser output to the grating; and [, is the distance from the

pivot point to the grating.

wavelength will adjust in such a way that the diffraction angle will coincide with the
new feedback angle required for resonance.

In principle, the ECDL can be designed to achieve continuous single longitudinal
mode tuning over many nm by synchronizing the tuning of the extended cavity length
with the tuning of the feedback angle such that the cavity output remains in the same
longitudinal mode during the course of the scan. Mathematically, we require that the

cavity length corresponds to an integral number of half-wavelengths:
2 .
A= N[lf + 1, sin(¢)] (5.2)

Here I; is the distance from the back facet of the diode laser to the diffraction grating
and l, is the distance from the pivot point to the diffraction grating, as shown in Fig.
5-1.

Solving for I; and [, using Eqs. (5.1) and (5.2) gives the following conditions for

single-mode tuning [67]:

NA, .
Iy = 2mg sin(6p) (5.3)
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NA,

2m

(5.4)

lp =

Our ECDL design did not involve synchronizing the tuning of the ECDL’s cavity
length to the tuning of the feedback angle, as governed by Egs (5.3) and (5.4). This
resulted in limited tunability and mode hops for the cavity output.

ECDL designs that employ relatively high optical feedback power can have a large
tuning range and be very stable. The overall tuning ranges can be as large as the
gain bandwidth of the diode laser itself. Another important feature of ECDLs is their
narrow linewidths. ECDLs have fast linewidths on the order of 50 kHz as opposed to

a few tens of MHz for ordinary diode lasers.

5.3.2 Physical layout

The extended cavity diode laser used in this work is based on a design from the
National Institute of Standards and Technology (NIST) [66]. For stable single lon-
gitudinal mode operation it is important that the ECDL be well isolated from me-
chanical vibrations, pressure fluctuations, and also temperature variations. Thus it is
important to have a design that provides good mechanical and thermal stability. Our
ECDL is enclosed inside a 12 cm long, 6 cm wide, and 4 cm deep copper enclosure.
A copper base plate which rests inside the copper enclosure serves both as a rigid
mount for the laser resonator and as the heat sink for the temperature control system.
Figure 5-2 shows a schematic of the ECDL construction. The laser diode is mounted
in a copper fixture that bridges the TE cooler and attaches to a copper laser base
mount. The base mount is then rigidly attached to one end of the copper baseplate.
A collimating lens is connected to the laser base mount by a stiff spring-steel flexure
that is clamped in place after initial coarse alignment. An eccentric on the lens mount
is used to adjust the vertical height of the collimated laser beam. The horizontal po-
sition of the laser is set by the transverse displacement of the laser on the base mount.
Critical adjustment of the focus is done with a high quality fine-pitched screw that

translates the lens against the restoring force provided by the flexure.
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Figure 5-2: Schematic of ECDL construction. The laser diode is mounted in a copper
fixture that bridges the TE cooler (not shown) and attaches to a copper base mount
(not shown). A collimating lens is connected to the laser base mount by a stiff
spring-steel flexure that is clamped in place after initial coarse alignment. The laser’s
output such that the beam is collimated over several meters. A diffraction grating
is positioned such that the first-order diffracted beam reflects off a right-angle prism
and returns to the laser via the diffraction grating.
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Figure 5-3: Output power vs. injection current of AR-coated Sharp LT017 laser diode.

5.3.3 Current control

The current source used in our ECDL is a NIST-designed system whose operation is
based on a summing amplifier which balances the voltage drop across a sense resistor
with a voltage supplied by a precision variable voltage source [66]. The current control
system not only provides the necessary current to drive the laser but also includes
protection circuitry located at the laser mount inside the copper enclosure to protect
against power shutdown, electrostatic discharge, and excessive drive current. Our
laser diode is a Sharp LTO017 laser diode with a nominal output wavelength of 804
nm and a maximum output power of 50 mW. Figure 5-3 shows a plot of the injection
current vs. output power of the Sharp LT017 laser diode. In addition, the current
source also contains input ports which can be used to modulate and servo-control the

diode laser output.

5.3.4 Temperature control

Since the diode laser frequency is temperature sensitive, it is also necessary to stabilize

the diode laser temperature. Figure 5-4 shows a simplified schematic of the temper-
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Figure 5-4: Schematic of temperature control system. The laser diode is mounted
in a copper block which sits on a TE cooler. The temperature controller compared
the user-defined temperature setting with the temperature sensed by a thermistor
embedded in the copper block and generates an error signal which controls the TE
cooler. A separate temperature sensor mounted on the copper block is used to control
the LCD temperature display.

ature control system. The laser diode is mounted in a copper block which sits on a
thermoelectric (TE) cooler. A thermistor which resides in the copper block senses the
temperature of the copper block (and thus the temperature of the laser diode) and
an error signal is generated by comparing the temperature sensed by the thermistor
with the user-defined operating temperature. The error signal is then conditioned
and fed to the TE cooler which either heats or cools the copper block until the preset
temperature is reached. A separate temperature sensor mounted on the copper block
produces a temperature-sensitive current signal which is then displayed on the LCD
front panel. Typically the temperature of the diode laser is set at a nominal value of

18°C with a temperature stability of £0.1°C.
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5.3.5 Alignment and tuning

As illustrated in Fig. 5-2, a collimating lens is centered on the laser’s output such that
the beam is collimated over a distance of several meters. A Spectrogen diffraction
grating with 1800 grooves/mm is positioned such that the first-order diffracted beam
reflects off a right-angle prism and returns to the laser via the diffraction grating. The
right-angle prism is mounted on a 1-inch Lees mirror mount, which is used to fine-tune
the alignment. With the diode laser current set at a level slightly below threshold
(~ 60 mA), the diode laser injection current is modulated with a triangular current
ramp. The Fresnel-reflected beam from the diffraction grating is reflected by a high
reflector and exits the diode laser box through an AR-coated optical window and then
detected by a large-area silicon photodetector. The detected signal is monitored on
an oscilloscope synchronized to the triangular ramp wave. With the coarse alignment
complete, one needs to adjust both the collimating lens and the alignment of the
returned beam to the laser diode until evidence of feedback is observed. With no
feedback from the extended cavity, the detected output waveform will show a classic
diode laser power vs. intensity (P vs. I) curve as shown in curve A of Fig. 5-5. With
feedback from the extended cavity, abrupt and discontinuous changes in the threshold
behavior will give an output waveform as shown in curve B of Fig. 5-5. Under optimal
alignment one expects to see a clean output signal from the detector, as shown in
curve C of Fig. 5-5, which reproduces the modulating triangular wave.

Figure 5-6 shows plots of injection current vs. output power for the Fresnel-
reflected beam from the grating with and without feedback to the laser diode. Without
any feedback to the laser diode, the output power has a threshold current of about
80 mA. With the extended cavity in optimal alignment, the threshold is reduced to
about 60 mA. Note that the maximum Fresnel-reflected output power from the ex-
tended cavity diode laser remains less than that of the direct laser diode output in
Fig. 5-3. We typically operate the master laser at a current level at which the output

power is saturated at around 6 mW. A typical driving current is 106 mA, with a

current stability of £1 mA.
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Figure 5-5: Diode laser power vs. injection current. The diode laser injection current
set slightly below threshold and then modulated with a triangular current ramp. With
no feedback from the extended cavity the detected output waveform is shown in trace
A. The output waveform with feedback from the extended cavity is shown in trace B.
The output waveform with optimal alignment is shown in trace C, where the output
waveform reproduces the modulating triangular wave.
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Figure 5-6: Plot of output power vs. injection current of AR-coated LTOL17 laser
diode in extended cavity configuration. The power measurement is taken for the
Fresnel-reflected beam from the diffraction grating with and without feedback to the
laser diode.

In order for the ECDL to operate in a stable manner, sufficient optical feedback
must be returned to the diode laser waveguide mode. With insufficient optical feed-
back, there will be discontinuities in the ECDL wavelength tuning range in which
the diode laser operates at its chip wavelength. The amount of optical feedback is
controlled by the amount of power diffracted from the diffraction grating. In general,
one may increase the amount of feedback from the diffraction grating by decreasing
the angle of incidence away from grazing incidence at the expense of reducing the
output power of the Fresnel-reflected output beam. Therefore, there is a tradeoff
between output power and stability. A good rule-of-thumb is that the diffraction
grating should be set such that the diffracted spot size fills roughly 1/3 of the total
grating area that is 50 mm long and 12 mm wide. In our laser system, the maximum
output power in the extended cavity configuration is roughly 6 mW, while the maxi-
mum output power in a straightforward emission from the laser diode easily exceeds
25 mW. Fortunately, the 6 mW of output power available from the master laser is

sufficient to injection lock the slave laser, as will be discussed in Section 5.4.
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The front facet of the diode laser must be anti-reflection coated such that its
reflectance is on the order of 1072 or less. Under such conditions the maximum
wavelength tuning range can be as large as the gain curve of the lasing material,
which is approximately 20 nm for AlGaAs lasers. The laser diodes used in our
system were coated at NIST. The resulting ECDL tuning range was approximately
15 nm (785 nm - 800 nm).

Coarse tuning of the ECDL wavelength is accomplished by turning the knob on
the LEES mirror mount on which the right-angle prism is mounted. This adjusts
the diffraction angle from the grating and therefore changes the output wavelength.
A piezoelectric transducer (PZT) is inserted into the mirror mount for even finer
wavelength tuning. However, note that as we adjust the mirror mount the ECDL
cavity length also changes, which normally leads to mode hops unless care is taken
to design the ECDL in such a way that the tuning of the extended cavity length is
synchronized with the tuning of the feedback angle from the diffraction grating. Our
ECDL could be continuously tuned over 100 MHz with a gap of ~150 MHz between
adjacent continuously tunable frequency regions.

Due to the rectangular dimensions of the active region, the output beam of the
diode laser had an elliptical intensity profile with approximately a 3-to-1 aspect ratio
between the vertical and horizontal dimensions. The ECDL frequency linewidth was
determined to be <430 kHz, limited by the measurement resolution of the high-finesse
Fabry-Perot cavity. The intrinsic linewidth of the ECDL is expected to be less than
50 kHz [66].

5.4 The Slave Laser

This section provides a general description of the operating principles of the SDL
8630-E power amplifier which is injection-locked by the master laser. The main
associated electronics such as the current source and thermoelectric coolers will also

be discussed.
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Figure 5-7: Setup for injection locking the slave laser by the master laser.

5.4.1 Operating principles

The purpose of the power amplifier is to produce a high-power laser beam that pre-
serves the essential characteristics of the master laser, i.e. the wavelength and the
spectral linewidth. Operating by itself, the power amplifier emits a broadband emis-
sion centered around the center of its gain curve. The power amplifier chip emits
in both directions, with the majority of the power emitting from the front surface.
To have the power amplifier reproduce the wavelength and spectral purity of the
master laser, it is necessary to mode-match the master laser output into the power
amplifier chip. Figure 5-7 shows a schematic of the setup for injection locking the
power amplifier by the master laser. The master laser output is steered by three high
reflectors into the power amplifier chip. An optical isolator is used to prevent the
backward emission from the power amplifier from entering the master laser. A colli-
mating lens at the back of the power amplifier chip is used to collimate the backward
emission from the power amplifier chip as well as acting as a mode-matching lens for
the injected master laser beam. Mode-matching between the master laser and the
power amplifier requires overlapping the master laser beam profile with the backward

propagating power amplifier beam profile. This requires the use of the mirror mount
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Figure 5-8: Output power vs. injection current for slave laser with and without
injection from the master diode laser. The output emission wavelength, set by the
master diode laser, is 790.0 nm. The temperature of the amplifier chip is 23°C.

controls to adjust the relative alignment between the two beams as well as adjustment
of the collimating lenses for both lasers. By monitoring the front emission from the
power amplifier using a silicon photodetector, one observes a sharp increase in output
power when the two lasers are well aligned and mode-matched.

The output power of the slave laser is a function of both the injected power from
the master laser and the injection current of the slave laser itself. Everything else
being equal, the output power of the power amplifier saturates at a few mW of the
injected master laser power. In general, the output power of the master diode laser
is set at a level at which the slave laser output power saturates. The output power
of the slave laser also saturates as a function of its own injection current. For our
particular power amplifier chip the output power saturates at approximately 1300 mA
of injection current. Figure 5-8 shows a plot of the output power of the slave laser as
a function of injection current with and without injection from the master laser. The
slave laser can generate a maximum output power of 4900 mW at 790 nm, the center
of the gain curve of the amplifier medium. The maximum output power decreases

as the wavelength is tuned away from the center of the gain curve, dropping to 380
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mW at 796.5 nm and to 280 mW at 798 nm. Figure 5-9 shows the manufacturer’s
measurement of the output power of the tapered amplifier emission without injection
as a function of wavelength. The maximum output power drops off significantly at

797 nm compared to at its peak at 790 nm.

5.4.2 Current source and TE cooler

Just as in the case for the master ECDL laser, the power amplifier also contains a
current source to control the injection current to the slave laser and a thermoelectric
(TE) cooler for maintaining the chip temperature. The current source and the TE
cooler are integrated in an ILX Lightwave LDC-3742B current source/temperature
controller. The temperature of the power amplifier chip is monitored by a thermistor
located inside the copper block on which the amplifier chip is mounted. Whereas in
the master diode laser a TE cooler is sufficient to regulate the temperature of the
laser diode, in the power amplifier the TE cooler alone was not sufficient to dissipate
the heat generated by the power amplifier, necessitating the use of water cooling.
Typically the temperature of the power amplifier chip is maintained at a nominal

temperature of 23°C with a long-term (< 1 hour) temperature stability of +0.05°C.

5.4.3 Astigmatism compensation

Because of the highly rectangular dimensions of the active region of the power am-
plifier, the output of the slave laser is highly elliptical and astigmatic. Figure 5-10
illustrates the optics necessary to collimate the output beam of the slave laser. A
collimating lens with f= 2.5 cm is positioned in front of the laser facet to collimate
the output beam profile along the vertical axis. The output beam then exits the slave
laser box through an AR-coated optical window. The beam is propagated until the
horizontal component of the beam expands to the same size as the vertical compo-
nent. A cylindrical lens with f =30 cm was then placed to collimate the horizontal
component of laser beam. A spherical lens with f=100 cm was then used to focus

the collimated laser beam through an optical isolator.
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Figure 5-9: Output power vs. emission wavelength for slave laser at fixed injection
current settings. The measurements were taken by the manufacturer prior to delivery.
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Figure 5-10: Collimation of slave laser output. The highly astigmatic output beam
profile of the slave laser requires the use of cylindrical optics. Spherical lens (1 and 2)
with f= 2.5 cm collimates the input beam and the vertical component of the output
beam. The horizontal component of the output beam is collimated by a cylindrical
lens with f= 30 cm.

5.4.4 Laser output

Measurements of the laser beam profile using a beam profiler shows that the laser
output is still somewhat astigmatic. The beam parameter of the laser beam after
the 100 cm focusing lens has a vertical confocal parameter of b = 6.27 ¢m but a
horizontal confocal parameter of b = 12.30 cm. The astigmatism of the laser output,
although not a desirable characteristic, can be more or less compensated with either
a cylindrical lens or a curved mirror to produce a circular beam profile.

A more disturbing behavior of the slave laser output is the distortion of the beam
profile at a distance away from the beam waist. Figures 5-11 (a)—(d) and Figs. 5-12
(a) and (b) illustrate the beam profiles at various distances away from the beam waist.

The beam distortion suggests that the slave laser contains higher-order Gaussian
modes in addition to the main TEMg mode. The existence of higher-order modes
effectively reduces the useful laser output power in applications requiring the coupling

of the laser beam into an optical resonator such as an OPO, where higher-order modes

are not supported by the resonator.
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Figure 5-11: Typical MOPA beam profile at various distances from beam waist lo-
cations. (a) shows the beam waist with we= 21.2 um (confocal parameter b = 2.6
mm). (b), (c), and (d) show the beam profiles at 1.5 mm, 2.3 mm, and 3 mm away
from the waist location with 1/e? beam radii w of 32.6 um, 43.6 ym, and 48.6 um,
respectively.
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Figure 5-12: Typical MOPA beam profile for (a) a focused beam with wo= 57.3 pum
(confocal parameter b = 6.5 mm) at the beam waist and (b) a far-field collimated
beam with w ~1 mm.
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Figure 5-13: Frequency stabilization scheme for the MOPA diode laser using a side-
locking technique. The reference cavity is set to the side of a transmission peak to
provide an error signal.

5.5 Frequency Stabilization of Laser Output

Under free-running conditions the MOPA diode laser output has a peak-to-peak fre-
quency jitter on the order of a few MHz. The frequency jitter of the master diode
laser is the principal cause of the large frequency jitter of the detected beat signal in
the 3-to-1 frequency division experiment to be discussed in Chapter 6. Therefore, it is
necessary to implement an active servo loop to stabilize the frequency of the MOPA
diode laser.

Figure 5-13 shows a schematic of the stabilization scheme for the MOPA diode
laser. A small fraction of the MOPA output was split off and mode-matched into
a Newport SR-140-C reference cavity which was set to the side of a transmission
fringe. The hermetically sealed and temperature stabilized reference cavity has a
cavity length of 25.4 mm and a finesse of 14000. The transmitted signal from the
reference cavity was used as an error signal and fed back to the extended-cavity diode
laser. Figure 5-14 shows a schematic of the locking electronics for servo-controlling
the current source and the PZT. The transmitted signal from the reference cavity
was first conditioned by a half-integrator followed by a full-integrator and then split

into two parts. Part of the conditioned signal was sent directly to the current source
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Figure 5-14: Locking electronics for servo-controlling the current source and the PZT.
Int: integrator. 1/2 Int: half-integrator. Atten: attenuator.

for fast frequency control, while the rest of the signal was integrated again and then
sent to the PZT controller. The frequency of the extended-cavity diode laser could
be controlled by both the diode laser injection current and the PZT-mirror. The
PZT had a much larger dynamic range that covers the entire continuous tuning range
of the diode laser. However, the dynamic response of the PZT was slow, with a
measured unity-gain frequency of 4.5 kHz. The diode laser injection current, on the
other hand, had a much faster frequency response with a unity-gain frequency of ~
40 kHz. Its dynamic range, however, was limited. Therefore, the PZT was useful in
tracking slow frequency drifts of the diode laser, while the current source was more
effective in stabilizing the faster frequency jitters.

The frequency-stabilized MOPA laser had a residual frequency noise of 10 kHz
rms as shown in Fig. 5-15. We were able to sustain the locking for about 2-3 minutes
before the PZT runs out of dynamic range to track the frequency drift. Sometimes

the MOPA would lose lock because of mode-hopping of the ECDL.

5.6 Summary

In summary, we have constructed a master-oscillator/power-amplifier diode laser sys-
tem which satisfies the various requirements for linewidth, tunability, output power,
and mode quality.

The diode laser output has an intrinsic linewidth of approximately 50 kHz. Al-
though there exists a large peak-to-peak frequency jitter of about 1 MHz, active
stabilization to a reference cavity reduced the peak-to-peak jitter to less than 80 kHz

(15 kHz rms).
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Figure 5-15: Residual frequency noise of frequency-stabilized MOPA diode laser.
Vertical scale: 50 kHz/div. Horizontal scale: 1 ms/div.

The diode laser was continuously tunable over at least 100 MHz with frequency
gaps between mode hops covering approximately 150 MHz. Although the continuous
tuning range falls short of the desired tuning range of 300 MHz, it is nevertheless suf-
ficient for the 3-to-1 optical frequency division experiment to be discussed in Chapter
6.

The diode laser was capable of producing 170 mW of useful output power at 798
nm after losses due to 2 Faraday isolators and other beam steering components are
taken into account. The useful output power can be increased to about 220 mW at
796 nm. These output powers are sufficient to drive PPLN-based doubly-resonant
OPQ’s with threshold pump powers on the order of tens of mW.

Finally, the mode quality of our diode laser, although far from ideal, is considered
adequate. There exist significant amounts of astigmatism as well as some higher-order
spatial modes. The astigmatism could be corrected with a cylindrical lens or with a
spherical mirror. The amount of power present in the high-order Gaussian modes was
judged to be only a small fraction (<10%) of the total power based on measurements

of the transmission spectrum from a reference cavity.
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Chapter 6

Three-to-One Optical Frequency

Division Experiment

This chapter describes the experiment that demonstrates 3-to-1 optical frequency
division of 532 nm by using two difference-frequency generation (DFG) interactions
in a double-grating PPLN crystal. In section 6.1 the optical-to-microwave frequency
chain proposed by Wong is briefly summarized [23}[24], followed by a description of the
basic scheme of 3-to-1 optical frequency division by two DFG interactions. Important
milestones and relevant work in experimental demonstration of 2:1 and 3:1 optical
frequency division are also discussed here. The specific implementation of the double-
DFG 3:1 frequency division scheme using a double-grating PPLN crystal is described
in section 6.2. Section 6.3 describes the experimental setup. Experimental results
including the detection and frequency stabilization of the beat signal are presented
in Section 6.4. Section 6.5 compares our work with the 3:1 optical frequency division

experiment by Pfister et al., followed by summarizing remarks in Section 6.6.

6.1 The Optical-to-Microwave Frequency Chain

| In Chapter 1 the optical-to-microwave frequency chain proposed by Wong was briefly
discussed [23][24]. This section provides a more detailed description of the role of 2:1

and 3:1 optical frequency division as essential building blocks for the frequency chain.
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The schematic of the basic scheme is shown in Fig. 1-1. Consider an optical frequency
of interest f that is to be calibrated against the cesium clock frequency at 9.2 GHz.
A 2:1 frequency divider yields an output at (1/2)f. Two 3:1 frequency dividers
in series produce another output at (4/9)f. A difference-frequency measurement
between the two outputs yields a signal at a frequency f;=(1/18)f. Consider the
532 nm wavelength for a frequency-doubled Nd:YAG laser. In this case, f= 563
THz, and f;= 31 THz. This frequency difference can then be accurately compared to
a microwave frequency standard via a multi-THz-span optical frequency comb [68].
With such an optical-to-microwave frequency chain it is then possible to calibrate any

optical frequency relative to the 9.2 GHz primary frequency standard.

6.1.1 2:1 optical frequency division

As mentioned in Section 1.3.2, a 2:1 optical frequency divider can be implemented
with a degenerate OPO. 2:1 optical frequency division was first demonstrated by
Nabors et al. in 1990 [69] in a cw self-phase-locked LiNbO3 optical parametric oscil-
lator (OPO) pumped at 532 nm. The degenerate self-phase-locked signal and idler
outputs at 1064 nm automatically assured a 2:1 frequency ratio between the pump
laser frequency and the signal/idler output frequency. In 1992 Lee et al. also demon-
strated 2-to-1 optical frequency division in a cw 532-nm-pumped KTP OPO in which
the beat note between the signal and idler outputs at 1064 nm was phase-locked to an
external microwave oscillator [70][29]. A self-phase-locked KTP OPO, also pumped
at 532 nm, was demonstrated by Mason et al. in 1996, again demonstrating 2-to-1
optical frequency division [71]. Note that in a 2-to-1 frequency divider where the out-
puts are degenerate in frequency, only a single stage of nonlinear optical interaction

is required.

6.1.2 3:1 optical frequency division

As discussed in Section 1.3.2, implementation of a 3:1 optical frequency divider re-

quires two nonlinear frequency conversion stages in order to convert the optical fre-
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quency of one of the outputs to that of the second output such that phase-locking
can be performed. Figures 6-1 (a) and (b) illustrate two possible implementations of
3:1 optical frequency division using two input sources. One implementation, shown
in Fig. 6-1 (a), involves the use of a DFG stage in conjunction with a SHG stage
to accomplish 3:1 frequency division. In this scheme the pump fields with an op-
tical frequency of 3f is mixed with the signal field at a frequency f+4 to generate
a difference-frequency output at 2f-6. The signal field is simultaneously frequency-
doubled via SHG to produce a signal at 2f+24. The two outputs at 2f-6 and 2f+24
are then detected to yield a rf beat signal at 36. Tuning the frequency of the input
source at f+d allows one to set §=0 and achieve exact 3:1 optical frequency division.
The second implementation, shown in Fig. 6-1 (b), employs two consecutive DFG
stages to accomplish 3:1 frequency division. In this scheme the input sources have
optical frequencies 3f and 2f+4. The first DFG interaction generates an output at
frequency f-6. The UN-converted portion of the 2f+6 input is then mixed with the
output at f-6 to generate another difference-frequency output at f+25. The DFG
outputs at f-6 and f-+24 are then detected to yield a beat signal at 35. Again, tuning
the optical frequency of the source at frequency 2f-+6 allows one to set =0 to achieve
exact 3:1 optical frequency division.

3:1 optical frequency division using the DFG/SHG scheme has been experimen-
tally demonstrated by Pfister et al. in 1996 [72] and by Touahri et al. in 1997 [12].
The purpose of the work by Pfister et al. was to demonstrate the potential of con-
necting the methane-stabilized He-Ne mid-IR frequency reference at 3.39 pum to the
proposed Hg*-based UV frequency reference at 282 nm in an exact 12:1 frequency
ratio. The 12:1 ratio is accomplished by a 4:1 frequency connection between 1130 nm
and 282 nm via successive second harmonic generation stages, in conjunction with a
3:1 optical frequency divider between 3.39 #m and 1130 nm. The actual sources used
in Pfister’s work were a Nd:YAG laser at A= 1064 nm and a CO overtone laser at
3192 nm, which were mixed inside a bulk RbTiOAsO, (RTA) crystal to generate a
DFG output at 1596 nm. Another output at 1596 nm was generated via SHG of the
3192 nm laser in a AgGaSe; crystal. The two outputs at 1596 nm were then detected
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Figure 6-1: (a) 3-to-1 optical frequency division via the DFG/SHG scheme. § < f
is the frequency separation from an exact 3:1 ratio between the input sources. The
outputs at 2f + & and 2f — 2§ are detected to yield a beat signal at 35 which can
then be used to control the input source at f — & such that 6= 0. (b) 3-to-1 optical
frequency division via the DFG/DFG scheme. § < f is the frequency separation
from an exact 3:2 ratio between the input sources. The outputs at f + 26 and f —§
are detected to yield a beat signal at 30 which can then be used to control the input
source at 2f + 6 such that = 0.
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by an InGaAs PIN diode to generated a beat-note signal, which was then frequency
stabilized to establish an exact 3:1 frequency connection between the 1064 nm and
3192 lasers. The frequency stabilized beat-note signal had a signal-to-noise ratio of
~40 dB and a jitter linewidth of ~150 kHz.

The work by Touahri et al. involved the measurement of the absolute frequency
of the 5S;/, (F=3) to 5Ds;; (F=5) two-photon transition in rubidium at A= 778
nm based on an optical-to-microwave frequency chain starting from a CO3/0sOy4
reference laser at A= 10.3 pm [12]. A 3:1 frequency divider between 843 nm and
2528 nm was employed as part of the frequency chain which connected the transition
frequency at A= 778 nm and the reference frequency at A= 10.3 ym. In Touahri’s 3:1
frequency divider the output from a KCI:Li color-center laser at 2528 nm was mixed
with a diode laser at 843 nm in AgGaSe; to generate a difference-frequency output
at 1264 nm. Another output at 1264 nm was generated via SHG in another AgGaSe,
crystal. The 3:1 division was established by monitoring the beat notes between the
1264-nm outputs and an InGaAsP diode laser which served as a local oscillator. The
rest of the 10.3-um-to-778-nm frequency chain was implemented by connecting the
10.3 pm CO, reference laser to the 2528 nm laser in a 4:1 frequency ratio via a MIM
diode. This connection established, in conjunction with the aforementioned the 3:1
frequency divider, the 843 nm laser frequency as the 12th harmonic of the 10.3 pm
reference. Finally, a sum frequency generation between the 10.3-um reference laser
and the 843 nm laser produced an output at 778 nm. This 778-nm SFG output was
then frequency locked to an ECDL at 778 nm that is used to measure the two-photon
transition.

The work described in this chapter also demonstrates a 3-to-1 optical frequency
division but differs from the work reported by Pfister et al. and Touahri et al. in 3
main respects:

1. We employed the DFG/DFG scheme in Fig. 6-1 (b) with input frequencies of
3f and 2f to establish a 3-to-1 frequency connection between the input and output
fields, whereas the works by both Pfister et al. and Touahri et al. accomplished the
3-to-1 connection via the DFG/SHG scheme in Fig. 6-1 (a) with input frequencies of
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3f and f.

9. Whereas Pfister’s and Touahri’s experimental configurations involve 2 separate
nonlinear crystals for the SHG and DFG interactions, our setup involves the use of
a single PPLN sample with 2 domain-reversed gratings to phasematch the respective
DFG interactions. This greatly simplified the complexity of the system because we
only needed to align and mode-match our inputs through one nonlinear crystal instead
of two. This resulted in the additional benefit that the two outputs generated from
the two DFG interactions were automatically aligned, thus eliminating the need to
recombine and align the output beams generated from two separate nonlinear crystals.

3. Because of the different applications between Pfister’s work, Touahri’s work,
and our work, the specific wavelengths of interest were also different. Pfister’s work
demonstrated optical frequency division of 1064 nm, whereas in Touahri’s work the
pump wavelength was 843 nm. The work described in this thesis demonstrates optical

frequency division of 532 nm.

6.2 The Double-Grating PPLN Crystal

6.2.1 Grating design and fabrication

We designed and fabricated a PPLN sample with two grating periods to phasematch
the successive DFG interactions for implementing the 3-to-1 frequency division scheme
described in Section 6.3. The 250-um-thick, 3-mm-wide PPLN sample was 1 cm long
divided into two 5-mm-long sections of different grating periods. Our input sources
had wavelengths at 532 nm and 798 nm and thus were in approximate 3:2 optical
frequency ratio. The first QPM grating, with a grating period of 22.2 pm, was
designed to phasematch a third-order DFG interaction at a temperature of 72.1°C
with the 532-nm and 798-nm inputs to generate an idler output at 1596 nm. The
second QPM grating, with a grating period of 20.1 um, is designed to phasematch the
DFG interaction at 68.3°C between the idler output from the first DFG interaction

and the residual 798 nm input. The grating periods are calculated from Eq. (2.61),
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[ Parameters | DFG1 | DFG2 |
Ap (nm) 532.2 | 798.3

Tie p 2.2370 | 2.1781
X, (am) || 798.3 | 1596.6
Tie.s 2.1783 | 2.1384
; (nm) || 1596.6 | 1596.6
Tie 2.1385 | 2.1384

Tew CC) || 721 | 683
3, (um) || 74 | 201
A (pm) 22.2 | 20.1

Table 6.1: Quasi-phasematching for double-grating PPLN

and the relevant physical quantities used to calculate the grating periods for the two
DFQG interactions are listed in Table 6.1. The values for the refractive indices are
determined from the published Sellmeier’s equation by Edwards et al. [30] in Eq.
(2.62).

Ideally, the grating periods for the two DFG interactions should be chosen to have
the same peak phasematching temperature for optimal overall conversion efficiency.
This would be possible only if one can define the grating periods with arbitrary accu-
racy. Since our mask vendor’s stepping equipment which defines the exact positions of
the grating lines is specified to an accuracy of 0.1 um, we were also limited to an accu-
racy of 0.1 ym in specifying the grating periods. In order to optimize the efficiency of
the double-DFG process, we searched for the pair of grating periods which minimizes
the separation in the corresponding phasematching temperatures. We computed the
phasematching temperatures for different pairs of grating periods and found that
grating periods of A;= 22.2 pm and A;= 20.1 pm yield the pair of phasematching
temperatures (Tpari= 72.1°C and Tppe= 68.3°C) which are closest to each other.
The calculated temperature phasematching curves for the first and second DFG inter-
actions are plotted in Fig. 6-2 (a). The peak phasematching temperature for the first
DFGC interaction is calculated to be 72.1°C, with a FWHM bandwidth of 5.5°C. The
calculated peak phasematching temperature for the second DFG interaction is 68.3°C
with a FWHM bandwidth of 15.8°C. The peak phasematching temperatures of the

two interactions are 3.8°C apart, which is well within the temperature bandwidths of
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Figure 6-2: (a) Temperature tuning curves for the two DFG interactions in the double-
grating PPLN crystal calculated from Sellmeier’s equations. Solid curve corresponds
to 3rd-order QPM DFG interaction between 532 nm and 798 nm with a 22.2 ym
grating period. Dashed curve corresponds to 1st-order QPM between 798 nm and
1596 nm. The length of each grating is 5 mm. (b) Temperature tuning curves of
DFG interaction between 532 nm and 798 nm with a 3rd-order QPM grating period
of 22.2 pm. Solid curve is calculated from the Sellmeier’s equations. The length of
the grating is 5 mm.
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Figure 6-3: Multiple duty cycle QPM grating design. The grating pattern is parti-
tioned into 4 2-mm-wide sections of different duty cycles. The domain lengths [ of
the reversed sections had duty cycles designed to compensate for domain spreadings
of 2, 3, 4, and 5 pums, respectively.

the two interactions. By setting the crystal temperature at the peak phasematching
temperature of first DFG interaction, we expected a 15% reduction in the conversion
efficiency for the second DFG interaction.

As shown in Fig. 6-3, the PPLN grating pattern is partitioned into 4 2-mm sections
of different duty cycles along the width of the grating structure. The 4 sections have
electrode linewidths designed to compensate for lateral domain spreading of 2 pm,
3 pm, 4pm, and 5um, respectively. For instance, the grating pattern with a grating
period of 22.2 um (DFG1) has sections with electrode linewidths of 9.1 um, 8.1
pm, 7.1 pm, and 6.1 pm, respectively. In Chapter 3 we mentioned that the lateral
spreading of domains during poling typically ranges from 2-5 pm. Since it is usually
difficult to precisely control the amount of spreading during poling, we designed our
grating pattern to compensate for different amounts of spreading. In this fashion one
may simply use the section with a resulting domain reversal duty cycle that is closest
to the ideal 50/50 ratio.

Most of the details regarding the fabrication of PPLN has been described in Chap-
ter 3. Following E-field poling, our double-grating PPLN samples was diced to its
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final dimensions (10 mm long by 3 mm wide) and end-polished for normal incidence.
Although our PPLN sample was designed for a total useful width of 8 mm, the final
width of our sample was 3 mm because a portion of the sample cracked during dicing.
Since no anti-reflection (AR) coatings were applied to the polished facets, we expect

a ~14% Fresnel loss at each facet.

6.2.2 Characterization

Following E-field poling, we inspected the double-grating PPLN sample and observed
4-6 missing reversals along the length of the grating structure. The 3-mm-wide sample
consists of a 2-mm-wide section designed to compensate 4 ym of domain spreading
and a 1-mm-wide section designed to compensate 5 um of spreading. The 1-mm-wide
section was used for our experiment because the measured DFG output power (first
DFG interaction) was greater in this section. For the 1-mm-wide section, we measured
by observing under a microscope the lengths of the domain-reversed sections over 20
consecutive grating periods on the +z face of the PPLN sample for both the A= 20.1
pm grating and the A= 22.2 um grating. The average duty cycle was 51.0% for the
A= 20.1 pm grating and 50.4% for the A= 22.2 um grating. For the same sets of
20 consecutive grating periods standard deviation of the random duty cycle error o,
was 0.70 pm for the A= 20.1 um grating and 0.72 pm for the A= 22.2 pm grating.
Based on Eqgs. (2.85) and (2.88), we expect the conversion efficiency for the 1st DFG
interaction (A= 20.1 um) to be reduced by 2.4% and that for the 2nd DFG interaction
(A= 22.2 ym) to be reduced by 2.1%.

In order to determine the peak phasematching temperature and to characterize
the effective interaction length of our PPLN sample, we measured the idler output
power from the first DFG interaction as a function of temperature. Figure 6-2 (b)
shows the measured data vs. the calculated curve for the first DFG interaction based
on Sellmeier’s coefficients. The measured peak phasematching temperature is 71.8°C,
which is in excellent agreement with the calculated value of 72.1°C. The measured
FWHM temperature bandwidth of 6.4°C is ~16% larger than the calculated band-
width. The effective interaction length of the first DFG is estimated to be reduced by
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16% from the physical length of 5 mm. A possible cause of the reduced effective inter-
action length was nonuniform temperature distribution over the length of the crystal.
In our simple setup we placed the crystal on top of a MINCO HK5255R31.6L12D
heater for temperature control. It was thus likely that different parts of the crystal
did not have the same temperature. As mentioned in the previous chapter, there may
also be a certain amount of random period errors in the domain-reversal profiles, es-
pecially that the domain-reversal profiles did not necessarily propagate straight down
from the +2z to the -z face. We did not measure the output power of the second DFG
interaction as a function of temperature because we did not have an independent
source at A= 1596 nm.

We also characterized the actual conversion efficiency of the first DFG interaction
for the double-grating PPLN in order to estimate the expected rf beat signal power
to be discussed in Section 6.3.4. We first derive expressions for the idler output power
levels for the two DFG interactions. The expression for the output power for a DFG

interaction is given by Eq. (2.23):

) —
_ 167Td QPpPslhm(-87C) inc2 [Akl} . (61)

k= cegnpnsni)\2,-(;c1: + 761:) 2
Here P, and P, are the pump and signal powers, dess is the effective x? nonlin-
ear coefficient, [ is the interaction length of the nonlinear medium, P (B, ) is the
reduction factor due to non-optimal focusing [27], and Akl is the amount of phase
mismatch which acts to reduce conversion efficiency. For the first DFG interaction
where A\,= 532.2 nm and A,= 798.3 nm, we have d33 ~ 27 pm/V and dg = (;27;) d33=
5.8 pm/V for a 3rd-order interaction. For the second DFG interaction where Ay=
798.3 nm and \,= 1596.6 nm, we have ds3 ~ 24.3 pm/V and dg = (%) d3z= 15.5
pm/V for a lst-order interaction. With an effective interaction length l of 4.25 mm,
a confocal parameter of b = 3{2: 10 mm, a reduction factor equal to h= 0.402, and

effective nonlinear coefficients of dg;= 5.8 pm/V for DFG1 and dgo= 15.5 pm/V for
DFG2, one obtains
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P, =42 x 107*P,P,. (6.2)

The powers in the expression above refer to the power levels inside the PPLN crystal
in W. Using expressions for the power levels outside the crystal, losses due to Fresnel
reflections off the two uncoated crystal surfaces must be included. If we include
the losses due to Fresnel reflections and the two long-wave-pass (LWP) filters at the

output, the expression for the detected idler output from DFG1 becomes

Py (det) = 4.2 x 107 P, P,T, 11, ToiT?, (6.3)

where T1,= 0.854 and T1,= 0.863 are the power transmissions for the pump (532
nm) and signal (798 nm) fields through the front surface of the PPLN, Ty;= 0.869 is
the power transmission for the idler field through the back facet, and Ty= 0.9 is the
transmission each of the two LWP filters at the idler wavelength.

The DFG idler power was measured by chopping the pump beam at 200 Hz and
synchronously detecting the output on an InGaAs photodetector with a responsivity
of 1.1 A/W and a transimpedance gain of 10 V/A. For input powers of P,= 91 mW
at 532 nm and P,= 160 mW at 798 nm, we expect the detected idler output power
be be P;(det)= 3.4 uW. The measured idler output power was 2.3 uW at the peak
phasematching temperature, which is ~67 % of the value calculated from theory.
This implies a conversion efficiency that is also 67% of that obtained from theory,
which yields an effective nonlinear coefficient of dg1= 4.7 pm/V for the first DFG
interaction. If we assume the second DFG interaction also has a conversion efficiency
that is 67% of that calculated from theory, the effective nonlinearity for the second
DFG interaction would be dgo= 12.6 pm/V.

As mentioned above, based on measurements of the average and random duty
cycle errors of the double-grating PPLN, we expect only ~2 % reduction in conversion
efficiency for both DFG interactions compared to theory. The measured conversion
efficiency was reduced by 33% compared to theory. This discrepancy can be attributed

to two reasons. First, the actual domain-reversal profile is quite nonuniform from the

142



+2z to the -z face and also along the width of the sample. The width of the domain
reversal profile can vary by as much as ~2 pm along the 2-mm width of a given
grating section. Thus the domain-reversal profile may not be quite uniform across
the beam profile of the pump and signal beams. Second, the tapered amplifier pump
output beam has significant astigmatism which also contributes to a lower conversion

efficiency than expected.

6.3 Experimental Setup

This section describes the experimental setup for 3:1 optical frequency division of 532

nm using two successive DFG interactions.

6.3.1 532 nm laser system

The 532-nm pump laser source was a c¢w frequency-doubled Nd:YAG laser. The
Nd:YAG laser was a Lightwave 122-1064-500-F diode-pumped solid-state non-planar-
ring laser with a maximum output power of 500 mW. The laser frequency could be
temperature-tuned over 30 GHz. The tuning characteristic of the laser exhibits sev-
eral continuously-tunable stable regions separated by mode-hops. The tuning range
across each continuously-tunable region is about 5 GHz with a tuning coefficient of
-3.1GHz/°C. The Nd:YAG laser could also be piezoelectrically tuned over a range of
30 MHz with a tuning coefficient of 2 MHz/volt. Figure 6-4 shows a schematic of the
second-harmonic (SH) ring cavity which generates the frequency-doubled light at 532
nm [71]. The cavity length of the SH cavity was controlled and actively stabilized
by a piezoelectric transducer (PZT) mounted to the end mirror of the cavity. Useful

532-nm output powers from the SH ring cavity were typically ~130 mW.

6.3.2 798 nm laser system

As discussed in Chapter 5, the 798-nm laser system was a master-oscillator-power-

amplifier (MOPA) system consisting of an extended-cavity diode-laser (ECDL) which

143



Temperature
Controller

from to
thermistor TE cooler

1064nm f{:}

HWP

{KTP]

{solator 532nm

Intensity servo

Figure 6-4: Schematic of harmonic ring cavity for frequency-doubling 1064 nm
Nd:YAG laser. (E.J. Mason, Master’s thesis, Massachusetts Institute of Technology,

Cambridge, MA, June 1996)
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Figure 6-5: Experimental setup for 3-to-1 optical frequency divider using a double-
grating PPLN crystal.

was used to injection-lock a SDL-8630-E tapered amplifier. Typical output power
from the tapered amplifier was around 280 mW at 798 nm. The laser frequency
could be continuously tuned by a PZT which controls the cavity length of the ECDL.
Continuous tuning ranges were 100 MHz with approximately a 150-MHz separation
between mode hops. The free-running 798-nm laser has a large frequency jitter on

the order of a few MHz over a 1-s period.

6.3.3 Optics

The experimental setup is illustrated in Fig. 6-5. The frequency-doubled Nd:YAG
laser and the MOPA outputs were combined via a dichroic beam splitter that reflected
more than 99% of the 798-nm signal beam and transmitted 92% of the 532-nm pump
beam. The 532-nm pump beam and the 798-nm signal beam were both focused to
a confocal beam parameter of 10 mm inside the double-grating PPLN crystal. The
incident beams at 532 nm and at 798 nm were filtered out after the PPLN using
two long-wave-pass (LWP) filters, and the filtered outputs were collimated by a f=

10.0 cm plano-convex lens and then focused via a f= 5.0 cm lens into an InGaAs

145



avalanche photodiode (APD) detector to measure the beat signal between the idler
outputs generated from the two DFG interactions. The signal from the APD detector
was then amplified by an rf amplifier and sent to an rf spectrum analyzer for analysis.

The following paragraphs outline the steps taken to align the 532-nm frequency-
doubled Nd:YAG pump laser and the 798-nm ECDL MOPA signal laser output beams
into the PPLN crystal and to focus the output beams into the InGaAs APD.

(1) Steer the pump and signal beams using high reflectors such that the two beams
line up approximately. Insert irises in the path of one of the beams and align the
other beam through the same set of irises.

(2) Insert the focusing lens for each of the two beams. The lenses are each mounted
on a 3-axis translation stage for fine adjustment. Move the lenses for each beam such
that the beam waist locations are approximately matched.

(3) Mount the sample on a 5-axis translation stage. Set sample below the incident
beams such that the beams pass above the sample and parallel to the edge of the
sample. Move the sample longitudinally until the beam waists are roughly located
close to the center of the sample. Move the sample up into the beams. Adjust the
vertical and tilt knobs of the translation stage until the beam goes through the crystal
with minimum clipping of the beam profiles.

(4) Set up the collimating lens approximately one focal length from the apparent
beam waists. The transmitted pump and signal beams should be approximately
collimated. Set up the long-wave pass (LWP) filters to extinguish the residual pump
and signal. The focusing lens is placed at a distance from the detector roughly equal
to its focal length at 1596 nm.

The above alignment procedure usually permitted detection of the idler output.
A number of steps were then taken to optimize the output power. These steps are
described in the following paragraphs.

(1) Adjust the sample vertically to ensure that the incident beams passes through
the crystal without clipping.

(2) Adjust the tilt of the 5-axis translation stage for the sample in conjunction with

the vertical translation to ensure that the incident beams propagate perpendicular to
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Figure 6-6: Schematic of detection system for 36 beat signal.

the +z faces.

(3) Move the crystal longitudinally to center the beam waist at the center of the
crystal.

(4) Move the beams relative to one another both horizontally and vertically to
achieve optimum overlap between two beams inside the crystal.

(5) Steer the output beam with the mirror mount controls of the aluminum mirror
to center the beam at the detector aperture.

(6) Move the final focusing lens along the direction of propagation to ensure that

the beam is properly focused into the InGaAs detector aperture.

6.3.4 Detection system

The detection system of our 3:1 frequency division work is shown in Fig. 6-6. Our
photodetector was an EG&G C30644E InGaAs avalanche-photodiode (APD), which
was used to detect the beat signal between the two outputs at 1596 nm. An APD was
required to amplify the very weak beat photocurrent of ~30 pA in order to achieve
a high signal-to-noise ratio and a wide detection bandwidth. The APD had a square
aperture of 50 ym. The 3-dB bandwidth of the APD was ~2 GHz, and it was biased
at -63 volts to yield a current gain of 8.2. At unity gain, the APD had a responsivity of
0.84 A/W. The output of the APD was connected to a 36 dB rf amplifier with a noise
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figure of 2 dB. The amplified output was then split via a Mini-Circuits ZDC-10-1 10:1
rf coupler. The main output from the coupler was used for frequency stabilization of
the beat signal to be discussed in Section 6.5. The coupled (-12 dB) output was sent
to a HP 8563E rf spectrum analyzer to monitor the beat signal.

Based on the experimental parameters specified in Section 6.2, we outline the
relevant expressions for estimating the detection sensitivity of the beat-note detection
system. Eq. (6.1) provides the expression for the expected detected idler output
from the first DFQ stage. If we incorporate the assumption that our crystal had a
conversion efficiency that was 67% of the theoretical value, then the expression for

the detected idler output becomes
P, (det) = 2.8 x 107*P, P, Ty, T3, Toi T} (6.4)

where Tj,= 0.854 and Ty,= 0.863 are the power transmissions for the pump (532
nm) and signal (798 nm) fields through the front surface of the PPLN, T5;= 0.869 is
the power transmission for the idler field through the back facet, and Ty= 0.9 is the
transmission of the LWP filters at the idler wavelength.

Likewise, the expression for the detector idler output power from DFG2 becomes
Pyy(det) = 3.1 x 10’7P,,P3T1,,T128T2,-T)?. (6.5)

where we have assumed again that the conversion efficiency is 67% of the theoretical
value.

We now derive the expressions for the rf beat-note signal power as a function of
the detected DFG idler output power levels. Consider an avalanche photodiode with
a current gain M and a responsivity Ro (for M = 1) in units of A/W. It’s overall
responsivity is given by R = RoM. The photodiode output current can be expressed
as I = RP,, where P,, is the incident power. Let’s consider the detection of the

combined idler outputs from the two DFG interactions. The detected photocurrent

is given by
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I= R[Pdil + Pdiz + 2\/ Pdi]Pdiz cos(Awt + ¢)], (6.6)

where Aw is the beat frequency between the two idler outputs. The corresponding rf

power of the measured beat-note signal is

P,

signal = 2R Pair P RG, (6.7)

where R is the load impedance of the detector and G is the rf gain of any subsequent
amplification.

We now derive expressions to estimate the noise of the detection system. The
resistances inside the avalanche photodiode (APD) detection system contributes to
the so-called Johnson noise. The 4kT Johnson noise power density is equal to 1.62 X
10~20 W/Hz at room temperature. Subsequent amplification (with gain G) adds
amplifier noise which is specified by the noise figure (NF) expressed in units of

decibels (dB). The total output noise power in W/Hz is then

Py poige = 107719162 x 107°GAS, (6.8)

where NF is the noise figure of the rf amplifier and Af is the detection bandwidth
in units of Hz. The 36-dB rf amplifier we used had a noise figure of NF' ~2 dB.
The current noise of the system is due to the shot noise of the generated signal
current as well as the leakage current Ip of the APD. In our system, the generated
signal current is dominated by the detected idler power Py from DFG1. The total

leakage current (dark current) is given as

Ip=1Ips+ MlIpp (6.9)

where M is the gain of the APD and Ipg and Ipp denote the surface and bulk leakage
currents, respectively. Additionally, the avalanche process generates excess current

with a noise factor F' as compared to a regular PIN photodiode. The total current

noise for the APD is thus given as
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IiN = \/27][[05 + M2F([DB + ROPdil)]Afa (610)

where g= 1.6 x 107'® C is the electronic charge. In our case where M is reasonably
large (M = 8.2), the current noise contribution from Ips can be neglected. For our
APD (EG&G C30644E), typical specifications for the bulk dark current /pp and the
excess noise factor F' are 1.5 nA and 5, respectively. With an APD gain of M= 8.2
at a bias voltage of -63 V, the total responsivity R is 6.8 A/W.

The total current noise power is

P, noise = in RGAf (6.11)

The expected total noise power is then

Ppoise = (in°RG + 10MF/1°1.62 x 107°)GAf (6.12)

The overall gain G between the APD and the spectrum analyzer was 21 dB. This
included a gain of 36 dB from the rf amplifier, a 12-dB loss from the 10:1 coupler,
and an additional 3-dB loss from the cables and connectors that connected the 10:1
coupler output to the spectrum analyzer.

For no input light we expected a total noise level of -100.1 dBm for a measurement
bandwidth of 30 kHz. The measured noise level was -101 dBm, in good agreement
with the calculated level given the uncertainty of the APD parameters. For input
powers of 89 mW at 532 nm and 176 mW at 798 nm and dg values of 4.7 pm/V
for the first DFG stage and 12.6 pm/V for the second DFG stage as measured in
Section 6.2, we expected an rf beat signal power of -63 dBm and a total noise level of
~ -98.7 dBm. Our measured beat signal power was -65 dBm, ~2 dB below what we
expect. The measured total noise level was -96 dBm, ~3 dB higher than expected.
This suggests that the actual APD excess noise factor F' was about twice the specified
value of F' = 5. The measured signal-to-noise ratio of the beat signal was ~30 dB.

Because of the limited bandwidths of the APD and the subsequent rf amplifiers,

the effective bandwidth of our beat detection system was about 1 GHz. Furthermore,
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because of the mode hops of the 798 nm laser and the frequency drift of the Nd:YAG
laser, we often had to do a little frequency search in order to locate the beat sig-
nal. Once the beat signal was located, we could tune its frequency continuously for
about 300 MHz before the 798 nm laser hops to another mode. By continuing to
tune the laser frequency in the same direction using the PZT, one could recover the
beat signal, located at about 450 MHz away from the point the mode-hop occured.
Without any external control of the frequency of the 798 nm diode laser, a particular
mode was typically supported for a few minutes before modehopping occurs. Hence,
any particular beat signal could stay on for only as long as a few minutes before
disappearing. However, a slight tweak of the PZT controller of the ECDL laser was

sufficient to recover the beat signal.

6.4 Frequency Stabilization

Because of the ~1 MHz frequency jitter of the MOPA diode laser, the beat signal
also suffered from a large frequency jitter on the order of a few MHz. As a first step
to stabilize the beat signal frequency, we stabilized the frequency of the MOPA diode
laser to a high-finesse reference cavity. Details of the frequency stabilization of the
MOPA diode laser is provided in Section 5.4.

With the diode laser frequency stabilized we observed that the jitter of the beat
signal was significantly reduced. The short-time peak-to-peak jitter was reduced from
a few MHz to 260 kHz. There remained, however, a slow frequency drift on the order
of 0.2 MHz/sec that could be attributed to 2 sources. First, the 532 nm frequency-
doubled Nd:YAQG laser was not frequency-stabilized. The YAG laser also contained
a frequency drift that was specified to be < 0.8 MHz/min. Second, the cavity length
of the reference cavity for the 798 nm laser probably had a slow drift component due
to slight temperature variations. Figure 6-7 shows the schematic for the frequency
stabilization of the beat note frequency. As mentioned in Section 6.3.4, we used a
Mini-Circuits ZDC-10-1 10:1 (-12 dB) f coupler to split off a portion of the amplified

(36 dB) beat-note signal for monitoring on the rf spectrum analyzer. The remaining
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Figure 6-7: Frequency stabilization scheme for 36 beat signal. BPF: band-pass filter.

beat-note signal output was amplified by a 21-dB (HP 8447E) rf amplifier and then
down-converted to 40 MHz by mixing it with a microwave synthesizer. The down-
converted signal was then amplified by another 21-dB (HP 8447E) rf amplifier. At
this point we passed the beat signal through a bandpass filter centered at 40 MHz
to remove excess white noise. The bandpass filter had a 3-dB bandwidth of 1.5 MHz
which was adequate for the slow frequency drift and jitter of the beat note. The
output of the bandpass filter was then compared with a 40 MHz local oscillator in
a fast phase-frequency discriminator to yield an error signal. The output of the fast
phase-frequency discriminator was proportional to the frequency difference between
the LO and the beat note signal for two input signals with different frequencies. For
two input signals with the same frequency, the discriminator output is proportional
to the phase difference between the LO and the beat signal. The error signal was then
amplified and sent to the PZT of the high-finesse reference cavity (for the 798-nm
laser) to stabilize the cavity length. With the cavity length stabilized, the slow drift

of the beat note signal was eliminated.
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Figure 6-8: Single-shot trace of frequency-stabilized 33 beat signal. Scan time = 50
ms. Detection bandwidth= 30 kHz.

6.5 Results

Figure 6-8 shows a single-shot trace of the frequency-stabilized beat signal taken over
a time of 50 ms. The beat note had a peak-to-peak frequency jitter of 260 kHz. Figure
6-9 shows a plot of the average of 100 traces of the frequency-stabilized beat signal over
a b sec time scale. On this § sec time scale the 3 beat signal, § being the frequency
deviation of the 798 nm laser from exactly 2/3 of the 532 nm laser frequency, was
estimated to have a frequency uncertainty of +25 kHz. The corresponding fractional
uncertainty, defined as the ratio between the uncertainty in 6, which is +8.3 kHz, and
the optical frequency of the 532-nm pump field, which is 564 THz, is £1.5x1071!.
The value of the center of the beat note frequency is 36 = -658.14 MHz. The sign
was determined to be negative because increasing the extended cavity diode laser
frequency results in a decrease in the frequency of the beat signal.

We have attempted to phase lock the beat signal to the 40-MHz reference LO of the
phase-frequency discriminator by feeding the error signal to the drive current control
of either laser. However, the 30 dB signal-to-noise ratio at a detection bandwidth

of 30 kHz was insufficient because of the large beat frequency jitter and drift of the
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Figure 6-9: 100-trace average of frequency-stabilized 39 beat signal. Total integration
time is b s.

unstabilized beat signal. As a rule of thumb, the actual bandwidth of the phase-
locked loop must be greater than the jitter linewidth of the beat signal. The jitter
linewidth of the free-running 34 beat signal was several MHz, which is much larger
than the 10 kHz detection bandwidth for the frequency-stabilized 36 beat signal. If
we assume that the free-running beat signal has a 5-MHz jitter bandwidth and also
that the phase-locked loop has the same 5§ MHz bandwidth, the maximum SNR at
the input to the phase-locked loop would be ~30 dB - 10 logys (5 MHz/30 kHz) =7
dB, which could be insufficient for phaselocking since phaselocking typically requires
at least 10 dB of SNR over the bandwidth of the phase-locked loop.

The signal-to-noise ratio can be improved in a number of ways. First, using a
first-order grating period of 7.2 um for the first DFG interaction at an operating
temperature of 150°C should yield a 9-fold improvement in the conversion efficiency
in the first DFG stage. Second, at the time the double-grating PPLN was fabricated,
the high voltage pulser we had was limited to 6 kV in output voltage. This limited the
thickness of our PPLN sample to 250-um in thickness. Since then we have acquired
a TREK Model 20/20 high voltage amplifier which can output high voltage pulses in

excess of 20 kV. This allowed us to fabricate samples with thicknesses up to 0.75 mm.
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With the increase in the thickness of the PPLN, we should be able to increase the
length of future PPLN devices. By scaling the length of the PPLN crystal to 4 cm, we
expect another 64-fold improvement in the beat signal rf power. Assuming Gaussian
beam profiles for our laser beams, the beat signal rf power from the double-DFG
interaction is proportional to [;%l, where I, and [, are the lengths of the first and the
second DFG gratings, respectively. Instead of using the same grating length for the
two DFG interactions, as was done for the work described in this thesis, one can also
set 1;=2l5, which would yield a slight 0.7 dB gain in the beat signal power. Hence,
with a longer and thicker PPLN crystal composed of only first-order gratings, a total
improvement of nearly 28 dB should be sufficient to phase lock the beat signal to an

1rf source.

6.6 Discussion

In this section a comparison is made between the 3-to-1 frequency division scheme
described in this thesis with those reported by Pfister et al. [72] and Touahri et al.
[12]. The fundamental difference lies in the fact that our 3-to-1 frequency division
scheme employs input frequencies 3f and 2f in a dual-DFG scheme as shown in Fig.
6-1 (b), while in the schemes reported by Pfister et al. and Touahri et al., the input
frequencies were 3f and f in a DFG-SHG process shown in Fig. 6-1 (a). Consider
the DFG-SHG scheme with inputs at 532 nm (3f) and 1596 nm (f). Equation (2.16)
gives an expression for the DFG output at 798 nm (2f):

Py 16nd?qLh
Pngf Ceon3fn2fnf/\%f(/ﬂ3}l + k;l)

=14 x107%/W, (6.13)

where we have assumed dg; = 5.8 pm/V for a third-order QPM interaction, ngy=
2.2370, ngp= 2.1783, ny= 2.1385, L= 0.5 cm, and h= 0.463. The second QPM grating
phasematches the second harmonic generation of 798 nm from 1596 nm. The second

harmonic output power is given by
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Py 16md’gLh
A= ﬂr—Q—g =1.8 x 107%/W. (6.14)
Py CEM2f M Ay
Here we assume dg= 15.5 pm/V for the first-order QPM interaction. As discussed
in Section 6.3 the beat-note rf power is proportional to the product of the output

powers at frequency 2f. That is, Pyeq: < PoyP;. From (6.13) and (6.14) we obtain

Py Py = (2.5 x 1075 /W?) Py, P}. (6.15)

Now consider the dual-DFG scheme with inputs at 532 nm (3f) and 798 nm (2f).
The DFG output at 1596 nm (f) from the first DFG interaction is
P f 16w d2Q1 L]_l

= —————— = 5.7 x 107*/W, 6.16
szpgf ceon3fn2fnf)\}(k3f1 + kal) / ( )

where we have again assumed the following: dg; = 5.8 pm/V for the third-order QPM
interaction, ngp= 2.2370, ngy= 2.1783, ny= 2.1385, L= 0.5 cm, and h= 0.4631. The
DFG output at 1596 nm (f) from the second DFG interaction is

P; 16md%gaLh

= - =2.3x 107%/W, 6.17
Pngf ceongfn?e/\f(k;fl + k?l) / ( )

with dgz = 15.5 pm/V. Here the beat note power is proportional to PfP}. From
(6.16) and (6.17) one obtains
PyP; =T7.1x 107°P} P}, (6.18)

The ratio between the beat-note rf power for the two schemes is obtained by taking

the ratio between (6.15) and (6.18):

P(3f,2f) _ 7.7x 107 P} P},
P(3f,f)  25x10"19Py P}

P 3
=3.1x 107*Py; (—“) . (6.19)
Py

where the powers are in units of W, and the same 1-cm-long PPLN used in our
experiment is assumed for both cases. For Py; = Py, and P3p= 75 mW, as was the

case for our experiment, the beat-note 1f power for our scheme with input frequencies
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Figure 6-10: An OPO-based 3-to-1 optical frequency divider.

3f and 2f is smaller by a factor of 46 dB. The choice of the dual-DFG scheme with
input frequencies 3f and 2f was dictated by the availability of input sources at 3 f
(532 nm) and 2f (798 nm) and also by our intention to build another 3-to-1 frequency
divider pumped by the 798 nm source for use in the proposed optical-to-microwave
frequency chain [23][24][25]. We should add that if we had used the DFG/SHG
scheme for our 3:1 frequency divider (with the same input powers as the double-DFG
scheme), the signal-to-noise ratio would be higher by 46 dB, which would be more
than sufficient for phase-locking.

Furthermore, it is important to note that it is also possible to use an OPO for
3-to-1 optical frequency division, which would produce an even higher signal-to-noise
ratio for the beat signal. Figure 6-10 illustrates a possible OPO-based 3-to-1 frequency
division scheme.

Comparing the two ways of implementing a 3:1 optical frequency divider, one
using an OPO and the other using DFG, one finds that using the OPO has the main
advantage that the generated signal and idler outputs are both strong and in the 5 -
20 mW range for ~100 mW of pump power. With the use of a double-grating PPLN,
the SHQ interaction can also be intra-cavity, thus yielding much higher efficiency
(~100 times) than that for a single-pass SHG. This makes subsequent detection much
easier because the signal-to-noise ratio is large. Furthermore, the OPO requires only
one input pump source, while the double-DFG scheme requires two input sources in
approximate 3:2 frequency ratios. The disadvantage of the OPO-based scheme is the
complexity of operating the OPO in a highly stable manner. By contrast, the use of

DFG greatly simplifies the frequency mixing process but at the expense of producing
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a weak output at the idler frequency.

6.7 Summary

We have successfully implemented a frequency-stabilized three-to-one optical fre-
quency divider of 532 nm based on consecutive DFG interactions in a double-grating
PPLN crystal. By frequency-stabilizing the 36 beat note signal to £25 kHz, we ob-
tained a fractional uncertainty, defined as the ratio between the uncertainty in 6 and
the optical frequency of the pump laser, of £1.5x107*. Our signal-to-noise ratio of
25-30 dB was not quite sufficient to implement a phase-coherent 3:1 frequency divider
due to the noise of our input lasers. However, future improvements in conversion ef-
ficiency by the use of a longer PPLN sample with first-order QPM gratings or by the
use of a PPLN OPO should allow us to achieve a phase-locked 3:1 optical frequency

divider.
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Chapter 7

Brewster-Angle PPLN OPO

This chapter describes the experiment which demonstrates a nearly degenerate doubly-
resonant OPO with a Brewster-cut PPLN as the nonlinear medium. In Section 7.1,
we provide the motivation for constructing a Brewster-cut PPLN OPO and compare
our system with other works involved with doubly-resonant OPO’s. The design and
fabrication of the PPLN grating is discussed in Section 7.2, followed by a discussion of
the design of the OPO cavity in Section 7.3. Characterization of the phasematching
temperature and conversion efficiency with SHG and DFG is discussed in Section 7.4.
Section 7.5 describes the experimental setup. The experimental results are discussed
in Section 7.6, including a discussion of photorefractive effects which hampered the
stability of our OPO system. Section 7.7 presents a discussion of our results and

offers suggestions for future work.

7.1 Brewster-Cut-PPLN-Based OPO

As discussed in Chapters 1 and 2, OPO’s are attractive sources of coherent radiation
for their wide tuning range compared to traditional tunable lasers such as Ti:Sapphire
and dye lasers. Numerous recent demonstrations of PPLN-based OPO’s have been
reviewed in Chapter 4. This chapter describes a PPLN-based doubly-resonant OPO
with Brewster-cut facets. As discussed in Section 4.4, OPQ’s can be either singly

resonant (SRO), in which only the signal field is resonant inside the resonator, or
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doubly resonant (DRO), in which both the signal and idler fields are resonant. Doubly
resonant OPOQO’s have much lower threshold pump powers, typically on the order of
a few mW to tens of mW for a 10-mm-long PPLN, compared to singly resonant
OPQ’s whose threshold pump powers are typically 2 orders of magnitude higher.
However, the trade-off for the lower threshold of doubly-resonant OPO’s is the greater
sensitivity of device performance on temperature, alignment, and mechanical and
acoustical fluctuations since one needs to satisfy the resonance condition for both the
signal and idler fields.

Our OPO work was motivated by the desire to implement a 3:1 optical frequency
divider based on PPLN OPQ’s. As mentioned in Section 6.6, compared to the use of
DFG interactions for 3:1 optical frequency division, an OPO requires only one laser
input, and the signal-to-noise ratio of the beat is much higher due to substantially
higher signal and idler output powers (typically 5-20 mW for a doubly-resonant OPO
pumped at around 100 mW). A schematic of an OPO-based 3:1 frequency divider is
shown in Fig. 6-11. Just like the DFG-based 3:1 divider, the 3:1 OPO-based divider
can also be implemented with a double-grating PPLN designed to phasematch both
the OPO as well as the SHG interactions. As discussed in Chapter 2, operation of a
doubly-resonant OPQ is over-constrained by the requirement of double resonance for
the signal and idler fields. One way to relax this constraint is to construct separate
cavities for the signal and idler fields, the so-called dual-cavity OPO. Dual-cavity
OPQ’s have been demonstrated in type II OPO’s in which the signal/idler output
fields are orthogonally polarized and are separated by a polarizing beam splitter (PBS)
[73][74]. Separation of the signal/idler fields cannot be accomplished with PBS for
type I OPO’s, whose signal/idler outputs are co-polarized, as is the case for our PPLN
OPO. Instead, since the signal and idler output wavelengths are widely separated in
a 3:1 optical frequency divider, we can utilize dispersion in LiNbOj to construct a
dual-cavity 3:1 PPLN OPO with Brewster-cut facets. The Brewster-cut facets serve
the dual purpose of minimizing the reflection losses at the facets as well as physically
separating the signal and idler fields, whose angles of incidence differ by ~2° near

Brewster angle for a 798-nm-pumped OPO with a signal/idler wavelengths at 1197
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Figure 7-1: A Brewster-angle-cut-PPLN-based dual-cavity OPO. For widely sepa-
rated signal/idler output wavelengths, the dispersion of LiINbOj is utilized to separate
the signal and idler beams to form a dual-cavity OPO.

nm and 2394 nm. Figure 7-1 illustrates a possible cavity configuration for such a 3:1
frequency divider.

To obtain low round-trip cavity losses, the nonlinear crystals in cw OPQO’s are
typically AR-coated at the signal and idler wavelengths, with typical reflection losses
of ~0.2% per surface. The use of Brewster-cut facets eliminates the need for the
typically expensive AR coatings. It can be calculated the facet losses at angles near
the Brewster angle can be quite low, with a full-width angle acceptance of ~3° for
reflection losses below 0.1%. However, initially it was not clear to us whether scat-
tering losses at the Brewster-polished surface was low enough to provide comparable
or better performance than the use of AR coatings. The nearly degenerate OPO de-
scribed in this chapter serves as a precursor to the aforementioned 3:1 Brewster-cut
OPO, demonstrating successful operation of an Brewster-cut PPLN OPO. Further-
more, the nearly degenerate Brewster-cut PPLN OPO is interesting for the possibility
of self-phase-locking at degeneracy. Self-phase-locking of the signal/idler output was
observed by Nabors et al. in a birefringently phasematched LiNbO; OPO in 1990
[69]. A PPLN-based self-phase-locked OPO, in principle, offers better stability with
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respect to temperature fluctuations due to the fact that PPLN has a much wider
temperature bandwidth (~10 K vs. ~1 K) in the parametric gain than that for a
birefringently phasematched LiNbOs.

As noted in Chapter 4, cw PPLN DRO’s have been demonstrated in 1995 by
Myers et al. with a MOPA diode laser [50]. Nearly degenerate outputs at 1955
nm were detected. The work described in this chapter also demonstrates a nearly
degenerate DRO, but differs from the work by Myers et al. in that the facets were
polished at Brewster angle as opposed to the use of AR coatings, as was done in
Myer’s work [50]. However, the use of a Brewster-cut crystal also has drawbacks
versus the conventional flat-polished geometry. Chief among them is the fact that
the Brewster-angle facets introduces astigmatism between the tangential and sagittal
components of each interacting field. Without any astigmatism compensation this
results in the tangential component having a much larger beam size (~ 3-4 times)
and confocal parameter than the sagittal component inside the crystal. With a highly
anisotropic spatial mode, one expects a higher threshold compared to an OPO with
a circular resonator mode. Furthermore, without astigmatism compensation there
is concern that the tangential component of the signal/idler field will be clipped by
the 0.5-mm-thick crystal and thus incur excessive losses. For these reasons, we have
constructed a 4-mirror folded resonator with 2 curve mirrors with non-normal incident
angles for the purpose of astigmatism compensation. The specific cavity design will
be presented in Section 7.3. Our work also differs from the work by Myers et al. in
that the pump lasers are at different wavelengths. Our OPO was pumped at 798 nm
while the OPO from Myers et al. was pumped at 978 nm [50].

7.2 Grating Design and Fabrication

Our PPLN crystal was 10-mm-long, 9-mm-wide, and 0.5-mm thick. The grating pe-
riod was 20.2 um, designed for 1st-order QPM for a degenerate OPO pumped at 798
nm. The grating itself was 10 mm long and 8 mm wide, divided into 4 subsections

with electrode widths designed to compensate for 2-5 pm of domain spreading. For
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Figure 7-2: Temperature turning curve of a nearly degenerate PPLN-based OPO
pumped at 798.4 nm with a 20.2 pm grating period. The tuning curve is calculated
from Sellmeier’s equations.

a pump wavelength of 798.4 nm, the phasematching temperature at degeneracy (s
= )\; = 1596.8 nm) is calculated to be 47.0°C based on Sellmeier’s equations by Ed-
wards [30]. Figure 7-2 shows the calculated temperature tuning curve of the OPO.
The spectral bandwidth of the PPLN OPO near degeneracy is calculated to be ~150
nm assuming a 10-mm interaction length. The corresponding temperature accep-
tance bandwidth at degeneracy is ~8.4°C. Our PPLN was fabricated using standard
procedures described in Chapter 3. Following E-field poling the PPLN sample was
diced to a length of 10 mm and a width of 9 mm (8 mm of grating width + 0.5 mm
additional single-domain LN on each side). The sample was then sent to Optics Ltd.
for Brewster-angle polishing. Figure 7-3 shows plots of the reflection coefficient for
the air-LiNbQj interface at the degenerate signal/idler wavelength of 1596 nm. In
Fig. 7-3 we have assumed that the zaxis of the LINbO; crystal lies in the plane of
incidence. The dashed and solid curves refer to the ordinary and extraordinary polar-
ized fields, respectively. The Brewster angle corresponding to the e-wave of LiNbO,3
is 64.9°, which yields a refracted angle of 25.1°. Figure 7-4 illustrates the geometry

of the Brewster-cut crystal. For OPO applications we demand that the power loss at
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Figure 7-3: Reflectivity of air-LiNbOj interface as a function of angle of incidence for

ordinary-polarized (dashed curve) and extraordinary-polarized (solid curve) fields.
The orientation of the LiNbOj is such that the crystal z axis is in the plane of
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Figure 7-4: Brewster-angle refraction at the air-LiNbOj interface for A= 1596 nm.
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Figure 7-5: Cavity design for nearly degenerate Brewster-angle-cut PPLN OPO. The
curve mirrors CM2 and CM3 are used to compensate for the astigmatism introduced
at the Brewster-cut surface.

each facet be 0.1% or less. This corresponds to a tolerance of 3.6° in the Brewster

angle, and a corresponding tolerance of 0.78° in the refracted angle.

7.3 OPO Cavity Design

Figure 7-5 shows a schematic of the 4-mirror OPO cavity with the 10-mm-long
Brewster-cut PPLN. Mirrors CM1 and CM4 were 25.4-mm-diameter 9-mm-thick flat
high reflectors at the signal/idler wavelength of 1596 nm. Mirrors CM2 and CM3
were 7.75-mm-diameter 4-mm-thick high reflectors at 1596 nm with a 25-mm radius
of curvature. The two curved mirrors had incident angles of 20° to compensate for
astigmatism introduced at the Brewster-angle facets of the crystal. In our cavity
design CM2 and CM3 were spaced 15.9-mm from the PPLN Brewster-angle facets
and 41.0 mm from the flat mirrors CM1 and CM4, respectively. The beam waist
was located at the center of the PPLN crystal with a confocal parameter of 11.5 mm
inside the crystal at A= 1596 nm. Two additional beam waists at CM1 and CM4

had confocal parameters of b(tan)= 7.5 mm and b(sag)= 30.4 mm. The pump laser
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at 798 nm entered the cavity from CM3 with an angle of incidence of 17.5° and was
focused into the cavity with apparent confocal parameters of b(tan)= 0.55 mm and
b(sag)= 3.0 mm, located at 14.8 mm and 16.3 mm, respectively, beyond the front
facet (fat side) of CM3. The input coupler CM3 transmitted ~96% of the incident
pump power. In order to aid our alignment of the 4-mirror cavity and to measure
the round-trip cavity losses at the signal/idler wavelength, we also mode-matched the

output of a probe laser at 1596 nm into the cavity from CML.

7.4 Experimental Setup

This section describes the experimental setup for the 798-nm-pumped nearly-degenerate

DRO with a Brewster-cut PPLN.

7.4.1 798 nm laser system

Details to the 798 nm pump laser system has been described in Chapter 5 and will

not be elaborated here.

7.4.2 1596 nm laser system

As mentioned in Section 7.3, to assist us in aligning the 4-mirror DRO cavity and
characterize the cavity losses at the signal/idler wavelength, we mode-matched the
output of a probe laser near 1.6 pm into the DRO cavity. The probe laser was a New
Focus Model 6263 external-cavity tunable diode laser with outputs tunable from 1570
nm to 1630 nm. Typical maximum output power was 3.7 mW around 1593 nm. The
laser could be coarse-tuned from 1570 nm to 1630 nm at intervals of 0.01 nm and also
fine-tuned with a piezo-electric transducer (PZT). Slight tuning of the laser frequency
is also possible by changing the temperature of the laser diode, but we typically kept

the temperature fixed at 20°C, as recommended by the manufacturer.
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Figure 7-6: Experimental setup for nearly degenerate OPO based on Brewster-cut
PPLN.

7.4.3 Optics for pump laser system

Shown in Fig. 7-6 is a schematic for the optics used for mode-matching the 798 nm
pump laser into the DRO cavity. In order to mode-match to the DRO cavity with
a circular beam profile with confocal parameter of b= 11.5 mm at the center of the
crystal, the pump laser must be astigmatic at the input coupler CM3. Recall from
Chapter 5 that the output of the tapered amplifier is slightly astigmatic, even after
correction with a cylindrical lens. For this experiment we first corrected for the
astigmatism with a curve mirror with a 25 mm radius of curvature (not shown in Fig.
7-6) and then used another curve mirror (AM1) with a 100 mm radius of curvature to
generate the desired amount of astigmatism. The astigmatic pump beam was focused
by a f= 150 mm plano-convex lens into the input coupler CM3 at an incident angle
of 17.5°. The refracted angle (in air) at the opposite side of CM3 is 19.2°. The input
coupler CM3 transmitted ~96% of the pump power at 798 nm. Because of dispersion,
the incident angle at the crystal facet was 67.3° for the pump beam, which was 2.4°
larger than the 64.9° incident angle at the signal/idler wavelength. This also implies

a theoretical power loss of 1.4% at the crystal facet due to Fresnel reflection for the
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pump. The transmitted pump beam from the crystal was mostly transmitted through
the curve mirror CM2 and then blocked by the mirror mount which housed CM2. A
small portion of the pump was reflected from mirror CM2 and exited the cavity from

the flat mirror CM1.

7.4.4 Optics for probe laser system

Although the probe laser output was not directly involved in the OPO interaction,
it served 3 important functions in our experiment. First, it was used to align the
complicated 4-mirror DRO cavity that would be very difficult to align otherwise.
Second, by scanning the cavity length with a PZT and measuring the finesse, we
could determine the round-trip cavity losses at the signal/idler wavelength. This
information is essential for estimating the threshold pump power. Third, in order for
the OPO to reach threshold, the nonlinear gain provided by the pump must exceed
the total cavity loss over 1 round-trip inside the cavity. With sufficient nonlinear gain
at the signal/idler wavelength, it was possible to amplify a signal significantly at that
wavelength with a pump power that is below threshold. By injecting the probe laser
into the OPO cavity and scanning the cavity length, one would look for amplification
of the probe resonance as a precursor to optical parametric oscillation.

Figure 7-7 shows a schematic of the optics for the probe laser system. The probe
laser was first circularized and collimated (not shown) and then focused into the input
coupler CM1 by a f= 150 mm plano-convex lens. Prior to the focusing lens a 1-mm-
thick glass slide was inserted as a beam splitter to direct a fraction of the reflected
probe laser beam into an InGaAs photodetector (D2) for monitoring and measurement
purposes which will be explained later. The cavity mirrors CM1 through CM4 were
each mounted on LEES mirror mounts. CM2 was mounted directly on a 4-stack
PZT (Piezo Kinetics Model SR0.400-0.225-0.050-552) with an overall scanning rate
of 4 nm/volt. A fraction (~ 0.2%) of the circulating power inside the cavity was
coupled out from CM2 and focused into another InGaAs detector (D1) by a f= 25
mm plano-convex lens. The InGaAs detector D1 had a responsivity of 1.1 A/W and
a transimpedance gain of either 10 or 10° V/A (selectable by a switch).
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Figure 7-7: Optics for probe laser system. D2: InGaAs photodetector with respon-
sivity of 0.68 A/W. CM1: input coupler for 4-mirror OPO cavity.

7.4.5 Finesse measurements

We measured the finesse of the DRO cavity by scanning the cavity length over 1
free spectral range (FSR), /2 ~800 nm, and observing the cavity transmission at
detector D1. The finesse F' of the cavity is defined as the ratio between the free
spectral range and the FWHM linewidth of the cavity resonance. The round-trip
cavity loss of the cavity can be approximated as a ~ 27 /F. Based on measurements
of the finesse of the empty cavity (cavity without the PPLN crystal) and direct
transmission measurements of the cavity mirrors, the reflectivities of each of the 4
cavity mirrors were determined and listed in Table 7.1. The total round-trip loss of the
cavity is the sum of losses due to the cavity mirrors and residual losses at the crystal
facets. Over one round-trip the probe beam makes 1 reflection each off CM1 and
CMA4, 2 reflections each off CM2 and CM3, and 2 passes through the PPLN crystal (4
incidences at the crystal facets). By adding up the mirror losses, we obtained a total
round-trip cavity loss of ~0.8%. We typically measured finesse of 420 to 480 for our
cavity, which implies a round-trip cavity losses of 1.3% to 1.5%. This suggests that
the reflection losses at each of the PPLN crystal facet were about 0.13% to 0.18%.
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[ Mirror || Reflectivity |
M1 > 99.99 %
M2 99.8 %
M3 99.8 %
M4 > 99.99 %

Table 7.1: Mirror reflectivities of the OPO cavity mirrors at 1593 nm

7.4.6 Single-pass DFG measurement

To properly align the pump laser beam to the OPO cavity we first performed a
single-pass DFG measurement between the pump laser and the probe laser, to which
the 4-mirror DRO cavity was aligned. By maximizing the DFG output signal we
achieved the best overlap between the pump and the probe beams. In principle the
signal/idler beam path should be identical to the probe beam path inside the cavity
when the cavity was optimally aligned. Therefore, the single-pass DFG measurement
provided a good starting point for aligning the pump beam to the signal/idler beam
path. As discussed in Section 7.3, the single-pass DFG measurement was also useful
in characterizing the effective interaction length of the PPLN crystal, which could be
used to estimate the threshold of the DRO. The DFG interaction took place between
the transmitted pump beam and the retro-reflected probe beam that was transmitted
back through the crystal. We removed the front mirror (CM1) such that the full power
of the probe beam could be used in the single-pass DFG interaction. The generated
DFG output was then reflected by mirror CM2 to the glass slide (BS) (see Fig. 7-7)
where a fraction (~ 6%) was reflected and then focused by a f= 50 mm plano-convex
lens into detector D2. A long-wave-pass (LWP) filter which transmits ~90% of the
probe beam power was positioned before the detector to filter out the residual 798-nm
light. Typically we walked the mirror AM1 and the focusing lens AL1 of the pump
laser system (see Fig. 7-6) both horizontally and vertically to peak up the DFG output
signal. In addition we also maximized the DFG signal by moving lens AL1 along the
direction of propagation. To detect the single-pass DFG we chopped the pump laser
beam at 350 Hz using a mechanical chopper. The synchronously detected output

signal was then amplified by a factor of 33 times and high-pass-filtered at 20 Hz. The
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Figure 7-8: Temperature tuning of single-pass DFG efficiency between the pump laser
at 798 nm and probe laser output at 1596 nm. The solid curve is calculated from the
Sellmeier’s equations.

detector D2 had a responsivity of 0.68 A/W and a transimpedance gain of 10* V/A.

For an input pump power of 110 mW (at the input coupler CM1) and probe input
power of 2.6 mW, we expected a DFG output power of 1.3 uW based on an effec-
tive nonlinear coefficient of dg = (2da3)= 15.5 pm/V and an effective length of 7.7
mm determined by the temperature tuning measurements to be discussed below. We
measured an output power of 0.80 zW. The measured efficiency is ~7% less than that
based on an effective nonlinear coefficient of dg= 12.6 pm/V determined for the 20.1-
pm grating section of the double-grating PPLN in Chapter 6. The discrepancy was
probably due to the fact that the 1.6 ym probe beam was not astigmatically compen-
sated and thus was not well mode-matched to the signal/idler cavity mode. Figure
7-8 shows the measured temperature tuning of the DFG output power for a pump
wavelength of 798.4 nm and a signal wavelength of 1593.0 nm. Based on calculations
using the Sellmeier’s equations, we expected a peak phasematching temperature of
47.0°C and a FWHM bandwidth of 8.4°C. The measured peak phasematching tem-
perature was 47.2°C, with a FWHM bandwidth of 10.9°C. The effective interaction
length based on the DFG measurement was ~T7% of the physical length of 10 mm.
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Part of the reduced interaction length was due to the fact that the aluminum blocks
which sandwiched the PPLN were only 9 mm long, and therefore, only the central
9-mm portion of the PPLN crystal was in good thermal contact with the TE cooler.
Therefore, the effective interaction length of 7.7 mm is ~85% of the 9-mm thermally
contacted region of the PPLN, which is consistent with results from the single-pass

DFG measurement for the double-grating PPLN discussed in Chapter 6.

7.5 Results

We present the results in this section, demonstrating stable DRO output. We also
discuss evidence of optical damage to the PPLN sample that prevented cw OPO from

lasing for extended periods of time.

7.5.1 OPO threshold estimate

We estimate the pump threshold for the 4-mirror PPLN DRO based on our knowledge
of cavity losses derived from the finesse measurements, our estimate of the focusing
parameters of the pump, signal, and idler beams. From Eq. (2.52) the expression for

the OPO threshold is given by

_ cenpnsMiAsAi(1/ ks + 1/k;)

P, >
" 647des;° Lhim

(7.1)

The round-trip cavity losses a,, a; were obtained from the cavity finesse measure-
ments. We typically measured finesse values from 420 to 480 for a damage-free PPLN

sample. Assuming a finesse of 420,

27
s = a; ~ — = 0.015
Q a 7

Based on results from the single-pass DFG measurements, the effective interaction
length of our PPLN was ~7.7 mm, and based on our cavity design, the confocal
parameters of the signal and idler beams were b,=b;= 11.5 mm. The estimated

reduction factor h is then h ~0.59. Substituting these number into Eq. (7.18), and
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Figure 7-9: 'Trace of OPO output vs. scanned cavity length. D1 detector setting:

10* V/A. FSR: free spectral range. Scanning voltage and its digitizing noise is also
shown.

assuming an effective nonlinearity of 12.6 pm/V from (6.83), the threshold pump

power was estimated to be 25 mW.

7.5.2 OPO threshold/output

We were successful in obtaining above-threshold OPQO operation for a pump wave-
length of 798.35 nm. Figure 7-9 shows a trace of the DRO outputs with a pump power
of ~145 mW and a crystal temperature of 48.3°C. The threshold pump power was
measured to be ~105 mW for the trace shown in Fig. 7-9. The minimum threshold
was 90 mW inside the crystal, which took into account the pump transmission losses
at the input coupler and at the front facet of the PPLN crystal. The OPO outputs
could be observed between 46.5°C and 52.5°C, suggesting that the signal and idler
outputs could be tuned from degeneracy at 1596.7 nm to ~1695 nm for the signal
and to ~1510 nm for the idler. In order to observe the DRO outputs, we typically
had to start from the optimized alignment for the single-pass DFG measurement and
then walked the pump beam a little both vertically and horizontally before the DRO
outputs were observed. To peak up the DRO output power, we adjusted the 4 cavity
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mirrors and tuned the cavity length slightly by adjusting the end mirrors. In a typical
run, we could leave the OPO alone and observe the lasing continuously (while scan-
ning the cavity with the PZT) for up to ~10 minutes. However, over time the DRO
output would decrease and even disappear momentarily. At this point we needed to
adjust the cavity mirrors and/or translate the pump along the zdirection to recover
the DRO outputs. By making periodic adjustments we were sometimes, but not al-
ways, able to sustain the DRO outputs for longer periods of time. At a pump power
of 145 mW and a threshold of 105 mW (as shown in Fig. 7-9), the measured DRO
output power coupled from the curve mirror CM2 was ~ 1 mW. We expect an equal
amount of signal/idler output to be coupled from the curve mirror CM3 which has
the same transmission as CM2. The transmission from the flat mirrors CM1 and
CM4 are about 2 orders of magnitude lower and are thus negligible. The total cou-
pled output power is thus approximately 2 mW. The circulating signal/idler power
was estimated to be ~560 mW. Figure 7-9 shows two sets of the OPO signal/idler
outputs over 1 cavity free spectral range. Each set of OPO outputs corresponds to
OPO frequency clusters with integral and half-integral values of the total cavity mode
number m = m, + m,. The OPO output peaks within each set correspond to the
individual signal/idler axial modes. The individual axial modes seen in Fig. 7-9 do
not necessarily belong to the same frequency cluster since the gain bandwidth of our
degenerate PPLN OPO (~ 175 nm) is wide enough to encompass more than one
frequency cluster.

The OPO clusters shown in Fig. 7-9 exhibit the well-known thermal hysteresis
effect for doubly-resonant OPQ’s in which the clusters exhibit asymmetric intensity
profiles as a function of the cavity length. Ideally, in the absence of thermal effects,
one expects a symmetric cluster intensity profile centered around the optimum phase-
matched condition as the cavity length is scanned at a uniform rate. As the cavity
length is scanned, the OPO output intensity increases at first as the signal /idler out-
put frequencies approach the optimal phasematching condition. The peak intensity
corresponds to the mode pair under optimal phasematching. As the cavity length

is scanned past the point corresponding to optimal phasematching, the OPO output
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intensity begins to decrease.

The asymmetry of the OPO output intensity profile shown in Fig. 7-9 can be
explained by incorporating the effects of thermal expansion (and contraction) of the
PPLN crystal under above-threshold OPO operation. For our OPO cavity, an increase
in the PZT voltage (up ramp shown in Fig. 7-9) increases the OPO cavity length via
contraction of the PZT mounted on the cavity mirror CM2. The buildup of the cir-
culating intensity of the signal/idler fields results in a slight temperature increase of
the crystal because of crystal absorption. As a result, the crystal expands, which in
turn decreases the optical path length of the OPO cavity. This effectively reduces
the rate of expansion of the cavity length during the phase where the OPO output
intensity increases as a function of increasing cavity length. The thermal effects thus
produces a more gradual increase in the OPO output intensity as a function of in-
creasing PZT voltage (or time) compared to the ideal case where thermal effects are
neglected. After the peak intensity is reached, however, the OPO output intensity
begins to decrease as the cavity length is scanned away from the optimum phase-
matched condition. In this second phase the thermal effect acts instead to increase
the optical path length of the OPO cavity and thus accelerate the rate of expansion
of the cavity length. Consequently, one expects to see a more precipitous decrease in
the OPO output intensity as a function of increasing PZT voltage (or time).

Attempts were made to stabilize the OPO outputs by stabilizing the cavity length
with a PZT, but our efforts were hampered by the presence of photorefractive damage
which limited the duration of the OPO to only a few minutes at a time. We routinely
observed a steady decrease in the OPO output power until the OPO ceased to operate
altogether. Typically we could sustain continuous OPO operation for 5-12 minutes.
We typically measured an increase in the round-trip cavity losses at ~1.6 pm of
~ 0.4% to 1% after the OPO ceased to operate. Each time after we have induced
“damage” following operation of the OPO, we would translate the crystal by a few
hundred pm’s to operate at a fresh spot. However, this typically required realignment
of the cavity mirrors. Our efforts to characterize the photorefractive damage are

discussed in the next section.
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Figure 7-10: Increase in round-trip cavity loss vs. temperature at 1596 nm after
15-minute illumination with 150 mW of pump.

7.5.3 Optical damage

We have observed evidence of UV generation due to second harmonic generation by
the pump beam. The UV generation was observed by placing a white piece of paper
next to the facet where the pump beam exited the PPLN and observing a fluorescent
blue spot. For a pump wavelength of 798.4 nm, we observed that the intensity of
the UV was maximized at ~51°C. The blue spot could be observed between 49.8°C
and 52.0°C. We attempted to correlate the intensity of the UV generation with pho-
torefractive damage by sending the pump beam through the PPLN crystal at a few
temperature settings between 50°C and 52°C for 15 minutes and then measuring the
increase in the round-trip cavity loss by comparing the cavity finesse before and af-
ter the pump illumination. Figure 7-10 shows a plot of the increase in cavity loss
as a function of temperature. The round-trip cavity loss did indeed have a strong
correlation with the generated UV intensity. We also performed some simulations on
the amount of UV that would be generated for our PPLN sample. The coherence
length for frequency doubling 798.4 nm in PPLN is ~1.27 pm, ~1 /8 of the designed

domain length of 10.1 gm. Under the ideal case of zero random duty cycle error, we
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Figure 7-11: 8th-order QPM SHG of 798.4 nm as a function of Al, the deviation from

the ideal 50/50 duty cycle, for 5 different values of ¢; (um), the standard deviation
of the random duty cycle error.

would expect to generate insignificant amounts of UV, which was confirmed by our
simulation. However, it was unclear to us as to whether this remains true when there
exists random duty cycle error, especially when the standard deviation of the domain
length variation is large compared to the coherence length.

The 1st-order QPM grating period for frequency doubling 798.4 nm in PPLN is
~2.525 pm, exactly 1/8 of the 20.2 pm grating period for our PPLN crystal. The 8:1
ratio suggests that the UV generation could be due to 8th-order QPM-SHG of the
pump at 798.4 nm, even though under the ideal case of 50/50 duty cycle and zero
random duty cycle there would be no conversion from an even-order QPM interaction.
Figure 7-11 shows a theoretical plot of an 8th-order QPM SHG of 798.4 nm as a
function of Al, the deviation from the ideal 50/50 duty cycle, for different values of
01, the random duty cycle standard deviation. The plot is based on Egs (2.94) and
(2.97) in Chapter 2. In Fig. 7-11, we’ve also assumed a pump power of 150 mW. From
Fig. 7-11, the deviation Al from the ideal 50/50 duty cycle needed to phasematch
the 8th-order QPM interaction is Al= 1.2625 pm, which is precisely the coherence
length of the SHG interaction. The corresponding duty cycle is 56.256% (or 43.75%)
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[ Section | Al (um) | oy (p m) |

1 2.57 1.10
2 1.19 0.35
3 1.16 0.34
4 2.75 0.47
3 2.44 0.78

Table 7.2: Measured average duty cycle error Al and random duty cycle error o; for
different sections along the length of the 10-mm PPLN sample with A= 20.2 pm.
Each section is 2-mm long.

for the 20.2 pm grating period of our PPLN. The effective nonlinearity dg of a QPM
interaction is given by Eq. (2.93) as

dQ - Edeff sin(7rmD) (72)

For m = 8 we find that dg is maximized when the duty cycle D takes on the following
values: 1/16, 3/16, ....., 15/16.

We measured the duty cycle and random duty cycle error for different parts of our
PPLN crystal by sampling 5 evenly spaced regions along the length of the grating.
In each region we sampled ~15-25 grating periods and measured the duty cycles for
each period. Table 7.2 shows the results of our duty cycle and random duty cycle
error measurements. There is significant non-uniformities in the poled domains for
our PPLN sample. The spreading Al of the domain lengths beyond the 50/50 cycle
ratio ranges from 1.2 pm to 2.7 pm. The random duty cycle error o; also varied
significantly, ranging from 0.34 pm near the middle of the sample to 1.1 pm at one
of the ends.

In our simulation we modeled our PPLN as divided into 5 2-mm-long sections,
with each section having a constant Al and duty cycle error o, given by Table 7.2. For
the random duty cycle errors o; we used a normal distribution with zero mean and
standard deviation o; given in Table 7.2. Figure 7-12 shows a plot of the simulated UV
output power as a function of temperature deviation from the peak phasematching
temperature for a pump power of 150 mW at 798.4 nm. From Fig. 7-12 one sees that
the peak UV output power could be a few #W. The peak phasematching temperature

178



3.0 -
g 25 7 .ﬂl
3 20 o
‘g .
= 1.5 .
o . .
o 1.0
an) = '_
05 - . .
0.0 ‘MI T lm

.10 8 6 4 -2 0 2 4 6 8 10
Relative Temperature (deg. C)
Figure 7-12: Simulated second harmonic output power as a function of temperature
deviation from the peak phasematching temperature for 150 mW of fundamental

input power at 798.4 nm. Secondary intensity peaks are spaced a few degrees C from
the main intensity peak. o; and Al of Table 7.2 are used.

calculated from our simulation is 74°C, which is ~23°C larger than the observed peak
at 51°C. We attributed the discrepancy to the accuracy of the Sellmeier’s equations
which were used to calculate the coherence lengths for the QPM. Figure 7-12 also
shows the existence of secondary intensity peaks spaced a few °C from the main
peak. This also matched our visual observations of the temperature tuning behavior
of the UV generation. The FWHM bandwidth of the UV intensity is ~3°C, which
is consistent with our observation. By using a different set of random numbers with
the same values for o;, we obtained different values for the peak UV intensity, but
the general qualitative behavior of the temperature tuning does not change. That is,
the FWHM BW remains ~3°C and there exists secondary intensity peaks spaced a
few degrees away from the main intensity peak.

We also performed a series of 500 simulations of UV generation at the peak phase-
matched condition (I,=1.2526 pm, m=8). In each simulation a different set of random
numbers is used. Results of the simulations produced peak UV intensities which var-

ied from 1.7 gW to 3.8 uW with a mean of 2.6 W and a standard deviation of 0.3
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illumination with pump laser. The accuracy of the power measurements is £5%, as
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uW.

The results of our simulation verified that the UV light we observed from the
PPLN crystal was the 8th-order QPM SHG of our pump beam at 798.4 nm. Based
on our simulation we estimated the peak UV intensity to be ~1-3 puW. Our cavity
loss measurements shown in Fig. 7-10 suggested that generation of pW-level of UV
from SHQG is sufficient to cause significant photorefractive damage.

We also measured the single-pass DFG output power as a function of time at
the peak phasematching temperature of 47 °C to see if there is a reduction in the
nonlinearity due to the photorefractive effects. Figure 7-13 shows the DFG output
power as a function of time at a crystal temperature of 47.2°C, which is 4°C from
the peak UV generation temperature.. From Fig. 7-13, it is evident that there is
noticeable degradation in the DFG output power, although the DFG output power
level stabilizes after ~40 minutes. In the particular measurement shown in Fig. 7-13,
the DFG output stabilized to ~76% of the initial level.

We have also observed evidence of additional photorefractive damage that comes

as a result of the OPO operation. Recall from the previous section that the OPO
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typically ceased to operate after several minutes. Finesse measurements indicated
substantial amounts of cavity losses (0.4-1%) that are significantly greater than those
due to the SHG of the pump light alone. For instance, at 48.3°C, we measured an
increase of round-trip cavity loss of ~0.1% after sending the pump beam through
the PPLN crystal for 15 minutes. However, we also had the OPO operating for 13
minutes at the same temperature and measured an increase of 1.1% in the round-trip
cavity loss. We believe that the additional photorefractive damage is due to the sum
frequency generation between the 798 nm pump and the signal/idler outputs around
1.6 pm.

To get a sense of how much green radiation might be generated from the SFG
process, we simulated the green SFG output using the same model for the PPLN
duty cycle and random duty cycle errors as that for simulation of the UV generation.
We assumed a SFG interaction between degenerate signal/idler outputs at 1596.6
nm and the pump at 798.4 nm with 150 mW at 798.4 nm and 0.56 W at 1596.6
nm (the amount of circulating signal/idler power in the OPO.) The temperature we
used in our simulation was 48°C. We performed a series of 500 simulations, with each
simulation having a different set of randomly generated numbers for the random duty
cycle error 0;. The generated green output power at 532 nm ranges from 0 to 700
nW with a mean of ~120 nW and a standard deviation of 120 nW. We also repeated
simulations for SFG between the pump at 798 nm and non-degenerate signal/idler
outputs with wavelengths ranging from 1593 nm to 1600 nm, but the results were not
significantly different from the degenerate case.

Results of our simulation showed that up to a few hundred nW of green may be
generated from the SFG between the pump and the circulating signal /idler outputs in
the OPO cavity. Although the generated green power levels were quite low (< 1pW),
they were sufficient to result in additional photorefractive damage, as indicated by
our cavity finesse measurements before and after above-threshold OPO operation.

In principle, one could avoid the photorefractive damage by increasing the pump
wavelength such that the DRO interaction is phasematched at a higher temperature.

Unfortunately, our ECDL could not be tuned much beyond our operating wavelength
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of 798.3 nm (the ECDL could be tuned to ~ 799 nm but with a much lower output

power).

7.6 Summary

We have demonstrated a nearly degenerate doubly-resonant OPO with a Brewster-
cut PPLN as the nonlinear medium. We measured a minimum threshold pump power
of ~90 mW, compared to an estimated threshold of 25 mW. The high threshold was
probably due to the non-optimal mode-matching of the pump beam to the OPO
cavity, despite our best efforts at astigmatically compensating the pump beam to
produce the proper mode-matching.

The DRO outputs could be temperature tuned from degeneracy near 46.5°C to
52.5°C, indicating a minimum signal/idler output span from 1510 nm to 1695 nm.
Stable operation of the OPO was limited to a few minutes at a time as a result
of photorefractive damage. Measurements of the cavity finesse indicate that the
photorefractive damage was induced mainly by the sum-frequency generation of 532
nm radiation between the pump and the circulating signal/idler fields inside the
cavity, and, to a lesser extent, by the second harmonic generation of the pump which
produced UV radiation at 399 nm.

Nevertheless, we have demonstrated the feasibility of using a Brewster-cut PPLN
crystal in a nearly degenerate cw OPO. In the future we expect to extend the use of
Brewster-cut PPLN to an OPO-based 3-to-1 frequency divider with the grating peri-
ods designed for operation at elevated temperatures to avoid photorefractive effects.
It is worth noting that one could also construct a 3:1 PPLN-OPO with one facet
of the PPLN polished at Brewster angle but with the other facet flat polished and
AR coated at the signal/idler wavelengths. With such a design the dual-cavity OPO
configuration is preserved without the need to generate an astigmatic pump beam.
Note that in this case it is still necessary to compensate for the astigmatism of the sig-
nal and idler beams on the side with the Brewster-polished facet. A variant of such

a hybrid OPO design is a semi-monolithic configuration in which the flat-polished
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facet of the PPLN is HR (high reflection)-coated at the signal/idler wavelengths and
HT (high transmission)-coated at the pump wavelength. This eliminates the input

coupler and further reduces the overall cavity losses.
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Chapter 8

Conclusion

8.1 Summary

We have demonstrated 3-to-1 optical frequency division of 532 nm based on a double-
grating PPLN crystal in which we utilized the engineerable phasematching properties
of PPLN to phasematch two consecutive DFG interactions using two separate grat-
ings. We achieved a frequency lock between the input lasers at 532 nm and 798 nm
with a fractional uncertainty of 1.5 x 10711

We have also demonstrated operation of a nearly degenerate cw PPLN OPO based
on a novel configuration in which the crystal facets are polished at Brewster angle
as opposed to the conventional way of using AR coatings on flat-polished facets to
minimize cavity loss. Robust operation of the OPO was hampered by photorefractive

damage near the phasematching temperature of 47°C.

8.2 Future Work

The ultimate goal of this research is to complete the building blocks of the frequency
chain proposed by Wong [23][24][25]. This requires demonstration of 3-to-2 optical
frequency divisions of 532 nm and 798 nm to generate an output at 4 /9 the frequency
of 532 nm. The preferred way of accomplishing the frequency division is through the

use of OPQ’s. To operate a 3-to-1 PPLN OPO pumped at 532 nm requires a grating
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period of 7.4 pm, which is beyond our current fabrication capability. One area of
future work lies in the improvement of our fabrication techniques to pole samples
with shorter grating periods.

This research has demonstrated the feasibility of operating an OPO with a Brewster-
cut PPLN. A natural extension of this work is to construct 3-to-1 optical frequency
dividers based on Brewster-cut dual-cavity PPLN OPQ’s for both 532 nm and 798
nm. The presence of photorefractive damage in our nearly degenerate OPO work sug-
gests that the grating periods of future PPLN devices should be designed to operate
at an elevated temperature ~200°C where photorefractive damage can be avoided.
An alternative is to use periodically-poled lithium tantalate (PPLT) which is more
resistant to photorefractive damage but has a nonlinearity that is only about 1/2 of

that for PPLN.
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